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Shear-Induced Order in Suspensions of Hard Spheres
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Suspensions in a liquid of "nearly hard" colloidal spheres were subjected to steady and oscillatory
shear flows and studied by light scattering. Samples which exhibit a fluidlike ordering of the particles in

equilibrium were induced to a solidlike order by oscillatory shear of strain amplitude =l. In steady
shear flow the suspensions showed evidence of "string" structures similar to but less complete than those

found in computer simulations of simple liquids.

PACS numbers: 82.70.Dd, 05.40.+j, 05.70.Ln, 81.40.—z

In this Letter we describe studies by light scattering of
some nonequilibrium structures of concentrated suspen-
sions of colloidal spheres formed by the application of
both oscillatory and steady shear flows. Probably our
most interesting finding is that the application of a
small-amplitude oscillatory shear, imposing a strain of
order 1 on a suspension in which the equilibrium ar-
rangement of particles is fluidlike, can cause strong par-
ticle ordering: Essentially an oscillating, three-dimen-

sionally ordered colloidal crystal is formed. With in-

creasing amplitude of applied oscillatory shear a range of
structures, showing less pronounced order, is observed.

Finally, with steady applied shear a weaker ordering
remains. We compare the steady shear results with com-
puter experiments on simple fluids and show also that the
observed ordering of the particle structure is correlated
with sheer-thinning rheological behavior.

The particles used in these experiments consisted of
polymethylmethacrylate (PMMA) cores stabilized steri-
cally by a thin layer, =10 nm, of poly-(12-hydroxy-
stearic acid). ' Measurements by light scattering gave a
particle diameter of 0.99 pm with a relative standard de-

viation less than 0.05. The particles were dispersed ei-
ther in pure decalin or in a mixture of decalin and tetra-
lin in proportion (3.06:1, by weight) chosen to nearly
match the particle refractive index (=1.51), thus pro-
viding nearly transparent samples with strong single

scattering of light but relatively weak multiple scatter-
ing. The turbidity was =0.2 cm ' but could be reached
further by adjustment of the solvent mixture. Rather the
mixture was chosen to place the first minimum in the
particle form factor at larger values of scattered wave

vector than that of the first Debye-Scherrer ring. Multi-

ple scattering does not influence the features described in

this communication, these features being the same for
the mixture and pure decalin solvents. Samples covering
a range of concentration were prepared as described pre-
viously. ' As in two earlier studies of similar but smaller
particles, ' we found the phase behavior with increasing
particle volume fraction p in the following sequence: col-
loidal fluid colloidal fluid + colloidal crystal fully
colloidal crystal colloida1 glass. As before we assume

the interparticle interaction to be close to "hard sphere"
and identify the concentration at which crystallization is
first observed with an effective hard-sphere volume frac-
tion pE 0.494, the freezing concentration found in com-
puter simulation of hard spheres. Values of pE for the
remaining samples were then calculated by appropriate
scaling of their measured weight fractions, pE =1.04&~.

Light-scattering measurements were made in a
Couette shear cell with an inner radius of 10 mm and

gaps between 0.25 and 1 mm, which are at least 250
times the particle diameter so that boundary-layer
effects should be negligible. Indeed measurements made
using the 1.00-mm gap were found to be in essential
agreement with those obtained with smaller gaps. The
available steady shear rates ranged from 0.002 s ' to
200 s ', observation of the translation of the speckle
pattern formed by laser light scattered directly from the
rotor verified the uniformity of motion at low rates. For
scattering experiments the beam from a He-Cd laser
(442 nm) was focused weakly and directed through the
cell in the horizontal plane, normal to the vertical axis of
rotation. The cell was immersed in a rectangular glass
container filled with a liquid of refractive index =1.49;
the scattering was observed on a paper screen attached
to one wall of the bath. Although the sample, glass
shear cell, and bath liquid were closely matched optical-
ly, some refraction of the light did occur and accounts
for the slightly asymmetric scattering patterns observed
in Figs. 1(d), 1(f), and 1(h). The incident beam could
be translated across the width of the cell to probe
diff'erent regions of reciprocal space, defined by the shear
(Kv), velocity (Kv), and vorticity (K, =Kvxrty) direc-
tions [see Figs. 1(a) and 1(b)].

Figures 1(c) and 1(d) show the scattering from an

equilibrated sample just below the freezing concentration
(&E-0.48). A featureless Debye-Scherrer (DS) ring is
observed, as expected for a dense fluidlike structure. The
scattering by a single particle, the form factor, is deter-
mined by its core (shell) structure and shows a deep
minimum at scattering vector just greater than that cor-
responding to the DS ring. Thus the intensity of the
higher-order scattering, being the product of the form
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FIG. 2. Sample of pg-0. 48 under oscillating strain =1.0:
(a), (b) scattering patterns observed on screen near extremes of
oscillation cycle in configuration of Fig. 1(a); the exposure
times of the photographs spanned about —,', of the oscillation

cycle. (c),(d) Depiction of the corresponding fcc crystal struc-
tures. Note the relatively easy transition between the two twin

structures for this strain amplitude.
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FIG. 1. (a), (b) Top view of shear cell showing orientation of
the main scattering geometries: v is the velocity, V the shear,
and e the vorticity. The scattering vector K is the diITerence
between the incident ko and scattered k, wave vectors.
(c)-(h) Side views, as seen on screen, of scattering from a
sample of pz —0.48: (c),(d), at equilibrium; (e),(f), oscillatory
strain =4; (g), (h), steady shear flow oz-30. Note weak in-

tensity maxima in (h).

and structure factors, is weak and hard to observe.
An important measure of the relative effects on sus-

pension structure and dynamics of an imposed shear flow
and the natural Brownian motion of the particles is the
reduced stress (or Peclet number) a~ = yrI~R /kaT,
where g~ is the shear viscosity of the suspension at shear
rate j, R the particle radius, and kgT the thermal ener-

gy: o.~ is the product of shear rate j and a Brownian
relaxation time r=R /(kaT/riFr) (& 5 s for our sam-
ples). Significant distortion of an equilibrium structure
is expected for erg & 1, where the infiuence of shear

exceeds that of Brownian motion. We now describe the
major features observed in light-scattering shear experi-
ments for the p~ 0.48 sample and present our interpre-
tations.

For values of the applied oscillatory strain much less
than unity, we observe a small distortion of the
diffraction ring which follows the shear and decays rap-
idly when the shear is stopped. This is consistent with
the expected behavior at small driving amplitudes.
However, when the strain is of order unity, we see a
redistribution of intensity within the diffraction ring
which grows with time and some evidence of higher-
order Bragg scattering. Figures 2(a) and 2(b) show the
scattering in approximately the Kv —K, plane [i.e., in

the scattering configuration of Fig. 1(a)] when the sam-

ple has been subjected to an oscillatory strain of about
unity for about 30 min at a frequency of 1.0 Hz
(og-5). Figure 2(a) is taken close to one extreme of
the oscillation cycle and 2(b) close to the other. Thus
the diffraction pattern oscillates between threefold sym-
metries with different orientations. Both qualitative con-
siderations and computer calculations show these pat-
terns to be consistent with the real-space structures
sketched in Figs. 2(c) and 2(d). A face-centered-cubic
structure, with one set of (111)planes parallel to the cell
~alls, oscillates between twins described by . . . ABC'
. . .and. . . . ACBA. . . stackings of hexagonally packed
layers. The threefold reflections then arise from the
changing orientations of the other three sets of (111)
planes. We do not yet fully understand the extension of
the Bragg reflections around the diffraction ring. It is
possible that curvature of the cell plays a role, that the
structure is really polycrystalline (or hexatic ), or that
the strain amplitude is too large, resulting in a deforma-
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tion of the perfect fcc structure. When the applied shear
is stopped, the pattern of scattered light intensity reverts
within about 30 min to the amorphous structure of Fig.
1(c), i.e. , the crystal melts.

The detailed nature of the mechanism by which the
system is driven into this structure is uncertain at
present. Nevertheless we suspect that a minimum-
energy dissipation principle may explain the structures
observed. In an fcc crystal a particle can slide fairly
freely over about one diameter in the "grooves" formed
by the neighboring layers [see Figs. 2(c) and 2(d)]. This
allows the crystal to strain or "flow" relatively easily for
strains up to =1. Furthermore, the hydrodynamic dissi-
pation should be minimal as the particles maintain a rel-
atively large average separation.

For strains of the fcc structure greater than = 1, more
extensive motion of a particle in the same direction is
"blocked" by particles in neighboring layers. As a result
larger amplitude strains lead to a reorganization of the
suspension order. Figures 1(e) and 1(f) show the scat-
tering by a similar sample which has been subjected to a
1.0-Hz oscillatory strain of amplitude about 4. In the
Kv —K, plane we now find a roughly hexagonal pattern
of spots whose positions and intensities vary much less
strongly during the oscillation cycle. As is apparent
from comparison of Fig. 1(e) with Figs. 2(a) and 2(b),
the hexagonal pattern found in the Ky —K, plane with
strains greater than 1 is rotated by 30' with respect to
the threefold patterns found with strains of order unity.
In the Kv —K, plane, probed when the edge of the cell is
illuminated [Fig. 1(b)], this structure gives a roughly
hexagonal pattern with equatorial spots on the first ring
[see Fig. 1(f)]. These two scattering patterns are con-
sistent with a sliding layer structure having hexagonally
close-packed layers parallel to the cell walls as for the
fcc structure. However, the closest packed direction
within a layer is now parallel to V, rather than e as in the
fcc structure. A given particle in a layer must move past
several neighbors in adjacent layers. The direction of
easiest motion is a zig-zag path whose average direction
is parallel to the mean flow velocity.

Several distinct structures related to these two major
structures have been observed at other oscillatory strain
amplitudes. Although we have not fully investigated all
such structures, we make the following qualitative obser-
vation: As the amplitude is increased towards a quarter
turn of the rotor (a strain of about 60) the order in the
diffraction patterns is increasingly "washed out. " How-
ever, in the Kv —K, plane there are still clear remnants
of the diffraction spots observed at lower amplitudes.
Not surprisingly similar results are found in the steady
shear measurements, which we now describe.

When the equilibrated fluidlike sample is subjected to
a steady shear flow, the scattering patterns [Figs. 1(c)
and 1(d)] distort continuously with increasing shear to
an elliptical form in a manner qualitatively similar to

that predicted by analytic theories ' "and observed else-
where. ' The maximum displacement dk of the DS
ring saturates at dklkDs-0. 1, when the reduced stress
(og), defined above, reaches about 1. As j is increased
above the value, =0.2 s ', corresponding to o.g —1, dis-
tinct intensity maxima begin to develop in the K& —K,
plane [Fig. 1(h)]. While the amplitudes of these maxi-
ma increase with increasing y, they never completely re-
place the diffuse DS ring characteristic of the distorted
fluidlike phase. Furthermore, no localized intensity max-
ima are observed in the Kv —K, plane [Fig. 1(g)] or in

other scattering geometries.
Preliminary viscosity measurements on our samples

are in reasonable agreement with recent work on similar
systems. ' For concentrated samples, strong shear-
thinning behavior was found: For &~-0.48, q~ de-
creased by a factor of about 8 between low and high y.
A reduced stress, ag —1, corresponded to shear rates
well into the shear-thinning regime.

We now discuss and interpret these steady shear re-
sults in the light of other work. In qualitative agreement
with our observations for ag & 1, described above,
several analytic theories have predicted that the initial
stages of shear thinning are associated with distortion of
the fluidlike equilibrium structure. ' "' For higher
shear rates, cry & 1, there appears to be no directly appl-
icable theoretical work or computer simulation. The
latter would require a nonequilibrium Brownian dynam-
ics calculation which includes proper treatment of hydro-
dynamic interactions. However, a number of molec-
ular-dynamics simulations of the effect of shear on atom-
ic fluids have been reported' ' and it has been suggest-
ed that these could apply, at least qualitatively, to parti-
cles in suspension. ' ' Many of these studies find that
an imposed shear flow can, relatively early in the shear-
thinning process, order the atoms (particles) into
"strings" aligned parallel to the flow velocity. In some
cases the strings form hexagonally ordered arrays in the
K& —K, plane. Our observation of distinct intensity
maxima in the Kv K, plane [Fig. 1(h—)] is consistent
with such an array having rows of strings in planes of
constant velocity, i.e., parallel to the walls of the shear
cell. However, the relative weakness of the effect in the
Ky —K, plane and the absence of any significant struc-
ture in the diffraction patterns observed in other scatter-
ing geometries conflicts with the rather complete spatial
ordering found at high shear rates in some of the molec-
ular simulations. '

We offer several reasons why our suspension results
might disagree with simulations on a relatively small
number of atoms. (i) It is possible that pronounced
stringlike order exists in our samples but that the hexag-
onal planes are not pinned to the vorticity direction ex-
cept near the cell walls. This could cause smearing of
the diffraction patterns in a manner similar to that ob-
served. (ii) Molecular-dynamics simulations may not ap-
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ply to suspensions. They do not take account of the
liquid in which the particles are suspended either in

terms of its intrinsic contribution to the suspension
viscosity or in terms of the strong and complicated
many-particle hydrodynamic interactions which might
affect particle ordering at high rates of shear and high
particle concentrations. Furthermore, it has recently
been suggested that much of the order found in such
simulations may be an artifact of an incorrect algo-
rithm. '

In conclusion we note that the ability to produce solid-
like order in an equilibrium fluid state by imposing an
oscillatory shear is intriguing in itself; it may also have
practical application, for example, in materials fabrica-
tion. Our steady shear measurements give some insight
into the microscopic mechanisms underlying the techno-
logically important rheological properties of suspensions,
though much remains to be done. Elsewhere we will re-
port similar measurements on suspensions at other con-
centrations, including samples whose equilibrium struc-
tures are crystalline and glassy and which show more
pronounced order under steady shear.
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