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Relaxation of jammed colloidal suspensions after shear cessation
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The dynamics of heterogeneities in a shear thickening, concentrated colloidal suspension is investigated
through speckle visibility spectroscopy, a dynamic light scattering technique recently introduced [P. K. Dixon
and D. J. Durian, Phys. Rev. Lett. 90, 184302 (2003)]. Formation of shear-induced heterogeneities is observed
in the jamming regime, and their relaxation after shear cessation is monitored as a function of the applied shear
stress. The relaxation time of these heterogeneities increases when a higher stress is applied.
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INTRODUCTION

Concentrated colloidal suspensions exhibit complex rheo-
logical behavior. At low stress, their viscosity decreases with
increasing stress, whereas it increases when the applied
stress exceeds a critical value. The increase of the viscosity
may even lead to cessation of the flow; the suspension jams
[1]. The first phenomena, called shear thinning, has been
extensively studied and is associated with the advent of a
long range order between the particles, which align along the
flow direction. On the contrary, the particle microstructure
responsible for the shear-thickening phenomena at high
stress is still not completely understood. The mechanism re-
sponsible for shear thickening has been studied numerically
and theoretically in the simple shear geometry. In that case,
the stress tensor exhibits a compression along an axis ori-
ented at 37/4 from the flow direction in the flow-gradient
plane. When the compressive force along this axis over-
comes repulsive interparticle forces [2] (of Brownian, steric,
or electrostatic origin), anisotropic clusters of particles, ori-
ented along the compression axis, form. As a consequence, a
rapid increase of the viscosity occurs [3-5]. This has the
further effect of a sign reversal in the first normal stress
difference, which takes negative values in strong shear flows
[6]. The cluster formation is reversible [7] and, according to
simple model, they may span over the entire gap of the sys-
tem [8], thus leading to flow instability [1]. The size distri-
bution of these shear-induced heterogeneities has been stud-
ied in [8] for a two-dimensional, simple driven diffusive
model and a hysteresis is found in the evolution of their
average size as a function of the shear rate. Numerical simu-
lations of concentrated hard spheres under shear [9], taking
hydrodynamic interactions into account, show that the prob-
ability of having a percolating cluster with a given interpar-
ticle spacing saturates when the applied stress increases.
Moreover, the interparticle spacing inside a given cluster de-
creases when the applied stress increases.

Experimental study of the shear-induced heterogeneities
is a challenging issue. The first measurements investigating
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the particle structure of a system in the shear-thickening re-
gime were conducted through small angle neutron scattering
[10] and proved the existence of a short range order and the
absence of long range order. In this kind of experiments [11],
the quiescent scattering profile was recovered after shear ces-
sation, showing that the structure formed under shear is not
of a permanent nature. On a mechanical point of view, the
anisotropy of the particle pair distribution function results in
nonzero values of the first and second normal stress differ-
ences. Nevertheless, measurements of normal stress differ-
ences are extremely difficult due to their very small value
[12]. Thus, direct microscopic observations have been used
to probe the heterogeneities of the suspension concentration
[13,14]. Confocal microscopy enables the observation of
index-matched suspensions of colloidal particles. It has been
observed that just after the cessation of flow at high shear
rates, local particle density is extremely heterogeneous and
highly concentrated regions appear. In that particular case,
crystallites form under flow and are supposed to be respon-
sible for jamming [14,15], Nevertheless, confocal micros-
copy does not allow the observation of rapid motion of par-
ticles; thus, the dynamics of the particles under flow cannot
be investigated through this technique.

On the contrary, diffusing wave spectroscopy (DWS), a
light scattering technique, is adapted to very turbid systems
[16] and allows the observation of the dynamics at very short
time scales. When the sample is illuminated with a coherent
light, multiple scattering occurs. Light propagation can be
described by a random walk, whose transport mean free path,
I*, decreases when the turbidity increases. An interference
pattern forms on any imaginary screen, in particular on the
illuminated side of the cell (backscattering geometry), or on
the opposite side (transmission geometry). The light intensity
is spatially correlated over an area called speckle. Motion of
the scatterers leads to a significant change in the phase of the
scattered light, and hence to a change in the intensity of a
single speckle. The particle dynamics can thus be investi-
gated through the study of the temporal fluctuations of the
scattered intensity on a single speckle spot. One generally
quantifies these fluctuations by computing the intensity auto-
correlation function, calculated as a time average. In our
case, we are interested in the dynamics of the particles just
after flow cessation. This is a nonstationary dynamics and
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thus cannot be studied through a time average measurement.
The multispeckle diffusive wave spectroscopy technique
(MSDWS) has been introduced to overcome this limitation
[17], as the intensity autocorrelation function is computed by
averaging the intensity fluctuations over the pixels of a digi-
tal camera detector collecting the whole speckle pattern.
Nevertheless, the temporal resolution is limited by the low
frequency of the camera collected images. In our case, the
characteristic time of the system dynamics is too small to be
investigated through this technique.

In this work, we overcome these problems by using a
recently introduced technique, the speckle visibility spectros-
copy (SVS) [18], in order to investigate the relaxation of the
particles after flow cessation. The principle of the measure-
ment is the following: for a given exposure time, the faster
the dynamics of the suspension, the more the speckle image
is blurred and the less contrasted is the speckle image. Quan-
titatively, one computes the contrast of an image for a given
exposure time as the variance of the intensity distribution
across the pixels. If the dynamics is changing in the system,
for an exposure time in the range of the system dynamical
timescales, the contrast allows exploration of the variations
in the particle dynamics [18]. The temporal resolution of this
technique is of the order of the exposure duration, much
smaller than the elapsed time between two successive im-
ages, and allows the study of our system dynamics. More
specifically, we apply a high shear stress to our suspension,
and, after a given time, stop the stress application. The sus-
pension is continuously illuminated by a laser beam, and by
following the contrast of the interference pattern, we study
the particle dynamics under shear and after shear cessation.

SAMPLE PREPARATION AND SVS MEASUREMENTS

Water suspension of spherical silica particles of diameter
640 nm, synthesized according to the Stober method [19],
are studied. To reach more easily the jamming regime the
particle surface is roughened; for a concentrated suspension,
it has been shown that the increased interparticle contacts
and friction increase the overall viscosity and induce jam-
ming at smaller stresses than for smooth spheres [15,20]. In
order to roughen the particle surface, sodium hydroxide, in a
mass percentage of 19% with respect to the mass of silica, is
added to the suspension, which is then left under stirring for
24 h. At basic pH, the silica slowly depolymerizes [21] and
one gets rough particles of the same diameter. The mean
square surface roughness of the particles was measured by
atomic force microscopy and is 6.20 nm, whereas it is
0.68 nm for the particles before the attack at basic pH [20].
The suspension is then rinsed through centrifugation and re-
dispersed in Millipore water, until pH becomes neutral. We
then prepared a suspension of rough particles at a volume
fraction of 0.37. The sample has an opaque white appear-
ance, so we operate in a multiple scattering regime.

A stress controlled Carri-Med rheometer is used. The cell
is a Couette cell with a rotating internal cylinder of 27.5 mm
diameter and a fixed external Plexiglass cylinder of 30.0 mm
diameter, which lets the laser beam pass through. When
loaded into the cell, the sample is submitted to high shear
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rates. Before any measurement, it is presheared at a low
shear rate, below the jamming transition. Then, once poured
in the cell, the same sample is used in the whole experiment.
A Spectra-Physics argon polarized laser beam, of wavelength
A=514 nm, is expanded and hits the sample with a Gaussian
spot size of 6 mm, at an angle of 77/6 from the normal di-
rection of the outer cylinder surface. The light is then multi-
ply scattered by the suspension and the backscattered light is
collected in a direction perpendicular to the cell outer sur-
face. The collection optics consists of a collimating lens that
focuses diffused light onto a diaphragm, which selects a part
of it. Finally, a Pulnix charge-coupled device (CCD) camera
behind the diaphragm collects the speckle pattern. The cam-
era device has 768 X 484 pixels and can collect the images at
a frequency of v=15 Hz. It is interfaced to a PC provided
with a National Instruments card, and the data are analyzed
in real time using LAB WINDOWS. The diaphragm size can be
changed in order to adjust the speckle size and thus the ratio
of pixels to speckle areas [17]. As the light multiply scattered
by the sample will be depolarized, a polarizer is added be-
tween
the lens and the diaphragm in order to minimize direct re-
flections. All the measurements were performed in back-
scattering geometry, the dynamics of the particles is thus
probed in a volume defined by the section of the diaphragm
(=6 mm X6 mm) and the photon penetration depth in the
sample. Using a procedure described elsewhere [20], we
measured the photon mean free path inside the suspension
and obtained /"=93+4 um. According to DWS theory, the
penetration depth in backscattering geometry is of the order
of a few mean free paths [16]. We can thus estimate that the
volume explored in one experiment is of the order of
6 mm X 6 mm X 0.2 mm. It thus contains 10° particles but
represents a small fraction of the entire Couette cell, and in
particular, its depth is approximately one-fifth of the gap.
As the particles move, the speckle pattern changes and
large intensity fluctuations occur at each pixel; if the expo-
sure time of the camera is long compared to the time scale of
speckle fluctuations, the same average intensity will be re-
corded for each pixel. On the contrary, if the exposure time is
shorter, the speckle pattern is visible. This is the principle
underlying the SVS technique [18], and the key measurable
quantity is the variance of the intensity across the pixels.
More precisely, we calculate the so-called contrast

(I,
Iy

c(1) =

where (:-), is an ensemble average over all the pixels and
the intensity I is the pixel time-integrated intensity over the
exposure duration 7. For T much larger than the dynamical
time scale of the system, the contrast is expected to be one,
while in the opposite limit the expected value is two. From
another point of view, keeping T fixed, the contrast will be
close to two if the system dynamics is slow and approxi-
mately one if the dynamics is fast with respect to 7. The
exposure duration of the camera device can vary in the range
64 us to 19 ms. When the exposure duration is varied, the
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FIG. 1. Evolution of the contrast with the camera exposure
duration 7. The dynamics of the electric field correlation function
g, is assumed to be described by a simple exponential with
relaxation time 7. Continuous curve: T(,=7'?= 100. Dashed curve:
T,=T, '=1. Inset: Difference between the two contrast curves,
C,.O(T) Cc l(T) as a function of 7. The maximum difference is ob-
tained for a T value approximately equal to the geometric average
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laser intensity is modified in order to keep (/7),
intensity over the pixels, fixed [22].

During an experiment, we chose to keep the exposure
time constant. The optimum choice of the exposure time de-
pends on the dynamics of the observed sample. Let us indeed
assume that the dynamics of the system is characterized by a
decorrelation time 7. of the electric field autocorrelation
function (g;) [23] and that 7, may take any value between 7
and Tl corresponding to two different values of the contrast,
C,ﬁ(T) and C;, (T) Assuming that g; exhibits a simple mo-
noexponennal decay, the contrast can easily be calculated as
a function of T [18]; it is plotted for the values 7.=1 and
7' =100 in Fig. 1. We wish to observe the maximum variation
of the contrast during the experiment. One needs to find the
valuc of T that maximizes the difference between C TO(T) and

C,(T). We observe that the maximum difference between
the two curves is reachcd for a tlme T=12, of the order of the
geometric mean of TC and 7 L,, \ TC TC. This result can be easily
generalized, as it does not change significantly if we model
the electric field correlation function by other forms (differ-
ent from a simple exponential), or if we consider a double
decaying correlation function—with one time scale remain-
ing fixed—to account for another dynamical process present
in the system at a different time scale. We empirically chose
for T the value that maximizes the variation of the contrast
during the experiments and found that 7=5.08 ms was the
best choice for our system.

, the average

RESULTS AND DISCUSSION

The mechanical properties of the sample and the occur-
ring of jamming are illustrated by the rheological measure-
ment reported in Fig. 2, in which the sample undergoes a
ramp of stress. For small stresses, the shear rate increases
smoothly with the stress; then, when the stress reaches a

PHYSICAL REVIEW E 74, 011401 (2006)

o
Y 6

FIG. 2. Shear thickening of the concentrated suspension of
rough silica particles. The volume fraction is ¢=0.37. Stress is
controlled in Couette geometry and is increased from O Pa to
255 Pa at a rate of 2.1 Pas™! (continuous curve). Then the stress is
decreased to zero with the same absolute rate (dashed curve). Shear
thickening occurs for 0=20 Pa. A slight hysteresis is observed
when the stress is decreased.

critical value, a transition occurs to a different regime, where
the shear rate starts fluctuating around a fixed value. We will
call this the shear jamming regime. If a decreasing ramp of
stress is applied after the rising ramp, a slight hysteresis is
observed in the stress vs shear rate curve.

Let us now apply a constant stress of 50 Pa above the
jamming transition (Fig. 3). First, we observe that the shear
rate is not stationary and exhibits huge fluctuations [1]. The
observed contrast also fluctuates and its fluctuations are cor-
related to the shear rate fluctuations. When the sample is
under shear, the faster and dominant movement of the par-
ticles is due to the flow. Assuming a linear shear rate, the
typical time scale charactenzmg the scattered light intensity
fluctuations is 7,=110/(kol") 1/, where ko=2/\ is the la-
ser beam wave vector, 7 is the shear rate, and " is the photon
transport mean free path in the medium [24]. So, when the
flow velocity decreases due to the shear rate fluctuations in
the jamming regime, as the particles move slower, the con-
trast will be higher and vice versa.

Under high stress values, the dynamics of the particles
under shear may even be slower than the dynamics at rest. In
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FIG. 3. Fluctuations of the gradient (dotted line) and the contrast
(solid line) under an applied stress of 50 Pa. Low values of the
gradient are associated to high values of the contrast.
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FIG. 4. Contrast behavior before, during, and after the applica-
tion of a stress =255 Pa during 30 s. The stress history is plotted
in a dashed line. During the stress application, strong contrast fluc-
tuations are observed. After the shear cessation, the contrast exhib-
its an overshoot and then relaxes to a constant value.

Fig. 4 we report an experiment in which a high stress value
in the jamming regime, o=255 Pa, is applied for 30 s; then
the application of stress is stopped. Before the shear, appli-
cation the contrast at rest is equal to 1.06 and its relative
noise, calculated as the standard deviation of the signal di-
vided by its average value diminished by 1, is 4%. As soon
as the stress is applied, the contrast drops to a smaller value
of 1.02; then the suspension jams and huge contrast fluctua-
tions occur. Remarkably, these fluctuations lead to contrast
values higher than the contrast value at rest before or after
the stress application. This means that during the shear, the
particle drift velocity sometimes becomes so small that 7, is
not the dominant time scale anymore, so another dynamical
time scale of the system can be revealed. Moreover, the dy-
namics characterized by this sometimes emerging time scale
is slower than the dynamics of the system at rest. The par-
ticles thus organized themselves under flow in such a way
that their motion is slower than their free motion at rest.
We now turn to the relaxation of the dynamics when the
application of stress is stopped. We followed the evolution of
the contrast after cessation of stress in the jamming regime.
As soon as the stress application is stopped, we observe (Fig.
4) an overshoot of the contrast; just after stress cessation, the
contrast value is much higher than the one at rest. It then
slowly decreases to a constant value, which is not necessarily
the same value it had before the shear. We observe that the
contrast signal is very noisy. Let us, moreover, consider the
noise amplitude along a relaxation curve (Fig. 4). Just after
shear cessation (60<<¢<80 s), the amplitude of the fluctua-
tions are smaller than after complete relaxation (z>200 s).
This high value of the noise after relaxation of the dynamics
of the suspension is a consequence of both the properties of
the system and our choice of the shutter duration T
=5.08 ms, which maximizes the amplitude of the contrast
relaxation after shear cessation. Indeed, the contrast is very
noisy if compared to the amplitude of the relaxation (Fig. 5).
This prevents us from making systematic measurements with
an easy quantitative analysis of the results. This noise is not
due to the setup but is an intrinsic characteristic of the
sample. This is shown in Fig. 6, where we plotted the con-
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FIG. 5. Contrast relaxation, soon after application of a stress of
o=180 Pa during 30 s, for three different measurements performed
under the same conditions. The measurements are highly nonrepro-
ducible. The overshoot of the contrast is not always observed, as
exemplified by the bottom curve. The two other curves exhibit an
overshoot, but its amplitude, its characteristic decorrelation time,
the value of the baseline, and the noise of the contrast signal vary
with the measurement.

trast, measured for an exposure duration of the camera
T=19.1 ms, for two samples at rest: the suspension of silica
particles used in our work and a water solution of latex,
taken as reference sample. The relative noise was calculated
as previously explained. We obtained a value of 0.011 for the
noise of the silica sample and of 0.0035 for the one of the
reference sample, which is then a factor of three smaller.
Besides, for a given sample, the noise of the contrast signal
depends on the chosen 7. The amplitude of the noise de-
creases when the exposure time 7 decreases with respect to
the time scale of the system dynamics. Thus, the relative
contrast noise for a silica suspension for 7=191 us is
smaller by a factor of four than the noise for 7=19.1 ms
(Fig. 6). Nevertheless, as explained above, the value of T
was chosen in order to maximize the contrast variation dur-
ing the entire experiment. For that  value
(T=5.08 ms), the amplitude of the noise is similar to the
amplitude measured at 7=19.1 ms.
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FIG. 6. Contrast evolution for a system at rest, for different
samples and different camera exposure times 7. From top to bot-
tom: silica sphere suspension for 7=191 us, silica sphere suspen-
sion for 7=19.1 ms, and water solution of latex for 7=19.1 ms.
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When the same measurement is repeated under the same
conditions, the relaxation curve of the contrast exhibits
scarce reproducibility (Fig. 5): its amplitude, its noise, the
final value, and the characteristic relaxation time vary with
the measure, while sometimes the overshoot cannot be ob-
served either, as one of the three curves shows. In Fig. 4 we
observed that once the stress application is stopped, the con-
trast plateau value after the relaxation is different from the
contrast value at rest before stress application. Besides, Fig.
5 shows that this plateau value varies at each measurement.
As the ensemble of measurements presented in Fig. 5 are
taken with the same sample under the same conditions, it can
be considered as a sampling in which a different region of
the system after shear cessation is observed during each mea-
surement. The presence of spatial heterogeneities in the sys-
tem, consisting in slower and faster regions due to the very
high concentration of the suspension, may be responsible for
this lack of reproducibility. Indeed, if the length scale of this
heterogeneity is of the order of the illuminated volume size,
the nonreproducibility of the contrast value at rest may be
easily explained. After each shear cessation and contrast re-
laxation, the illuminated region would be characterized by a
different local concentration and then a different dynamical
time scale inducing different contrast values.

Though the contrast signal is very noisy, we investigated
qualitatively the dependence of the contrast relaxation
behavior on the stress applied in the jamming regime. As the
sample is heterogeneous, also the local shear rate
may vary throughout the cell, but we can study the average
trend of the contrast relaxation as a function of the applied
stress. The evolution of the contrast after the shear cessation
has been studied for three different applied stresses over
the critical stress, and for each stress a set of eight measure-
ments has been performed under the same conditions.
The sample is first sheared under a constant stress of
o €{100,180,255} Pa for 30 s, and then stress application is
ceased; the contrast value is recorded during the entire ex-
periment. The curves which were not showing an overshoot
have been dropped. We used the following criterium: we
selected only the curves whose noise was smaller than the
half-amplitude of the contrast decrease. The noise is mea-
sured as the standard deviation of the contrast when it
reaches the final plateau value, i.e., when the noise is the
highest. For the larger stress value, 0=255 Pa, none of the
eight curves had to be dropped. For 0=180 Pa, two of the set
were dropped and four for 0=100 Pa. In order to compare
the relaxation times after the application of different stresses,
we averaged the set of the remaining contrast data for each
stress value. As the contrast relaxation has an exponential
behavior, we applied a logarithmic binning procedure to each
averaged curve in order to reduce noise at long times. First,
the points of the curve were averaged in groups of ten, then
they were further averaged in order to obtain a curve with 25
points logarithmically spaced on the x axis. The curves ob-
tained from averaging the contrast evolution vs time after
shear cessation for the three different stress values are plot-
ted in Fig. 7, where, to be better compared, they have been
normalized between O and 1. In order to quantify the relax-
ation time of these averaged curves, we have chosen a
stretched exponential function C(f)=exp(—t/m)P, which

PHYSICAL REVIEW E 74, 011401 (2006)

0.8

0.6

0.4

0.2

0.0

M N .
4 5678 2 3

o, )

2 3

FIG. 7. Normalized and averaged contrast relaxation curves
after the application of a constant stress o during 30 s. Three values
of the applied stress are studied: (M) =100 Pa, (A)=180 Pa,
and (4)o=255Pa. Each curve is fitted with a stretched
exponential form: C(t)=e_(’/")B. Inset: Average relaxation time,
7=Jgexp[-(t/7)Pldt=7/8 T(1/B) as a function of the applied
stress.

gives a good fit of them. The value of the 7 parameter varies
between 4 s for the smaller stress and 29 s for the bigger
stress. As the value of the 8 parameter does not remain con-
stant but varies between 0.5 and 0.7, the average relaxation
time {7) is calculated

()= Jm e dr = /—;F(é) (1)
0

where I' is the Euler gamma function. The values of (7) are
plotted as a function of the stress in the Fig. 7 inset. Thus, the
higher the applied stress, the slower the contrast relaxation
after shear cessation.

Dynamical heterogeneities must be associated to the for-
mation of spatial structures under shear that relax when shear
is stopped. Numerical simulations of concentrated colloids
under shear [9] show that hydrodynamic clusters form. If
similar behavior occurs in our system, as also indicated by
confocal microscopy observations [15], spatial particle con-
centration heterogeneities develop under shear. Thus, denser
regions may be responsible for slow particle dynamics. Nev-
ertheless, our measurements do not allow description of the
precise evolution of these heterogeneities as a function of the
applied stress. It has been observed numerically that the dis-
tance between neighboring particles inside clusters decreases
when the applied stress increases. One may thus assume that
the volume fraction of particles inside the denser regions
increases with the applied stress, thus favoring a slowing
down of their relaxation after shear cessation. Nevertheless,
also an increased volume fraction of these dense regions may
be responsible for our results, as suggested by the fact that
the higher the stress, the more frequently the contrast over-
shoot shows up in the illuminated volume. Further experi-
ments should be made to clear up which of the two phenom-
ena is responsible for the slowing down of the contrast
relaxation for higher applied stress.
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CONCLUSION

We investigated the flow-induced structure relaxation af-
ter shearing a suspension of concentrated silica particles in
the jamming regime. These experiments thus lead to the fol-
lowing observations.

(i) Under shear, at some instants the dynamics of the par-
ticles is slower than their dynamics at rest (Fig. 4).

(ii) When the shear is stopped, the contrast relaxes back to
a lower value, and contrast relaxation curves after shear ces-
sation exhibit huge noise amplitude (Fig. 5).

(iii) The contrast relaxation time after shear cessation is
an increasing function of the applied stress (Fig. 7).
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These observations may be due to shear-induced spatial
heterogeneities of the particle concentration. Numerical
simulations suggest that several phenomena may be respon-
sible for our results: the formation of denser regions and an
increase of their volume fraction, or a decrease of the inter-
colloidal distance inside these regions [9] for an increasing
applied shear stress. Further experiments and direct observa-
tion of the colloid organization under shear should allow
determination of the correct interpretation.
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