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Nonaqueous layered silicate suspensions have a complex rheological behavior due to the presence 
of a microstructure on multiple length scales, which is sensitive to flow and flow history. In the 
present work, the flow-induced orientation and anisotropy of the nonequilibrium metastable 
structures in nonaqueous layered silicate suspensions has been studied using a combination of light 
scattering, scattering dichroism, and advanced rheometric measurements, including two 
dimensional small amplitude oscillatory shear �2D-SAOS� flow experiments. The nature of the 
structures during flow was mainly studied by means of small angle light scattering patterns. Linear 
dichroism measurements in the vorticity and velocity gradient directions were used to assess the 
microstructural anisotropy. The changes observed in the vorticity plane developed in the same 
range of shear rate as the shear-thinning behavior of the suspensions. Scattering dichroism was 
used to demonstrate that the flow-induced anisotropy was locked in upon cessation of flow. To 
verify that this also leads to an anisotropy of the rheological properties, the linear viscoelastic 
moduli were measured using �2D-SAOS� experiments. This new technique proved to be 
particularly sensitive to the anisotropic nature of the metastable microstructure of organoclay 
suspensions. Both the flow-induced orientation and larger scale microstructural rearrangements are 
shown to contribute to the transient rheological response of the nonaqueous layered silicate 
suspensions.

I. INTRODUCTION

Colloidal suspensions exhibit a wide range of complex rheological properties includ-

ing transition from fluidlike to solidlike behavior leading to nonlinear rheological prop-

erties and thixotropic phenomena �Barnes �1997�; Mewis �1979��. This behavior stems

from the self-organization of the colloidal particles on multiple length scales �Hoekstra et

al. �2005�; Pignon et al. �1997a��. The representation of their inner structure requires

description of both spatial and orientation distributions of the dispersed phase over length
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scales ranging from the particle size �a few nanometers� to the macroscopic scale. The

understanding of the flow-induced changes in the multiscale structure is relatively well

understood for stable colloidal suspensions, whereas for aggregated colloidal suspensions

an understanding of flow effects on the size, particle shape, density, and anisotropy of

aggregates is only gradually emerging �Vermant and Solomon �2005��.
Layered silicates of the smectite group, commonly used as rheological modifiers in

paints, ceramic additives, inks, drilling fluids, and greases, have attracted a great interest

in the emerging field of polymer nanocomposites �Patel et al. �2006��. Their ordering at

the nanometer length scale leads to unique mechanical, electrical, optical, and thermal

properties �Ray and Okamoto �2003��. The most commonly used smectite is the mont-

morillonite for which the individual layers are typically 1.2 nm thick, 320–400 nm long,

and 250 nm wide �Cadene et al. �2005��. Nonaqueous suspensions based on layered

silicates are expected to belong to the aggregated suspensions class. While many studies

have reported the structure of aqueous layered silicate suspensions, there have been fewer

investigations of their nonaqueous counterparts. In the following, the extensive literature

on aqueous layered silicate suspensions is at first reviewed. The discussion focuses on

results pertaining to suspensions of attractive particles.

A. Inorganic smectite suspensions

Aqueous smectite suspensions undergo a sol-gel transition at medium ionic strength as

weakly attractive interactions are induced. In the case of laponite suspensions ��1 nm

thick, average diameter of �30 nm�, the physical structure of the gel state has been

probed using scattering techniques over multiple length scales ranging from the particle

size �nanometer� to the micrometer scale �Morvan et al. �1994�; Mourchid et al. �1995�;
Pignon et al. �1998, 1997b�; Pignon et al. �1997a�; Ramsay and Lindner �1993�; Ramsay

et al. �1990��. At small length scales, dense aggregates are formed by the combination of

subunits of oriented layers �Morvan et al. �1994�; Mourchid et al. �1995�; Pignon et al.

�1997a��, while at larger scales, of the order of 1 �m, a fractal network emerges from

these dense aggregates �Pignon et al. �1997a��. The fractal dimension of the network is

governed by the physicochemical parameters of the suspension. In turn, the fractal nature

of the system controls the rheological behavior of the gel, at least at sufficiently low

volume fractions �Pignon et al. �1997a��. Also the same behavior was observed for model

attractive suspensions composed of spheres with fractal-like microstructures �Buscall et

al. �1988�, Shih et al. �1990��.
Under shear flow conditions, the situation is less clear. The formation of elongated

rollers of aggregates arranged perpendicularly to the flow direction has been inferred

from scattering experiments by Pignon et al. �1997b, 1998�. Indeed, the observed butter-

fly scattering pattern most likely stems from spatial variations in concentration at length

scales that are large compared to the scale of the particles in the direction of the shear

flow. The formation of rollerlike structures has been reported from a direct microscopic

visualization of attractive emulsions �Montesi et al. �2004�� and for organic carbon nano-

tube suspensions �Lin-Gibson et al. �2004�; Ma et al. �2007�� in a confined shear flow.

Beyond a critical shear rate, this characteristic light scattering pattern was replaced by an

isotropic one indicating the breakdown of the large anisotropic structure into smaller

aggregates �Pignon et al. �1998, 1997b��. Analogous light scattering patterns were also

displayed by organic gels based on spherical particles of silica �Degroot et al. �1994�;
Hoekstra et al. �2005�; Varadan and Solomon �2001�; Verduin et al. �1996��, immiscible

polymer blends with viscoelastic asymmetry in the melt components �Hobbie et al.

�2002��, and semidilute polymer solutions that undergo shear-induced phase separation
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�Moses et al. �1994��. The mechanism leading to butterfly patterns is attributed by Hoek-

stra et al. �2003, 2005� to the directional dependence of break-up and aggregation of

agglomerates, while Hobbie et al. �2004� maintain that it can arise as a consequence of

elastic effects. It should be noted that for the aggregated suspensions, only a partial

relaxation of the large scale anisotropy was observed after cessation of shear flow �Hoek-

stra et al. �2005�; Mohraz and Solomon �2005�; Pignon et al. �1998�; Varadan and So-

lomon �2001�; Verduin et al. �1996��. This denotes the lack of restoring forces to evolve

toward isotropy �Mohraz and Solomon �2005�; Verduin et al. �1996��.

B. Organic smectite suspensions

In an organic fluid and depending on its polarity, the inherent attractive interactions

between clay layers can be overcome by coating their surface with short hydrocarbons

�organomodification�. Depending on the strength of the remaining attractive interparticle

forces, the resulting organoclay suspensions can remain aggregated and in other cases

sterically stabilized Brownian platelets can be obtained. Most often, complete exfoliation

is not achieved and a stacking of layers is preserved leading to tactoid structures and

aggregates �see for instance Li et al. �2003��. Small length scale spatial correlations are

usually revealed using transmission electron microscopy, scattering techniques including

small- and ultrasmall-angle neutron scattering �SANS and USANS� �Hanley et al. �2003�;
Ho et al. �2001�; King et al. �2007�; Yoonessi et al. �2005��, and more extensively wide-

and small-angle x-ray scattering �WAXS and SAXS� �see for instance Vaia et al. �2002��.
To our knowledge, the spatial organization of clay tactoids and aggregates in organic

suspensions at large scale have not yet been investigated using light scattering as in the

case of aqueous clay gels. Recent investigations using confocal laser microscopy to

investigate clay suspensions seem promising for probing their real-space structures �Lan-

gat et al. �2006�; Yoonessi et al. �2004��.

C. Objective

Earlier work by some of the authors �Mobuchon et al. �2007�� showed that the effect

of flow history on the rheological properties and structural recovery of organomodified

montmorillonite suspensions is complex, with a pronounced dependence on the preshear-

ing history. The aim of the present work is to study the microstructural origin of the

rheological response. The orientations of the microstructure and the flow-induced aniso-

tropy are investigated using two-dimensional �2D� static light scattering and linear di-

chroism measurements under flow. In the system under investigation, changes in the

linear dichroism can arise from both form and intrinsic dichroism contributions, hence

reflecting aggregate organization and orientation as well as orientation of the individual

platelets.

In addition, as in Sung et al. �2008� and Vermant et al. �2007�, transient rheological

measurements were carried out to probe the microstructure using stress growth measure-

ments in both forward and reverse flows. However, these transient stress measurements

are destructive and do not allow a quantification of the structural anisotropy. For this

reason, a novel 2D small amplitude oscillatory shear �2D-SAOS� flow method was de-

veloped. It has been achieved by synchronizing small amplitude oscillatory motions in

directions parallel and orthogonal to the steady shear flow direction. In this way, the

linear viscoelastic moduli can be obtained in all the directions of the shear plane leading

to a quantitative measure of the microstructure anisotropy. Measurements of the linear

viscoelastic properties in the orthogonal direction have been carried out on other systems

�De Cleyn and Mewis �1987�; Mewis and Schoukens �1978�; Simmons �1966�; Vermant
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et al. �1998�; Walker et al. �2000�; Zeegers et al. �1995��. However, to our knowledge,

2D-SAOS has been used only once to assess the structural anisotropy of lyotropic liquid

crystalline polymers �Walker et al. �2000��.

II. MATERIALS AND METHODS

A. Materials

The organoclay suspension used in this investigation is based on an organomodified

montmorillonite �Cloisite® 15 A, Southern Clay Products�. The organophilic clay par-

ticles were dispersed in a nonpolar Newtonian blend of polybutenes �Indopol, BP�, with

a viscosity of 28.5 Pa s at 25 °C. The volume fraction of organoclay, �v, was fixed at

0.04, except for the optical measurements that were carried out at lower volume fractions

of 0.01 and 0.03 to reduce multiple scattering. Details about the preparation of the

suspensions and results from the conventional linear and nonlinear rheometries have been

reported elsewhere �Mobuchon et al. �2007��.

B. Optical measurements

1. Small angle light scattering

The parallel plate flow cell of a stress-controlled rheometer Physica MCR300 �Anton

Paar� has been combined with a setup for time-resolved flow small angle scattering. A 10

mW He-Ne laser was used as the light source. The light beam was sent through the

sample along the velocity gradient direction by means of a set of prisms. Using a com-

bination of two half convex lenses, a beam stop, and one achromatic lens, the 2D scat-

tering patterns were focused directly onto the chip of a 12-bit IEEE 1394-based digital

camera �ORCA-285, Hamamatsu� �Cumming et al. �1992��. Images were analyzed with

in-house developed software �SALSSOFTWARE, KU Leuven�. The scattering pattern aniso-

tropy, A, is quantified based on the eigenvalues of the second-order tensor of the intensity

distribution �Johnson and Fuller �1988��

A =
��� I�x,y�xx − � I�x,y�yy�2

+ 4�� I�x,y�xy�2

I
, �1�

where I�x ,y� is the intensity at the pixel coordinates �x ,y� and I is the total intensity.

Typically, scattering angles in the light scattering experiments lie between 3° and 20°. In

real space, this corresponds to sizes of approximately 0.5–10 �m ��=632.8 nm�.

2. Linear dichroism

The optical train used to measure the dichroism �see Fuller �1995� for its definition� is

based on a field effect modulator as proposed by Frattini and Fuller �1984�. The specific

optical train �see Pellens et al. �2005�� consists of a Glan-Thomson polarizer �Newport�,
a photoelastic modulator �Beaglehole Instruments�, and a zero order quarter wave plate

�Newport�. The modulated light is then sent through the sample by a set of prisms. The

transmitted intensity is measured using a sensitive photodiode �Beaglehole Instruments�.
Its harmonic analysis is performed by two phase lock-in amplifiers �SR830, Stanford

Research Systems� to determine the dichroism intensity �n� and the orientation angle �

of its major axes relative to the shear flow direction. Two flow cells mounted on the

stress-controlled rheometer �Anton Paar, Physica MCR 300� were used to examine the

optical anisotropy in two different planes of the flow field. With the parallel disk flow

cell, the light was sent parallel to the velocity gradient direction so that the electric vector

sampled the velocity gradient plane. For the Couette cell, the light propagated along the
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vorticity axis leading to the measurement of optical anisotropies in the vorticity plane.

The parallel disk flow cell consisted of two disks in borosilicate glass. The Couette

geometry had an inner bob of 26.7 mm with a gap of 2 mm and a sample height of 16.5

mm.

C. Mechanical measurements

1. Transient rheology

As a first way to mechanically probe the anisotropy of the metastable clay structures,

various interrupted forward flow and flow reversal experiments were carried out as in

Vermant et al. �2007� and Sung et al. �2008�. Tests with and without time delay between

the preshearing and the stress growth experiments were performed using a stress-

controlled rheometer �Anton Paar, Physica MCR 501� equipped with a cone-and-plate

geometry �radius of 25 mm and cone angle of 0.04 rad�. Data were considered only after

a period of 0.04 s, the time required to reach the specified shear rate within an error of

less than 2%.

2. 2D-SAOS

Conventional linear viscoelastic measurements, following a preshear history, were

extended to two dimensions based on methods originally developed for superposition

rheometry. Using 2D-SAOS measurements the viscoelastic properties can be obtained in

all directions, ranging from parallel to orthogonal directions with respect to the steady

shear flow direction. The variations of the moduli with respect to the angle between the

previous flow history and the oscillatory flow directly probe and quantify the structural

anisotropy. The orthogonal superposition measurements were carried out using a strain-

controlled rheometer �ARES, TA Instruments� using a specially designed double-walled

Couette cell �dimensions reported in Table I�, which is open at the bottom to minimize

pumping flows. The bidirectional flow field was imposed by coupling the axial, �z, and

conventional angular, ��, oscillatory deformations

�r = 0, �2�

�� = ��
0 sin��t� , �3�

�z = �z
0 sin��t + 	�� , �4�

with � the applied angular frequency. The oscillatory motion is characterized by the

relative amplitudes ��
0 and �z

0, and the phase lag, 	�, between the angular and axial

deformations. When the two deformations are in phase, i.e., 	�=0, the resulting oscilla-

tory deformation is unidirectional, with an amplitude given by ����
0

2

+�z
0

2

� /2, and ori-

ented at an angle �z�=arctan���
0
/�z

0� from the perpendicular direction. The resulting

stress response is calculated from the components in the � and z directions in the same

TABLE I. Dimensions of the double-walled Couette cell.

Inner radius cup �mm� 22

Inner radius cylinder �mm� 23

Outer radius cylinder �mm� 24

Outer radius cup �mm� 25

Immersed cylinder length �mm� 50
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manner as the deformation, and its harmonic analysis leads to the viscoelastic moduli at

a given angle �z�. With 	�=
 /2 and ��
0=�z

0, the oscillatory deformation becomes two

dimensional, scanning circularly the shear plane. The two-dimensional oscillatory shear

with phase lag �2D-SAOS 	�� is more suitable for transient measurements since the

resulting helicoidal deformation enables a scan of the entire shear plane in a single

period. The general observation of the resulting 2D stress gives a direct insight into the

structural anisotropy. Moreover, the investigation of the phase lags between the strain and

stress components, 	� and 	z, allows discriminating the elastic, ��, and viscous, �v,

contributions to the resulting total shear stress, �. For an anisotropic viscoelastic material,

� can be written as follows:

�r = 0, �5�

�� = ��
0 sin��t + 	�� , �6�

�z = �z
0 cos��t + 	z� . �7�

The viscous and elastic responses are obtained from the in-phase and out-of-phase com-

ponents, respectively, with respect to the imposed strain

�v = ����
0 cos�	��sin��t��2 + ��z

0 cos�	z�cos��t��2, �8�

�e = ����
0 sin�	��cos��t��2 + ��z

0 sin�	z�sin��t��2. �9�

The corresponding storage and loss moduli can then be obtained by dividing, respec-

tively, �e and �v by the applied strain amplitude, �0.

Vibrating the inner cylinder axially provides the oscillatory deformation, �z. Its dis-

placement is driven by the normal force rebalanced transducer of the ARES rheometer

�Vermant et al. �1997��. In its regular mode, the ARES rheometer uses a control loop to

compensate the displacement of the transducer induced by the normal force. This control

loop was modified to impose to the normal force transducer to follow the axial position

from the signal supplied by a frequency generator composed of a data card �NI PCI-6221

DAQ, National Intruments� and a LabVIEW �National Instruments� routine. Strain am-

plitudes in the range of 5�10−4 up to 5�10−2 could be applied. The pumping flow

induced by the axial motion of the inner cylinder was minimized by some openings at the

bottom of the wall �Simmons �1966�; Vermant et al. �1997��. These openings allow the

fluid squeezed under the inner cylinder to flow back and forth between the gaps of the

cylinders.

The angular oscillatory deformation, ��, was achieved by rotating the outer cylinder

with the servo-controlled motor of the ARES rheometer. This motor was also controlled

by the same LabVIEW-commanded frequency generator to ensure synchronization of the

axial and angular deformations.

The resulting force and torque signals were measured directly on their respective

control board and analyzed using a LabVIEW routine based on the fast Fourier transform

for the frequency analysis. The contributions from the instrument �inertia, friction, and

elasticity of the transducers� and the sample inertia on the force and torque signals were

sufficiently small and did not need to be taken into account �results shown below for the

neat polybutene�. Measurements for the neat polybutene were conducted with axial and

angular deformations of 0.025—clearly in the linear response region. Smaller deforma-

tion amplitudes of 0.01 were used for the organoclay suspensions, chosen such that the

response was linear.
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All the previous optical and mechanical measurements were carried out at ambient

conditions ��20 °C�, except for the transient nonlinear measurements that were done at

25 °C. Prior to the 2D-SAOS measurements, the samples were presheared under various

shear rates until a steady-state viscosity was observed and then allowed to rest during

5400 s. The time required to reach steady state depended on the applied shear rate and

would be much longer at very low shear rates. However, steady state was reached much

faster by sweeping from high to low shear rates �see Mobuchon et al. �2007��. The

reproducibility of the data was estimated to be within 2% and  9% for shear rates of

25 and 0.001 s−1, respectively. For dynamic measurements, the standard deviation was

estimated to be within 5%.

III. RESULTS

A. Flow-induced anisotropy of nonequilibrium and metastable organoclay
structures

1. Small angle light scattering

Small angle light scattering �SALS� measurement allows probing the microscale struc-

tural evolution under shear flow. After carefully loading the material between the plates,

the scattering pattern was found to be isotropic �results not shown�. As the length scales

probed in the SALS experiments are much larger than the particle size, the power-law

decay of the scattered intensity, I, with the scattering vector, q, suggests that the micro-

structure is self-similar in nature, in agreement with previous measurements on similar

systems �Schaefer et al. �1984�; Pignon et al. �1997a��. The power-law exponent can be

associated with a fractal dimension, D f, that is found to be of order 2 in the quiescent

state, after sample loading. Subjecting the clay suspensions to shear flow resulted in

anisotropic SALS patterns. For shear rates ranging from 0.1 to 100 s−1 the isocontour

plots are shown in Fig. 1 ��v=0.03, ambient temperature, exposure time 0.1 s�. Under

shear flow, a slight anisotropy appears, with two apparent lobes in the scattering patterns

running along the flow direction. In real space this corresponds to a more pronounced

structure formation along the vorticity axis, as compared to the flow direction. No major

changes of this anisotropy with increasing shear rate were observed using the anisotropy

factor A based on the eigenvalues of the second-order tensor of Eq. �1� �results not

shown�. It should be mentioned that this method is not very sensitive to minor changes in

anisotropy �Hoekstra et al. �2005�� and results using the more sensitive linear scattering

dichroism method are presented in Sec. III A 2. Averages of the intensity as a function of

the magnitude of the scattering vector of the patterns in arc segments oriented along the

flow and vorticity directions are depicted in Fig. 1 �the curves for the different shear rates

have been offset vertically for clarity�. The power-law exponent is nearly unchanged,

with values of 1.71 and 1.70 when the pattern was scanned along the flow and vorticity

directions, respectively. A negligible standard deviation of 0.08 was obtained for the

shear rate range explored from 0 to 100 s−1. The essentially constant slope of I versus q

with shear rate is in contrast with the reports on more significant shear-induced densifi-

cation for thermoreversible aggregated suspensions �Hoekstra et al. �2003�; Rueb and

Zukoski �1997�; Varadan and Solomon �2001��. On the other hand, the presence of a

network of mass-fractal clusters is consistent with the low-frequency plateau storage

modulus reported earlier �Mobuchon et al. �2007��. The I versus q curves for the suspen-

sion scanned along the two perpendicular directions do differ in intensity, especially at

the higher shear rates. Averages on the scattering pattern along the flow direction yield

higher intensities. This is in agreement with the reports of rollerlike structures oriented

along the vorticity direction in a number of systems �Vermant and Solomon �2005��. The
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scattering results suggest that the structure in the flow direction is being broken up by

flow. The independence of the fractal dimension of the clusters does suggest that for the

present systems the building blocks are not fundamentally altered in the shear range

probed. The characteristic cluster size could not be extracted from the intensity distribu-

tion since the I vs q does not deviate enough from the power-law behavior in the experi-

mental q range. The picture emerging from the SALS patterns is that of a network of

clusters, being broken up by flow. Observations in the real space using confocal laser

scanning microscopy will be reported in a subsequent article to further confirm the

existence of a mass-fractal network and its dimensions.

2. Dichroism measurements

To quantify the flow-induced anisotropy, the dichroism, �n�, and its orientation angle,

�, were measured for shear rates ranging from 10−3 to 102 s−1. Figure 2 reports the

dichroism, �n�, with the light propagating along the velocity gradient direction as a

function of the applied shear rate for two different volume fractions of particles ��v

=0.01 and 0.03� and gaps �590 and 949 �m with �v=0.03�. The two volume fractions

were chosen to be above the liquid-solid transition. At the largest volume fraction of 0.03

the dichroism is shown to be independent of gap size �circular symbols in Fig. 2�,
indicating that there is no effect of multiple scattering �Batchelor et al. �1987�� and that

the maximum length scale of the structures is at least smaller than 590 �m, as otherwise

gap effects should appear. The magnitude of the dichroism increases with the clay vol-

ume fraction, but in both cases the same trend with increasing shear rate is displayed,

from a low to a high plateau value.

Vorticity

flow

Vorticity

flow

Vorticity

flow

Vorticity

flow

Vorticity

flow

Vorticity

flow

Vorticity

flow

q (µm
-1
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I
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.u
.)

103

104

q
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0.1 s
-1

100 s
-1

10 s
-1

1 s
-1

FIG. 1. Scattered intensity distribution I�q� in the flow �filled symbols� and vorticity �unfilled symbols� planes

as �̇ is varied from 0.1 to 100 s−1. Data are offset for clarity. Solid line represents the measured fractal

dimension. Inset figures show the corresponding SALS patterns in the same order as the scattered intensity

distributions. The flow direction is from left to right; the vorticity direction is from bottom to top; �v=0.03.
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The flow-induced dichroism measured when sending the light along the velocity gra-

dient direction �filled symbols� and the vorticity direction �open symbols� represents the

projection of the microstructural anisotropy in the velocity gradient and vorticity planes,

respectively. They are given as functions of the applied shear rate in Fig. 3 for a particle

volume fraction of 0.01. The steady-shear viscosity data are also reported on the same

figure as the solid lines. In comparison to the results obtained when sending the light

along the velocity gradient direction, the dichroism in the vorticity plane exhibits a

stronger dependency on the shear rate �Fig. 3�a��. At the lowest shear rate investigated

�10−3 s−1�, it is nearly zero but increases monotonically with shear rate to a plateau value,

just slightly lower than in the velocity gradient plane. As shown in Fig. 3�b�, the orien-

tation angle in the vorticity plane �open symbols� also depends on the shear rate, unlike

that in the velocity gradient plane, where the orientation angle of the structure is close to

0° �filled symbols in Fig. 3�b��. As expected scattering objects, projected onto the velocity

gradient plane, are organized along the flow direction. The orientation angle in the vor-

ticity plane �open symbols� is expected to start from 45° with respect to the flow direc-

tion; yet due to measurement accuracy the orientation can be measured from about 25° at

the lowest shear rates and evolves toward the flow direction �0°� at high shear rates. Apart

from their different dependencies on shear rate, the changes in the dichroism in the two

planes do not take place on the same shear rate range. �n� and � in the vorticity plane

trace the evolution of the shear thinning of the viscosity of the suspension. On the other

hand, �n� in the velocity gradient plane keeps increasing, although the viscosity plateau

at high shear rates is almost reached. The observed evolution of the scattering dichroism

cannot be explained solely by the orientation of individual clay particles. Clearly a more

complex interplay between the aggregate structure at low shear rates and the orientation

of the tactoids or platelets at high shear rates leads to a more complex dependency of the

scattering dichroism.

The flow-induced dichroism was observed not to relax upon cessation of flow, and this

in both planes �results not shown�, at least on the time interval required for the recovery

FIG. 2. Effect of the gap and volume fraction on 	�n�	 measured in the velocity gradient plane as �̇ is varied;

�v=0.03
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of their linear viscoelastic properties �Fig. 2�a� of Mobuchon et al. �2007��. The flow-

induced clay microstructures shown in our previous work are consequently anisotropic

and the attractive forces locked in the microstructure. A persisting anisotropy at large

scale was also observed for organophilic silica suspensions with the lack of relaxation of

their anisotropic SALS patterns �Hoekstra et al. �2005�; Mohraz and Solomon �2005�;
Varadan and Solomon �2001�; Verduin et al. �1996��.

B. Orientational contribution to stress growth measurements

Stress growth experiments are insightful to understand the phenomena of yielding in

colloidal gels. Mohraz and Solomon �2005� showed that the stress maximum in start-up

experiments can be associated with yielding, using a simple theory of fractal backbone

stretching and rupture. In order to evaluate the effect of microstructural anisotropy, stress

growth data for forward and reverse directions have been compared. This procedure was

initially proposed as a structural-destructive testing to probe the structural anisotropy

under flow and at rest �Vermant et al. �2007� and Sung et al. �2008��. The main features

FIG. 3. Dependence of �a� 	�n�	 and �b� � with �̇ in the velocity gradient �filled symbols� and vorticity planes

�unfilled symbols�. �v=0.01. Dashed lines are regressions to guide the eyes.
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FIG. 4. Typical transient behavior of the organoclay suspension as a function of strain: �a� stepwise increase in

shear rate from �̇i=10−3 s−1 to �̇ f =10−1 s−1, �b� stepwise decrease in shear rate from �̇i=1 s−1 to �̇ f

=10−2 s−1, and �c� reverse flow at �̇=10−2 s−1; �v=0.04. Moduli measured in the orthogonal mode measured

at a frequency of 62.8 rad/s−1 during the transient tests are also reported.
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of the transient behavior of the organoclay suspension at a volume fraction of 0.04 are

presented in Fig. 4. In addition to the transient shear stress, and to probe the changes in

the viscous and elastic contributions to the stress directly, the transient orthogonal moduli

G
�
� and G

�
� , measured at a frequency of 62.8 rad/s−1, are reported as a function of the

strain, �. The moduli were measured using the setup for the axial oscillatory deformation

of the 2D-SAOS. Transient superposition measurements are nontrivial to analyze, as the

changes in the structure and stress also lead to transients in the oscillatory response. Yet,

because of the high frequency used and the relatively long time scales of the transient

response, this should not be too problematic in the present case. Hence, we believe this is

an adequate tool for probing the evolution of the microstructure. Upon stepwise changes

in shear rate, the organoclay suspension undergoes a structure buildup or breakdown.

Figure 4�a� illustrates the structure breakdown for a stepwise increase in shear rate from

10−3 s−1 to 0.1 s−1. According to Fig. 3�a�, this stepwise change in shear rate affects

mainly the anisotropy in the vorticity plane. Through the elastic response of the initial

structure, the transient shear stress, �+, increases as a function of �, depicting a typical

overshoot before reaching a steady-state value at large strain, as illustrated in Fig. 4�a�.
The two superposition moduli at this high frequency stay nearly constant during the

initial period, which would agree with the simple theory of fractal backbone stretching

and rupture of Mohraz and Solomon �2005�. Following the maximum in shear stress,

which would correspond to the rupture point, the elastic contribution probed by G
�
�

decreases strongly, combined with a small decrease of G
�
� as a function of strain, to reach

a less elastic final structure. It should be pointed out that more drastic drops of the

superposition moduli are expected at low frequencies. The low frequency part of the

spectrum of colloidal suspensions was actually shown experimentally by Potanin et al.

�1997� and numerically by Dhont and Wagner �2001� to be more sensitive to the shear-

induced structural deformation; yet analyzing the transient response may be tricky. It is

clear that the superposition moduli represent direct evidence of the reduction of the

elastic contribution to the overall stress, as would be expected following the rupturing of

a colloidal network.

A stepwise decrease in shear rate from 1 to 10−2 s−1 corresponding to structure

buildup is shown in Fig. 4�b�. The initial decrease in the shear stress with strain is typical

of stress relaxation in viscoelastic materials and the following shear stress increase is due

to the structure buildup �Dullaert and Mewis �2005a��. Both superposition moduli in-

crease, with the elastic component increasing more due to the buildup of the structure.

This mimics results from stress jump experiments on weakly aggregated suspensions,

where the time evolution of the increase in hydrodynamic and elastic contributions was

shown to be very similar �Dullaert and Mewis �2005b��.
To assess the effect of structural anisotropy, the shear stress measured during a reverse

flow at 10−2 s−1 following an initial forward flow at the same shear rate is reported in

Fig. 4�c�. At this shear rate, the organoclay network structure, as detected by SALS, is

strongly developed and the hydrodynamic contribution to the total steady stress is neg-

ligible �see Figs. 3 and 7 of Mobuchon et al. �2007� or the stress jump results from

Dullaert and Mewis �2005b��. In the first part of the curve, where �+ is negative, the

initial structure induced by the preceding shear in the opposite direction remains intact as

indicated by the constant G
�
� . At strains between 0.1 and 1, a structural reorganization is

clearly taking place as can be inferred from the subsequent decrease of the elastic modu-

lus, followed by an increase at larger strains to reach the same value as in the opposite

direction.

Tests with and without rest times between the preshearing and the stress growth

experiments were also carried out and the results are presented in Fig. 5. Figure 5�a�
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reports data obtained without a rest time for forward �open symbols� and reverse start-up

flow experiments �filled symbols� carried out at an applied shear rate of 10−1 s−1.

Figure 5�b� reports the corresponding data obtained following a rest time of 5400 s. In

these tests, three different preshear rates, �̇i, were used: 10−3, 1, and 10 s−1. Depending

on the amplitude of the preshear rate, the transient shear stresses exhibit either the

characteristic evolution described above for a structure breakdown �Fig. 4�a�� or buildup

�Fig. 4�b��. Following a preshearing at 10−3 s−1, the forward �open symbols� and reverse

�filled symbols� stress growth data of Figs. 5�a� and 5�b� do not overlap, suggesting a

flow-induced anisotropy. For a larger preshear rate, the difference between the forward

and reverse stress growth data becomes negligible, even after a rest time. These results

appear at first to be in contradiction with the increase of anisotropy with shear rate

observed previously from the dichroism measurements. This apparent contradiction can

FIG. 5. Stress growth measurements carried out after a preshearing in the same direction �unfilled symbols� and

in the opposite direction �filled symbols�: �a� after a preshearing at 	�̇i	, �b� after preshearing at 	�̇i	 and a rest

time of 5400 s; �v=0.04.
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be explained by the minor role played by the initial anisotropy on the transient stress

response. The evolution of the particle spatial distribution represents instead the main

contribution to the resulting structure.

The transient rheological measurements are consistent with the presence of a network

that can deform, yield, and subsequently rearrange during flow. The transient rheological

measurements combined with the superposition do not yet enable one to come up with a

clear view of the structural anisotropy. This is the intent of Sec. III C with 2D-SAOS

results.

C. Mechanical anisotropy of metastable organoclay structures

1. 2D-SAOS

In these experiments the moduli were probed along a specific direction. At first, the

Newtonian suspending fluid �polybutene� was investigated to assess the performance of

the setup. Typical unidirectional oscillatory deformations projected in the shear plane are

illustrated in Fig. 6�a� for a frequency of 25 rad s−1, in terms of �z vs �� for different

phase angles, �z�, between the two orthogonal deformations. The oscillatory deforma-

tions could be imposed continuously from 0° to 180° over a large frequency window. As

expected for an isotropic fluid, the loss modulus, G�, of the Newtonian polybutene does

not depend on the shearing angle, �z� �Fig. 6�b��. A deviation of less than 3% is

observed for the �z� range covered. On the other hand, for the organoclay suspension

following a preshear at 3 s−1 and after a rest time of 5400 s, a strong dependency of the

moduli with �z� is observed. Figure 7 shows the experimental results for a frequency of

0.63 rad/s−1. Both moduli vary similarly �	 independent of �z�� by more than 50% when

the deformations go from perpendicular ��z�=0°� to the preshearing direction ��z�

=90°�. Data in the preshearing direction are in good agreement with those previously

reported for this system �Fig. 4 of Mobuchon et al. �2007��. Similar trends are also

depicted in Fig. 8 for the elastic modulus �Fig. 8�a�� and for the normalized modulus,

G� /G�z�=180°� �Fig. 8�b��. We note that the normalized modulus is nearly independent of

the frequency. The strong dependency on �z� outlines the anisotropic nature of the clay

structure. It is consistent with the lack of relaxation of the structural anisotropy, as

observed by the scattering dichroism after cessation of shear.

FIG. 6. 2D-SAOS at 25 rad s−1 for the Newtonian polybutene suspending fluid: �a� unidirectional oscillatory

deformations projected in the shear plane and �b� G� as a function of �z�.
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The 2D-SAOS method can be used to investigate the effect of the magnitude of the

shear rate on the mechanical anisotropy. Figure 9 presents the effect of the preshearing

magnitude, �̇i, on the storage modulus of the structure after flow as a function of the

solicitation angle at a fixed frequency of 0.6 rad s−1. The storage modulus is observed to

decrease with increasing �̇i indicating a weakening of the corresponding final structure

�Fig. 9�a��. However, when normalized as G� /G�z�=180°� , the anisotropy is observed to be

independent of the preshearing magnitude ��̇i=3�10−3–3 s−1� and so, for all the differ-

ent metastable structures reached �Fig. 9�b��. Note that the structures under flow were

found by SALS to be slightly anisotropic in the vorticity and flow directions, but inde-

pendent of the shear rate �see Fig. 1�. Therefore, it seems that the viscoelastic properties,

as probed by 2D-SAOS, are mainly determined by the larger scale structures.

2. 2D-SAOS ��

In these experiments the entire shear plane was scanned in a single period, giving an

instantaneous “image” of the mechanical anisotropy. The two-dimensional small ampli-

tude oscillatory shear with phase lag was again first tested with the Newtonian poly-

butene. Figure 10 illustrates the circular applied deformation, �z as a function of ��, and

the resulting stress response, �� as a function of �z, at a frequency of 25 rad s−1. The

stress response is also circular with a slight deformation induced by an added phase shift

between the two stress components. This additional phase shift comes from the system

response of the normal force rebalanced transducer, which is not fully adapted to perform

this experiment at high frequency �mainly due to inertia�. The experimental frequency

window was therefore limited to values less than 25 rad s−1. As expected for a purely

viscous fluid, the phase lag between the strain and stress components is close to 
 /2 and

leads with �0=0.028 and ��
0=�z

0=34 Pa to the same value of the loss modulus, i.e.,

G��1200 Pa, as reported in Fig. 6.

FIG. 7. Viscoelastic 2D-SAOS properties as a function of �z� at 0.63 rad s−1 after a preconditioning at 3 s−1

and a rest time of 5400 s. The parallel direction of the preshearing corresponds to �z�=90°; �v=0.04.
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In the case of the organoclay suspension �Fig. 11�a��, the stress response for different

preshear rates, �̇i, becomes more elliptical as �̇i is decreased with its major axis �highest

modulus� perpendicular to the preshearing direction. However, when the normalized

stresses, �z /�zmax
vs �� /�zmax

, are plotted, the responses become independent of the

preshearing magnitude. Similar trends were observed for the stress responses for different

frequencies �data not shown for conciseness�. When normalized stresses were plotted, as

seen before for the 2D-SAOS without phase lag �Fig. 8�b��, the response was observed to

FIG. 8. Frequency dependency of �a� G� and �b� G� /G�z�=180°
� as a function of �z� for the organoclay suspension

after a preconditioning at 3 s−1 and a rest time of 5400 s; �v=0.04.
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be independent of the frequency over the range investigated ��=0.06–0.63 rad s−1�.
Finally, the equivalence of these 2D-SAOS 	� data with 2D-SAOS data obtained without

phase lag is shown in Fig. 9�a� by the dashed lines. The storage moduli extracted from the

elliptical stresses merge with the ones given by the 2D-SAOS.

IV. CONCLUDING REMARKS

In this paper the flow-induced anisotropy and orientation of nonaqueous layered sili-

cate suspensions have been probed optically using small angle light scattering and linear

dichroism measurements. 2D-SAOS flow has also been proposed as a method to quantify

the anisotropy of microstructured materials. For the materials under consideration, a

FIG. 9. Flow history dependency of �a� G� and �b� G� /G�z�=180°
� for the organoclay suspension as a function of

�z� measured at 0.63 rad s−1 after a rest time of 5400 s; �v=0.04.
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network structure, as inferred from the power-law decay of the SALS intensity, is respon-

sible for the observed rheological complexity. During flow, the microstructure becomes

anisotropic, with the structure being slightly denser in the flow direction as compared to

the vorticity direction. The independence of the power-law slope with shear rate denotes

the lack of significant shear-induced densification. Linear scattering dichroism measure-

ments have shown that the anisotropy evolutions in the velocity gradient and vorticity

planes do not take place on the same shear rate range. When sending light along the

vorticity direction, the monotonic increase of the anisotropy with shear rate toward the

flow direction was observed to follow the shear-thinning behavior of the suspension and

was ascribed to changes in the aggregate organization, in agreement with the flow SALS

observations. In contrast, the anisotropy in the velocity gradient plane still intensifies

once the viscosity plateau is reached, accompanied by only a minor evolution of the

orientation angle.

Upon cessation of flow, the flow-induced anisotropy in the two directions was ob-

served not to relax due to the presence of attractive interactions, which prevent the

systems to evolve toward isotropy. Consequently, the metastable organoclay suspension

locks in the flow-induced anisotropy. The 2D-SAOS technique with and without phase

lag proved to be sensitive to the anisotropic nature of the organoclay suspensions. As a

result of the flow-induced orientation, the transient response of the organoclay suspen-

sions implies both structural and orientational contributions. By analyzing stress growth

data, the orientational contribution has been shown to play an increasing role as the

transient flow evolves from a structure buildup to a structure breakdown. 2D-SAOS

rheometry has been used to show how the elastic and viscous contributions to the stress

evolve during transient measurements.

FIG. 10. 2D-SAOS 	� at 25 rad s−1 for the Newtonian polybutene suspending fluid: �z vs �� and �z vs ��.
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2D-SAOS technique appears to be powerful, representing an alternative to scattering

methods, especially for nontransparent or concentrated complex fluids. The present re-

sults are encouraging and should foster further research effort to define the limitations

and sensitivity of the 2D-SAOS method.
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