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Monodisperse colloidal plates under shear
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The structure of a dispersion of monodispersed, plate-shaped colloidal particles has been investigated under
shear. The dispersion displays a columnar phase when at rest, and if subjected to shear at low rates~0.1–1 s21!,
this structure aligns with the axis of the columns in the flow direction. At low shear rates, the plates within
these columns are tilted, with their normals in the compressional quadrant, at 20° to the flow direction in the
flow-gradient plane. At high shear rates~;100 s21!, the dispersion forms a different structure that consists of
layers of particles with their plate normals in the gradient direction. The transition between these two shear-
induced ‘‘phases’’ is described. Evidence is presented that suggests that at intermediate shear rates there is
coexistence between the two phases, implying that there is a shear-induced ‘‘phase separation.’’ As the shear
rate is further increased evidence for shear-induced disorder is found. All the shear-induced structures that have
been observed relax back to the equilibrium columnar phase over a period of a few hours. At rest after shear
at low rates~0.1–1 s21!, the amount of orientational order present in the aligned columnar phase increases,
while there is no measurable positional rearrangement. After shear at high rates~67–1000 s21!, the layer phase
relaxes into a columnar phase. The structure changes via an intermediate state consisting of planes of particles
normal to the vorticity direction. The positional rearrangement occurs at the expense of the orientational order,
which increases again after the positional rearrangement is complete. The final orientation of the columnar
phase is such that the direction of alignment of the plates does not change upon relaxation.

PACS number~s!: 82.70.Dd, 83.10.Pp, 83.20.Hn, 83.50.Ax
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I. INTRODUCTION

The applications of colloidal dispersions frequently r
quire specific rheological properties. Properties of mater
formed from colloids may also depend crucially on the str
ture induced in processing conditions. An understanding
the inter-relation of the structure of dispersions and th
rheological properties is therefore of considerable pract
importance. At a fundamental level, there has been m
recent interest in the physics associated with the structur
model systems under flow@1–7# and the comparison of thi
information with computer simulations@8–10# and rheologi-
cal measurements. Colloidal dispersions have been use
models of simple fluids with the advantage that the inter
tions between the particles can be controlled@4#. This anal-
ogy must be treated with care as there will often be a delic
balance between Brownian forces and other interparticle
teractions such as the effects of hydrodynamic forces@9,11#.
Some features of colloid rheology are well established@12#:
there is usually a range of shear rates where the viscosit
a colloidal dispersion falls with increasing shear rate.
higher shear rates, some materials display regimes wher
viscosity is constant and then increases catastrophically
shear rate. The origins of the macroscopic stress are
forces between the particles. These forces, in turn, are rel
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to the spatial arrangement of the particles within the disp
sion and the way in which these particles interact.

This paper reports an experimental study of the chan
observed under shear in a dispersion of nickel~II ! hydroxide
particles. These are highly monodisperse and have o
short-range interparticle interactions. Previous work h
shown that these plates form a columnar phase at high
centrations@13,14#. The phase behavior of dispersions
plates at rest has been predicted as a function of par
concentration and aspect ratio from computer simulati
@15,16#. This paper is concerned with the changes in str
ture of concentrated dispersions under steady shear and
temporal evolution of structure when shear stops. Invest
tion by a combination of small-angle neutron scatteri
~SANS! and neutron diffraction permits detailed structur
studies. The neutron diffraction provides a simple unambi
ous measure of the average orientation distribution of cr
talline particles. The SANS data can then be used to de
mine the spatial arrangement of the particles. The princip
of these techniques have been described previo
@4,17,18#. These methods present a further advantage in
study of rheology in that they do not, themselves, furth
perturb the sample. Thus they are ideal for studying rel
ation processes in model fluids of particles with ‘‘hard’’ in
teractions.

II. BACKGROUND

In colloidal dispersions of spherical particles, she
induced structures have been extensively studied. Shea
been observed to orient colloidal crystals of electrostatica
851 ©2000 The American Physical Society
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852 PRE 62A. B. D. BROWN AND A. R. RENNIE
stabilized particles and to cause domains to grow@1,2#. The
structures are observed to promote slip along partic
planes and, at high shear rates, to disorder or melt@2,3#.
Dispersions of spherical particles that are not crystalline
the absence of shear due to the nature of the particle in
actions~e.g., with short-range steric interactions!, the con-
centration of the dispersion, or the range of particle si
present typically display more subtle structural changes
der shear@4,5#.

A number of studies of anisotropic particles under sh
have been reported@17–22#; however, none of these studie
has investigated dispersions that display a highly orde
structure at rest. For example, studies of clays under fl
using neutron diffraction@17,18,23# and x-ray diffraction
@21# have been described. This has been due to the diffi
ties involved in preparing and stabilizing dispersions of a
isotropic colloidal particles that are sufficiently uniform
size and shape. In this paper, the effect of shear on a dis
sion of ordered platelike particles is investigated, and
observed shear-induced structures are described. The p
behavior of platelike particles at rest@13,14,24# can be com-
pared with the results of computer simulations@15,16#, but
no direct comparison is yet possible with the few simulatio
of the flow of concentrated anisotropic particles@25,26#.

Traditionally, the size, shape, orientation, and interpart
correlation in colloidal dispersions have been investiga
using small-angle scattering. For dispersions of mono
persed spherical particles, where the form factor is sph
cally symmetrical, small-angle scattering yields almost u
ambiguous data about the spatial arrangement of par
centers. Anisotropic particles display two types of order: p
sitional correlation and orientational alignment. Small-an
scattering contains information about both these types of
ders; however, often it is not easy to interpret the scatte
pattern. In this paper, a diffraction technique@17,18# is used
to complement small-angle neutron scattering and this all
the orientational order to be deduced from the measurem
independently from the positional order.

III. EXPERIMENT

A. Preparation of the colloidal dispersions

Dispersions of nickel~II ! hydroxide particles were pre
pared as described previously@13,14#. The particles were
hexagonal plates with a thickness of;10 nm and a diamete
of 84 nm613%. The particles were stabilized with a lo
molecular mass polyacrylate@27#. This provides a uniform
surface and a short-range repulsive force that keeps the
persion stable, and the long-range electrostatic forces
screened by adding electrolyte. Uncertainty in the thickn
of the polymer layer and hence the total range of the part
interactions makes it difficult to define and calculate the v
ume fraction accurately. Hence the concentration of the
persions will be described in this paper as a weight fracti
The samples used in the shear experiments were all dispe
in 90% D2O and 10% H2O. This reduces the incoherent sca
tering from protons in H2O and also partially matches th
scattering density of the nickel~II ! hydroxide, and so reduce
the amount of multiple scattering in the SANS measu
ments. For the sake of simplicity and to enable compari
with previous papers@13,14#, the weight fractions quoted in
r
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this paper are what the weight fraction would have been w
the particles suspended in H2O.

Under static conditions, such dispersions have been
served to phase separate over a number of days into a
lumnar phase and a less ordered phase@14#. The particle
concentration at which this phase transition occurs depe
upon the amount of added electrolyte. It is perhaps m
informative to describe the concentration of the samples
relation to this phase separation. For this reason, the pos
of each sample within the phase separation regime is g
as the percentage of the sample volume that would consi
the more ordered phase were the sample left to equilib
for a number of days. It should be noted that phase sep
tion under static conditions takes between 10 and 40 d
and so when the samples are placed in the shear cel
investigation under shear, they are not separated into
distinctly separate regions of different concentrations. At
point during these experiments on the colloid under shea
macroscopic phase separation observed visually.

B. Rheology

The effective viscosity was measured with cone-plate
ometry on a controlled strain rheometer~Rheometrics RDS2!
at a number of shear rates. Figure 1 shows the variatio
the stress with shear rate. A preshear of 100 s21 was applied
before the first series of measurements was taken. Th
measurements were taken by shearing for 10 s and the
measuring for 10 s. The points were measured from l
shear to high shear. To emulate the neutron experiment
much as possible, the sample was then sheared at a con
rate for approximately half an hour and the final stress w
taken at each of four shear rates.

The curve is in good agreement with the stresses m
sured after half an hour of shear at each shear rate, with
exception of the point at 0.01 s21. This disagreement could
be due to the fact that in the first series of measurements
strain that the sample was subjected to at this shear rate
only 0.1, which was probably not sufficient to destroy wh
ever structure may have been present in the sample from
shear history. If the data of Fig. 1 are plotted as viscos

FIG. 1. Variation of stress with shear rate.d, 10 s shear and
then 10 s measurement at each point after preshear at 100 s21. s,
final stress after half an hour shear at each point.
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PRE 62 853MONODISPERSE COLLOIDAL PLATES UNDER SHEAR
against shear rate, it shows that the sample is shear thin
at all shear rates investigated.

C. Neutron diffraction

Neutron diffraction measurements were made on the
strument D20, a diffractometer at the high flux reactor of
ILL, Grenoble, France@28#. It is equipped with a large de
tector covering an angular range of 160°. Shear was impo
on the samples in a purpose built Couette shear cell. The
was constructed of aluminum but was varnished with a t
layer of poly ~methyl methacrylate! to avoid contamination
of the sample with any Al31 ions. This cell had a hollow
center so that by placing a beam stop within the stator, in
path of the beam, the scattering from just one point in
shear flow could be observed. The orientation of the fl
field with respect to the incident beam was altered by plac
the shear cell in such a way that the beam was inciden
the cell at different angles as illustrated in Fig. 2~a!. The
constraints allowed that the Couette cell must remain vert
and at the geometry of D20 meant only that diffraction w
the momentum transfer vectorq in the flow-gradient plane
could be investigated.

The diffraction technique used to measure the orienta
distribution of particles has been described previou
@17,18#. The intensity of a diffracted peak is proportional

FIG. 2. ~a! Two positions of the Couette cell in plan view a
shown. In position 1, shown in black, the center of the Couette
is atC1 and the flow direction is shown byf 1 . In position 2, shown
in gray, the center of the Couette cell is atC2 and the flow direction
is shown byf 2 . The direction ofq and the position of the beam
stop~BS! remain unchanged. Thus by moving the cell as shown
shear field can be rotated, allowing different orientations of p
ticles with respect to the shear field to be investigated.~b! Sche-
matic diagram of the Couette cell. Only the particles in an orien
tion in which the Bragg condition is met will diffract.
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the number of plates in the illuminated volume in the corr
orientation to diffract as illustrated in Fig. 2~b!.

Two diffraction peaks were used: the~001! peak, which is
a reflection from atomic planes in the plane of the platel
particles, and the~100! peak, which is a reflection from
atomic planes perpendicular to the plates. The scattering
tor q for the ~001! peak therefore lies in the direction of th
plate normal. The~100! peak gives complementary informa
tion from the scattering vector that lies in the plane of t
particles. The intensity of these peaks, and the backgroun
the position of the peaks, was measured by fitting a Gaus
with a background to the measured scattering pattern.
background was primarily due to the hydrogen present in
dispersing media and the particles, and so was proportio
to the volume of sample illuminated. Hence the integra
intensity under the fitted Gaussian was scaled by the ba
ground to account for changes in the illuminated volume a
absorption, and was then taken to be proportional to
number of particles in the correct orientation to diffract.

D. Small-angle neutron scattering

Small-angle scattering measurements were made at
NIST Center for Neutron Research with the NG3 30
SANS camera@29#. In order to cover an adequate range
momentum transfer vectorq @54p/l sin(u/2)# with wave-
lengthl and scattering angleu, two different configurations
of sample to detector distance, collimation, and wavelen
were used. The samples were sheared in a fused silica C
ette cell@30#. It was possible to work with incident illumi-
nation in two directions: in the gradient direction, givin
scattering patterns in the flow-vorticity plane, and in the flo
direction, giving patterns in the gradient-vorticity plane. T
bulk of the static inner cylinder prevented measurement
intermediate positions. Data for the empty cell were su
tracted and the results normalized for relative detector e
ciency using standard procedures@31#. The absolute intensi-
ties of the patterns in the flow-vorticity plane we
determined by comparison with scattering from stand
samples at each instrument configuration. The intensitie
the patterns in the gradient-vorticity plane were not norm
ized in this way, because in this geometry the path lengt
long and not constant across the illuminated volume. Inste
the data in the gradient-vorticity plane were normalized
scaling the patterns so that the scattering in the vortic
direction matched that measured in the flow-vorticity plan

IV. RESULTS AND DISCUSSION

A. Phase transition under steady shear

A sample containing 0.02M added NaCl at a particle
weight fraction of 0.614 was investigated. At this concent
tion, the sample would phase separate into 67.4% colum
phase and the rest into the less ordered phase, if left to eq
brate for a number of days. The intensity of the~001! reflec-
tion from this sample was measured at a number of sh
rates and is shown in Fig. 3. At high shear rates, the pla
align with normals in the gradient direction~peak at 0°!.
However, at lower shear rates, the plates align with norm
at 20° to the flow direction in the compressional quadr
~peak at 70°!.
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854 PRE 62A. B. D. BROWN AND A. R. RENNIE
Figure 4 shows the intensity profile for the~100! peak
with angle. The intensity of the~100! diffraction peak corre-
sponds to the integral of the number of particles orien
with normals perpendicular toq. As the shape of the inten
sity profile from the~100! peak is very similar to that from

FIG. 3. Normalized diffracted intensity from a sample th
would separate into 67.4% columnar phase and the rest into the
ordered phase if left for a number of days. The normalized inten
of the~001! reflection is given as a function of the angle betweenq,
which is also the plate normal, and the gradient direction. The a
is zero in the gradient direction and positive in the compressio
quadrant. The plot shows the variation between the gradient
flow directions at five shear rates:1, 0.6 s21; 3, 3.1 s21; s, 9.7
s21; h, 22 s21; andd, 67 s21. Lines have been drawn through th
points to aid the eye.

FIG. 4. Normalized intensity for the~100! reflection as a func-
tion of the angle betweenq and the flow direction from a sampl
that would separate into 67.4% columnar phase and the rest int
less ordered phase if left for a number of days. The angle is zer
the flow direction and positive in the extensional quadrant. The
shows the variation between the gradient and flow directions at
shear rates:1, 0.6 s21; 3, 3.1 s21; s, 9.7 s21; h, 22 s21; andd,
67 s21.
d

the ~001! peak, this shows that the primary features of t
orientation distribution function are those observed in
gradient-flow plane. Measurements were made for suffic
time so that curve fitting could give normalized intensities
typically a few percent accuracy. Within experimental err
similar data was also obtained for other Bragg peaks.

A very similar sample, containing 0.025M added NaCl
and with a particle weight fraction of 0.625 was investigat
using SANS. This sample would phase separate into 70
columnar phase and the rest into the less ordered phas
left to equilibrate for a number of days. It was subjected t
number of shear rates, and the scattering profiles from tw
these shear rates at two instrument configurations and
incident beam directions are shown in Figs. 5 and 6. Fr
vertical and horizontal615° sectors of the patterns, the r
dial averages in Figs. 7~a! and 7~b! were obtained for the two
shear rates. Each curve corresponds to an orthogonal d
tion in the sample.
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FIG. 5. SANS patterns from a sample that would separate
70.2% columnar phase and the rest into the less ordered phase
for a number of days, at a shear rate of 0.1 s21. ~a! small q range;
~b! large q range; beam incident radially on the Couette cell.~c!
small q range;~d! largeq range; beam incident tangentially on th
Couette cell.

FIG. 6. SANS patterns from a sample that would separate
70.2% columnar phase and the rest into the less ordered phase
for a number of days, at a shear rate of 1000 s21. ~a! smallq range;
~b! large q range; beam incident radially on the Couette cell.~c!
small q range;~d! largeq range; beam incident tangentially on th
Couette cell.
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PRE 62 855MONODISPERSE COLLOIDAL PLATES UNDER SHEAR
The scattering patterns display distinct peaks at two v
different ranges of momentum transfer vector,q. The first,
labeled 100, is at a value ofq that corresponds to a distanc
similar to a plate diameter. The second, labeled 001, co
sponds to a distance similar to the thickness of a plate
the polymer layer on its surface. To avoid confusion,
small-angle peaks corresponding to interparticle structure
indexed without brackets, i.e., 100, 001, etc., while the wi
angle peaks used to determine orientation of the individ
crystalline particles~described above! are indexed with
brackets~100!, ~001!, etc.

The data for particle orientation~Figs. 3 and 4! show that
at high shear rates, plate normals align in the gradient di
tion, and at low shear rates they align at 20° to the fl
direction. Two observations can be made about this tra
tion. The first is that as the sample moves from one direc
of alignment to the other, the direction of orientation do
not vary continuously but decreases in one direction whil
increases in the other. This behavior is analogous to that
phase transition rather than a continuous modification o

FIG. 7. Radial sectors~615°! of SANS patterns in thed flow,
h vorticity, and 1 gradient directions from a sample that wou
separate into 70.2% columnar phase and the rest into the les
dered phase if left for a number of days.~a! 0.1 s21; ~b! 1000 s21.
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single phase. However, it should be noted that as a she
system is not in equilibrium, a phase transition in the tra
tional sense cannot exist. The second observation is that
‘‘phase transition’’ is not sharp, but rather occurs over
range of shear rates. This suggests that at intermediate s
rates two different shear-induced structures coexist, imply
a shear-induced ‘‘phase separation.’’

Within a region of coexistence between two ‘‘phases
the sample might be expected to band into layers of differ
phases that then shear at different rates. This shear ban
has been observed by Pignonet al. @22#, who describe planes
normal to the gradient direction as might be expected
materials with a sharp change in viscosity. If the two pha
were to have equal particle concentrations, then over
strain rates of the phase separation regime, the stress w
remain constant. However, it is unlikely that the two phas
would coexist at the same particle density. Since the to
particle density in the system is constant, as the fraction
each phase present varies, the concentration of each p
would also change. The viscosity would then not rem
constant across the region of phase separation. The rheo
measurements on the nickel~II ! hydroxide dispersion shown
in Fig. 1 indicate a transition at a shear rate of 2 s21. The
stress increases after this point, indicating that the hig
shear rate phase is at a slightly lower concentration. As
shear rate is increased in the phase separation regime
concentration of both phases must increase slightly.

The small-angle scattering also reflects this phase tra
tion. Figure 7~b! shows that at 1000 s21 the flow and vortic-
ity directions both show a 100 peak, but almost no evide
of a 001 peak. In sharp contrast to this, the gradient direc
shows almost no 100 peak but a very strong 001 peak. T
suggests that spacings associated with the diameter o
particles are in the flow and vorticity directions, while spa
ings associated with the thickness of the particles are fo
in the gradient direction. Figure 7~a! shows that at 0.1 s21 the
scattering is quite different: the 100 peak is very small in
flow direction while the 001 peak is stronger. In the gradie
and vorticity directions, the 100 peak is stronger and the 0
peak is weaker. This suggests that spacings associated
the diameter of the particles are in the vorticity and gradi
directions, while spacings associated with the thickness
the particles are found in the flow direction. The contra
between the different directions is not as sharp as it wa
the case of the 1000 s21 flow. The 001 peak arises from
direction normal to the plates, and so should only appea
one direction in reciprocal space. The 001 peak is v
strong in the flow direction; however, there is also a sign
cant component of this peak in the gradient direction. Th
changes were reversible; measurements on increasing
decreasing shear rate were identical within statistical err

B. Structure of the ‘‘phases’’ at low and high shear rates

Columnar and layer structures are two possible sim
liquid crystalline structures that could be supported
densely packed discs. The diffraction measurements indi
that at low shear rates the plates are oriented with their n
mals in the compressional quadrant, at 20° to the flow dir
tion. The spatial arrangement of the particles in the struct
at low shear rates can be deduced from the SANS meas

or-
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856 PRE 62A. B. D. BROWN AND A. R. RENNIE
ments shown in Figs. 5 and 7~a!. A layered structure would
be destroyed by the shear unless the flow direction was in
plane of the layers. The interlayer spacing in such a struc
would result in a strong 100 peak in the gradient direct
@Fig. 5~c!#, which is clearly not present. An alternative stru
ture would be a tilted columnar phase, where the columns
along the flow direction while the particles are tilted by 20
In this orientation, the columnar phase would not be
stroyed by the shear because the columns of particles c
slide along each other. A schematic diagram of this struc
is shown in Fig. 8~a!. This structure is also what one migh
expect intuitively, as under static conditions the partic
form a columnar phase@14#, and so the shear at low rate h
simply aligned the static structure. Since the particles
unable to tumble in the flow, they have simply tipped un
their rotation has been impeded by the next particle in
column.

The weak 001 peak observed in the gradient direction
the corresponding reduction in the 100 peak in the grad
direction and the small 100 peak in the flow direction F
7~a!# suggest that some particles are oriented with normal
the gradient direction. This could be due to columns oc
sionally tumbling in the flow-gradient plane, though th
would be unlikely to produce sufficient correlation betwe
columns to give a 100 peak in the flow direction. Altern
tively, it could be due to particles near the surface of the c
aligning with the surface. This kind of boundary effe
would not be unprecedented, as colloidal crystals of sph
have been observed to orient at flat surfaces@32#. X-ray stud-
ies of the flow of clay particles in a pipe have also indica
that orientation parallel to a wall can be dominant over fl
alignment@33#.

Other structures are conceivable where the structur
continually broken and reformed by the flow, such as one
which the columns lie in the compressional quadrant. S
dynamic structures might be able to form; however, it
unlikely that they would produce structures ordered eno
to produce the SANS peaks observed. The only structure
would satisfy all the criteria is the tilted columnar structu
illustrated in Fig. 8~a!.

FIG. 8. Schematic diagram of the proposed structure at~a! low
shear rates and~b! high shear rates.
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In the high shear state, the plate normals are in the gr
ent direction. As described above for the low shear pha
either columns or layers of particles must lie normal to t
gradient direction to prevent the shear field from destroy
the structure. The small-angle scattering shows a strong
peak in the gradient direction@Figs 6~d! and 7~b!#, suggest-
ing that the particles are in layers normal to the gradi
direction. A schematic diagram of this structure is shown
Fig. 8~b!. Under shear these layers would slide over ea
other. This structure is also what one might intuitively e
pect, as it has been observed under a number of condit
that shear encourages plate-shaped particles to lie with
normals in the gradient direction. A layered structure such
this is the simplest structure that would allow the plates to
in this orientation under shear and maintain the high leve
positional order demanded by the high concentration of
plates.

These structures are also supported by the peak intens
in the small-angle scattering pattern. Following the arg
ments on positional disorder presented by Guinier@34#, the
lack of correlation between columns in a columnar pha
would be represented in reciprocal space by the 001 p
being smeared out into a plane, normal to the columns. T
plane should appear as a vertical line with a reduced in
sity on Fig. 5~b!. This reduction in intensity can be observe
as the 001 peak in the flow direction for the low shear ph
@Fig. 7~a!# is weaker than the 001 peak in the gradient dire
tion in the high shear phase@Fig. 7~b!#. If the 001 reflection
in the flow direction in Fig. 5~b! is compared to that in the
gradient direction in Fig. 6~d!, it can be seen that the peak
Fig. 5~b! is smeared out in the vorticity direction. Howeve
due to the anisotropy of the particles, the form factor cau
the peak intensity to decay very quickly along this directio
so it does not appear as a uniform line.

Similarly, the loss of correlation between layers in a lay
phase would be represented in reciprocal space by the
peak being smeared out into a line normal to the layers. T
line should have a lower intensity than the diffraction po
from a structure with no such loss of correlation. This redu
tion in intensity can be observed, as the 100 peak in the fl
and vorticity directions from the high shear phase@Fig. 7~b!#
is weaker than the 100 peak in the gradient and vortic
directions in the low shear phase@Fig. 7~a!#. The line would
be expected to appear as a horizontal line on Fig. 6~c!. The
pattern suggests such a line; however, the noise in the
and the effect of the form factor makes it difficult to b
certain of such an observation. The slight anisotropy in
100 ring in Fig. 6~a! suggests that there might be some
sidual correlation between layers in the vorticity directio
but the intensity variation is small, so any correspond
correlation would be slight.

C. Other shear rates and concentrations

So far, only two shear rates have been discussed. Figu
shows the peak intensities in the flow and vorticity directio
for both the 100 and the 001 peaks over a range of sh
rates. Between shear rates of 0.1 and 1 s21, the order ob-
served at low shear increases such that diffraction peaks
strongest around 1 s21. This suggests that in this region th
imposed shear tends to increase the positional order.
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PRE 62 857MONODISPERSE COLLOIDAL PLATES UNDER SHEAR
sample then undergoes the transition between 1 and 3021.
In the range of shear rates between 100 and 1000 s21, the
intensity of all the peaks decreases, suggesting that the p
tional order in the layer structure is destroyed.

The variation of peak intensities with shear rate for tw
more dilute samples is shown in Figs. 10~a! and 10~b!. The
points are averages of two measurements, one taken a
shear rate was increased and the other taken as the shea
was decreased. These plots show the same features a
more concentrated sample, although the magnitudes of
changes are reduced. This suggests that the degree of or
reduced, or that two regions exist—an ordered region an
disordered region—and that at lower concentrations,
sample is in the ordered state.

These observations are also supported by diffraction m
surements made on more dilute samples. Two sample
weight fractions of 0.606 and 0.579 gave alignment as sho
in Fig. 11. These samples would phase separate into
and 20%, respectively, of the columnar phase, while the
would remain in the less ordered phase, if left to equilibr
for a number of days. Figure 11 shows that samples tow
the dilute end of the phase coexistence region display
alignment under shear. However, the directions of order
and the shear rates at which they are observed appe
remain essentially unaltered.

The observed shear-induced phase transition illustrat
competition between the effect of flow on a single parti
and the entropic gain of the free volume associated with
columnar phase over that of a layered structure. High sh
favors the alignment of a single particle with its normal
the gradient direction. The free volume associated with
particles being in the columnar phase favors shear in slid
columns of particles. At low shear rates the increased
tropy of the columnar phase dominates, giving an align
columnar phase, while at high shear rates the effect of
flow on the individual particles is strong enough to make
layer phase more favorable than the columnar phase.

FIG. 9. Variation of the SANS peak intensities with shear r
for a sample that would separate into 70.2% columnar phase an
rest into the less ordered phase if left for a number of days.d, 100
peak in the flow direction;s, 100 peak in the vorticity direction;j,
001 peak in the flow direction;h, 001 peak in the vorticity direc-
tion.
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Dispersions of more polydispersed plate-shaped parti
have shown some similar features to those described h
Under shear, kaolinite plates typically move from a diso
dered state at rest to align with normals in the gradient
rection at high shear rates; however, the low polydisper
and controlled particle interactions produce positional or
at both low and high shear rates.

D. Static structure after shear

The sample with weight fraction of 0.614 and with 0.02M
added NaCl was investigated using neutron diffraction. T
sample would phase separate into 67% columnar phase
the rest into the less ordered phase, if left to equilibrate fo
number of days. This sample was sheared for a numbe
hours at different shear rates. After each period of shear,
shear was then stopped and the sample was allowed to
for a further period of a few hours. During the periods
shear and relaxation, the normalized intensities from
~001! and~100! wide-angle scattering peaks were measur

the

FIG. 10. Variation of the SANS peak intensities with shear r
for a sample that would separate into~a! 53.1% of the columnar
phase and~b! 40.5% of the columnar phase.d, 100 peak in the flow
direction;s, 100 peak in the vorticity direction;j, 001 peak in the
flow direction;h, 001 peak in the vorticity direction.
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The ~001! peak has a scattering vector coincident with t
normals to the plates and so simply defines their orientat
Complementary data for a scattering vectorq in the plane of
the plates comes from the~100! peak. These are shown fo
two different shear rates in Figs. 12~a! and 12~b!. After shear
at either high or low shear rates, the direction of the alig
ment of the particles does not change significantly on st
ping the shear, but the extent of alignment is increased.

SANS measurements were made from the similar sam
at a weight fraction of 0.625 with 0.025M added NaCl. This
sample would phase separate into 70% columnar phase
the rest into the less ordered phase, if left to equilibrate fo
number of days. Figure 13 shows the scattering pattern
the vorticity-gradient plane after shear rates of 0.1 a
1000 s21, compared to those observed under flow. The s
tering pattern after shear 0.1 s21 appears very similar to tha
observed under flow. The pattern measured at rest a
1000 s21, however, shows a very marked change. The r
from the 100 diffraction peak, corresponding to a distan
that is approximately the diameter of the particles, divid
into six peaks when the shear is stopped.

The degree of orientational order is much greater at
after shear at any speed than during the shear, and the o
tation does not significantly alter direction. In order to det
mine the structure of the crystal after the shear field is
moved, the small-angle scattering from the samples un
shear and at rest must be compared. Figure 14 compare
variation of scattered intensity withq in a direction approxi-
mately in the plane of the particles, for the sample dur
and after high and low shear rates. The 100 peak in
vorticity direction from the sample undergoing shear
0.1 s21 is very similar in intensity and width to the peak
the vorticity direction from the static sample after shear
0.1 s21. This indicates that there is no substantial change

FIG. 11. Normalized intensity for the~001! reflection as a func-
tion of the angle betweenq and the gradient direction. The angle
zero in the gradient direction. The plot shows the variation in
density of normals between the gradient and flow directions
three samples that would separate into 67%~s, 0.6 s21; d, 67 s21!,
54% ~h, 0.6 s21; j, 67 s21! and 20%~n, 0.6 s21; m, 67 s21!
columnar phase, and the rest the less ordered phase if left
number of days.
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positional order when the sample is stopped after low ra
of shear. Hence the structure after the sample is subjecte
low shear rates is columnar.

The average of the intensity of the 100 peak around
hexagonally ordered ring seen in the sample after shea
1000 s21 @Fig. 13~b!# is plotted in Fig. 14. This average ha
a very similar shape and intensity to that from the sam
during and after shear at low rates. This similarity indica
that the structure after high shear is also columnar. The h
agonal pattern of peaks indicates that after high rates of s
the sample consists of a number of oriented domains o
single domain. The curve in Fig. 14 from the sample un
shear at 1000 s21 is in stark contrast to the other thre
curves. The lower intensity of the 100 peak is due to the la
of correlation between particles in different layers within t
layered structure formed under conditions of high shear
described above. This means that the sample moves fro
layered structure into a columnar phase after high shear

e
r

a

FIG. 12. Normalized diffracted intensity of the~a! ~001! reflec-
tion and the~b! ~001! reflection as a function of angle in th
gradient-flow plane, from a sample that would separate into 6
columnar phase, the remainder forming the less ordered phase
for a number of days:d, during shear of 0.6 s21; s, after shear of
0.6 s21; j, during shear of 67 s21; and h, after shear of 67 s21.
Lines have been drawn through the points to aid the eye.
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E. Dynamics of relaxation

Both the NG3-SANS instrument and the diffractome
D20 were equipped with data acquisition systems suita
for repeated accumulation of data from cyclic process
This permits data with adequate statistical accuracy to
collected on fast processes that are repetitive. In this w
microscopic dynamic processes in the millisecond time ra
can be studied@35#. The time evolution of the particle orien
tations in the sample at a weight fraction of 0.614 was a

FIG. 13. SANS patterns from a sample that would separate
70% columnar phase and the remainder into less ordered pha
left for a number of days:~a! during a shear of 0.1 s21, ~b! during a
shear of 1000 s21, ~c! static after a shear rate of 0.1 s21, ~d! static
after a shear rate of 1000 s21. The visible peaks are the hk0 peak
The 001 peaks relate to a smaller distance in real space and s
at larger angles than those investigated with this instrument c
figuration.

FIG. 14. Radial plots from 15° sectors of the SANS patte
shown in Fig. 13, showing the 100 peak.j, scattering in the vor-
ticity direction at 1000 s21; d, scattering in the vorticity direction
at 0.1 s21; h, average of the scattering in the vorticity-flow plan
after shear at 1000 s21; s, scattering in the vorticity direction afte
shear at 0.1 s21.
r
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investigated. This was done by following the variation in t
number of particles oriented at 1.2° to the gradient direct
using the ~001! wide-angle diffraction peak. Figure 15~a!
shows how, after a low rate of shear~0.6 s21!, the intensity
in this direction decays as the particles increase their al
ment with normals at 20° to the flow direction. Figure 15~b!
shows how, after a high rate of shear~67 s21!, the orienta-
tional order does not simply increase as would be expec
but decreases to a minimum after the first 10 min bef
subsequently increasing.

The time evolution of the SANS pattern from the samp
at a weight fraction of 0.625 after shear at 1000 s21 was also
investigated. Dynamic data acquisition with cycles of 5
constant shear and 5 s rest and also cycles of 60 s consta
shear and 45 s rest allowed the structural order after flow
1000 s21 to be investigated as shown in the sequence
SANS images in Fig. 16.

After the slow shear~0.1 or 0.6 s21!, the degree of orien-
tational order simply increases as the particles settle

to
if

are
n-

s

FIG. 15. Variation of diffracted intensity for the~001! reflection
from a sample that would separate into 67% columnar phase
the remainder into the less ordered phase if left for a numbe
days, as a function of time. The intensity is proportional to t
number of plates with normals in a direction in the flow-gradie
plane at 1.2° to the gradient direction~a! after a shear rate of 0.6 s21

was removed and~b! after a shear rate of 67 s21 was removed.
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FIG. 16. Time evolution of
small-angle scattering patterns i
the flow-vorticity plane after a
shear of 1000 s21 is stopped. The
sample is at a concentration tha
would separate into 70% colum
nar phase and the remainder in
the less ordered phase if left for
number of days. The visible peak
are the hk0 peaks. The 001 pea
relate to a smaller distance in rea
space and so are at larger angl
than those investigated with thi
instrument configuration. The firs
plot is shear at 1000 s21. The
other plots are labeled with the
time over which the measuremen
was taken. The gray scale ha
been adjusted on each figure to a
commodate the growing hexago
nal peaks.
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equilibrium positions. The decay in the density of partic
oriented perpendicular to the preferred direction is roug
exponential, with a decay time of around 680 s. This ti
gives an insight into the mechanism of relaxation. If a p
ticle rotated independently of its neighbors, then rotatio
diffusion would be at the same rate as for an isolated part
dispersed in water. In this case the rotational diffusion co
ficient would be 640 s21, which would give a characteristi
decay time of a few milliseconds. However, if cooperati
motion is required for the particle to rotate, then the viscos
of the dispersion gives a better estimate of the expected
tational diffusion coefficient than using the viscosity of w
ter. The viscosity of the concentrated dispersion is aro
105 times larger than that of water, which would give a d
cay time of a few hundred seconds. This estimate is in ke
ing with the observed decay time, suggesting that the re
entation within the sample could be modeled by a part
diffusing in a medium with the same viscosity as the samp
This suggests that this reorientation involves some coop
tive motion of particles rather than purely local motio
within a preferred site in an ordered structure.

After shear at high rates, the relaxation process is
simple. As soon as shear is stopped, the 100 peak in
vorticity direction starts to grow considerably while there
only small growth in the other 100 peaks. This indicates t
the positional order between particles in the vorticity dire
tion is achieved before positional order in the flow directio
This suggests that the sample, after approximately 40 s,
an intermediate structure as shown in Fig. 17. This interm
diate structure allows the sample to move from a layer ph
to a columnar phase without having to pass through the c
talline phase that is not favored by entropy with order in
three directions. The other peaks then grow to give the fi
SANS pattern after about 200 s, which is characteristic of
hexagonal arrangement of columns observed at long time
discussed earlier.
s
y
e
-
l

le
f-

y
o-

d
-
p-
ri-
e
.
a-

ss
he

t
-
.
as
-

se
s-
l
al
e
as

The diffraction measurements show that throughout t
period the orientational order decreases up until around 8
after the shear is stopped. The decrease in orientational o
and the rearrangement of the structure occur on similar t
scales, suggesting that the positional structure alters at
expense of some orientational order. Once the final p
tional structure has been achieved, the orientational o
then increases. This increase in orientational order is roug
exponential with a decay time of 2400 s. It is not obvio
why this relaxation time for the alignment of the particl
should be longer after shear at high rates than it was a
lower shear rates. The difference in the shear history m
well give rise to a residual difference in the positional ord
present; for example, the uniformity of the particle sepa
tion may be different. These subtle differences may then g
rise to a different mechanism for reorientation, such as
that involves a higher degree of cooperative motion. T
model of using the bulk viscosity to calculate a relaxati

FIG. 17. Schematic drawing of the progression of the positio
structure, from the layered structure present at high shear, v
structure with layers of particles normal to the vorticity direction,
the final columnar structure.
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time is very crude and so cannot account for differences s
as these.

F. Structure after oscillatory shear

A more dilute sample with a weight fraction of 0.6
which separated into 53% of the columnar phase and the
into the less ordered phase if left for a number of days, w
also investigated. Under shear, it displayed similar charac
istics to the more concentrated sample as described in
previous paper. However, after high shear was remove
did not show hexagonal order in the 100 SANS peak. T
does not mean that the columns are not hexagonally pac
but that the orientation of this packing is not constant acr
the sample. Hence the sample that would separate into
columnar phase showed the hexagonal peaks after
shear, whereas the sample that would separate into a
columnar phase did not. The sample phase separates, a
scribed previously@14#, by droplets of the columnar phas
forming in a matrix of the disordered phase. 70% volum
fraction is above the maximum packing fraction for unifor
spheres, so it could be that at this concentration the m
ordered phase is forced to form a space spanning struc
which causes the orientation of the hexagonal packing of
columns to also be space spanning. At 53%, however, d
lets of the columnar phase can remain isolated, allow
each droplet to have a different orientation of the hexago
packing.

This sample was then investigated by SANS under os
latory shear at a frequency of around 5 Hz and with a str
amplitude of about 1. Under shear, the sample displaye
SANS pattern with a 100 ring in the flow-vorticity plan
with very slight hexagonal ordering. Figure 18 shows t
small-angle scattering patterns observed after shear
stopped. The order displayed is greater than even that
served with a more concentrated sample after a high cont
ous shear rate. The high degree of order observed shows
oscillatory shear is very good at producing long-range ord
although the highly ordered structure only forms after
shear is removed.

V. CONCLUSIONS

A concentrated colloidal dispersion of monodispers
plates of nickel~II ! hydroxide has been studied under she

FIG. 18. SANS observed at threeq ranges, after oscillatory
shear was removed. The intensity shading shows steps on a l
scale, and the range has been adjusted on each pattern to brin
the features present.
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At low shear rates the columnar phase that exists at re
aligned with columns in the flow direction. The shear al
orients the particles with their normals at 20° to the flo
direction in the compressional quadrant. There is evide
that at the boundaries, the particles may be aligned in
orthogonal orientation by the surface of the shear cell. As
imposed shear rate is increased, the sample undergoes a
sition to a layer ‘‘phase,’’ in which the layers and the pa
ticles are oriented with normals in the shear gradient dir
tion. The region of transition between these two phase
observed to be between 1 and 30 s21. At higher shear rates
the amount of order is reduced, suggesting shear-indu
melting. The clear transition between two distinct order
structures is unusual and has not been observed previo
The monodispersity of the particles in the dispersion m
accentuate the ability to form highly ordered phases.

When shear is removed from a concentrated dispersio
the platelike particles, the particles change into or remain
a columnar structure. This structure is oriented so that
particles do not change their direction of alignment when
shear field is removed. The degree of orientational order
served is greater after shear than it is during shear. A
shear at low rates~0.1 or 0.6 s21!, there was no measurabl
change in the positional order, and the orientational or
increased with a characteristic time of 680 s. This time is
same order of magnitude as the inverse rotational diffus
coefficient for a single particle in a medium of the viscos
of the dispersion. At rest after shear at higher rates~1000 or
67 s21!, the structure changes from a layered structure t
columnar structure. This positional change occurs via an
termediate structure with particles in layers normal to
vorticity direction. The orientational order decreases dur
the positional changes and then increases again with a lo
characteristic time of 2400 s.

These results indicate that cooperative motion of the p
ticles may be very important in determining the relaxati
after shear. Alignment and reorientation may involve the m
tion of several particles or the annealing of defects in a str
ture rather than the simple reorientation of particles while
fixed lattice positions. The structural mechanism for moti
depends in a complex way on shear as different strain hi
ries may give rise to different structures with distinct mech
nisms of relaxation. Diffraction and scattering techniqu
provide a unique probe for these phenomena as, unlike rh
logical measurements, they do not further perturb the str
ture during the investigation.
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