
PHYSICAL REVIEW E 66, 022401 ~2002!
Structure and rheology during shear-induced crystallization of a latex suspension
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Microstructure and rheology of a concentrated sterically stabilized colloidal suspension undergoing flow-
induced ordering was studied by combined small-angle x-ray scattering and rheometry. This system is known
to form bundlelike structures at high stress values in continuous shear flow. Under large amplitude oscillatory
flow, hexagonal close-packed crystalline domains are formed within 1 sec of the inception of shear. In the
intermediate range of frequencies and amplitudes, a nearly perfect hexagonally close-packed layer structure
was observed after the cessation of flow. Lower frequencies or stress amplitudes resulted in polycrystals and,
on the other hand, high frequencies or stress amplitudes led to partial melting of the layered structure. During
the oscillatory flow, the intensity of the Bragg peaks showed pronounced oscillations.
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The interplay between microstructure and rheology i
long-standing issue in colloid science@1#. One of the well-
known examples is that of colloidal crystals subjected
shear flow@3,2,4#. Three-dimensional crystals can be tran
formed into two-dimensional layered structures and even
ally to liquidlike structures at high shear rates@2,5#. This
shear melting is accompanied by a dependence of the vis
ity on the applied shear rate. In a colloidal fluid, the sh
flow becomes dominant over the Brownian motion when

Peclet number (ġtD).1, whereġ andtD are the shear rate
and particle diffusion time, respectively. A distortion of th

static structure is expected forġtD. 1. At still higher ġ a
layered structure can arise even in a fluidlike colloidal s
pension. At low shear rates, two-dimensional hexago
close-packed layers can be formed that arrange in the
direction and enhance the flow. The layer sliding mechan
of flow has also been studied in spherical micelles of blo
copolymer systems@6–9#.

Understanding how the hydrodynamic forces influen
the suspension structure and determine the macrosc
properties is essential in predicting the dynamic behavio
viscous suspensions@10#. The Brownian and hydrodynami
interactions among particles determine to a large extent
suspension viscosity. They depend strongly on how the fl
induced changes in the microstructure alter the interpart
distance. Distortions of a liquidlike structure or microstru
tural transitions will hence entail nonlinear flow curv
@10,11#. In order to resolve the underlying issues, it is impo
tant to obtain microstructure and rheological parameters
multaneously. In this paper, we report the feasibility of su
experiments by combining small-angle x-ray scatter
~SAXS! and rheology. We have studied the shear-indu
ordering of a concentrated sterically stabilized colloidal s
tem. At high stress levels, large scale bundle structures h
been observed in this system by means of small-angle l
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scattering@12#. Formation of these bundles is accompani
by a decrease in viscosity. It has been suggested that t
large scale structures are a result of either a shear-ban
instability or the coexistence of ordered and disordered
mains@13#.

The initial state of our samples contained in a Coue
type flow cell was disordered. Under steady shear, the di
dered structure transforms gradually to an ordered crysta
phase as a function of applied stress (s) levels, as for other
sterically stabilized systems@2#. In this work, we investi-
gated the evolution of the microstructure as a function
time with the application of oscillatory shear with controlle
peak stresses. The oscillatory shear flow permitted us to
tain a perfect crystalline order as envisaged by Loose
Ackerson@14#. The layered structures observed in this ca
resemble those observed in the case of electrostatically
bilized colloids@5#.

The colloidal particles are composed of
poly~butylacrylate-styrene! core and a shell of stabilizing
surfactant. Suspensions of such particles in an aqueous
dium mimic a hard-sphere behavior. The sample used he
the same as that labeledA1 in an earlier small-angle ligh
scattering study@12#. It has an effective hard-sphere volum
fraction of 0.62 as determined from rheological measu
ments@12,15#. The particle form factor was determined b
the scattering from a dilute suspension (f;0.003). The
SAXS is dominated by the core region of the particles b
cause of the higher electronic contrast. The measured f
factor yielded an average core diameter of 111.260.8 nm.

The sample was contained in a polycarbonate Searle
Couette cell, which is coupled to a rheometer~Haake, RT-
20!. The outer cylinder has an inner diameter of 20 mm w
a shear gap of 1 mm. The details of this apparatus are g
elsewhere@16#. Prior to loading in the shear cell, the samp
was vigorously stirred to destroy any residual crystalline
dering. The use of a rheometer permitted to apply stress c
trolled shearing motion and to obtain the rheological para
eters simultaneously. The sample was subjected to oscilla
shears of small frequencyf and controlled peak stresses (s).
©2002 The American Physical Society01-1
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The SAXS measurements were performed at the high b
liance beam line~ID2! at the European Synchrotron Radi
tion Facility in Grenoble, France. The pinhole camera se
and the standard procedure for data acquisition and treatm
are described elsewhere@17#. The beam size at the samp
position was about 0.1 mm3 0.1 mm. The two-dimensiona
~2D! SAXS patterns were acquired using an image inten
fied charge-coupled device~CCD! detector. The inciden
wavelengthl was 0.099 nm and a sample-to-detector d
tance of 10 m was used. This combination provided a us
scattering wave vector~q! range of 0.02 nm21<q
<1 nm21. Hereq is given by (4p/l) sin(u/2), with u being
the scattering angle.

The time evolution of the structure was monitored fro
the initiation of oscillatory shear. The data acquisition is sy
chronized with the onset of oscillation and typically fiv
frames were acquired per second and up to 120 frames
recorded in a given experiment. The measurements wer
peated for different frequencies~1–10 Hz! and s values
~100–1000 Pa!. Further images were acquired after the c
sation of shear flow to determine the equilibrium structu
Most of the measurements were taken with the beam pas

along the velocity gradient (¹W vW ) direction through the cente
of the shear cell. Additional measurements were also m

along the velocity direction (vW ) with the beam passing
through the center of the gap. The images were subsequ
normalized for the detector response, incident flux, expos
time, and sample transmission@17#. The normalized back-
ground of the Couette cell was subtracted from each inten
pattern.

The powder averaged static structure factorS(q) of the
initial suspension indicated that the structure is disorde
with particles closely packed. Figure 1~a! shows the typical
2-d SAXS pattern from this suspension. The height of
first maxima ofS(q) is about 3.3 which is above the stat
criterion for the liquid state~2.85! @18#. The concentric rings
in the initial static scattering pattern (s50) shows theS(q)
of the disordered structure modulated by the particle fo
factor. Figure 1~b! shows the change in the scattering patte
upon the cessation of an oscillatory shear ofs of 400 Pa at a
frequency of 6.8 Hz for 25 sec. The appearance of the h
agonally close-packed~hcp! layer structure is directly evi-
dent. When these layers slip past each other under an o

FIG. 1. SAXS patterns from a latex suspension before and a
applying an oscillatory shear ofs5400 Pa andf 56.8 Hz@~a! and
~b!, respectively# for 25 sec. The initial suspension has a disorde
glasslike structure, and a highly twinned fcc structure is develo
during the oscillatory shear.
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latory shear of optimums and f, the stacking faults are
gradually annealed resulting in a perfect periodic struct
@7,14#.

In order to analyze the time evolution of the structu
during the initial stages of oscillatory shear, we reduced
azimuthally averaged scattered intensity toS(q) by dividing
by the experimentally measured particle form factor. Figu
2~a! shows the time evolution ofS(q) in thevW -(¹W 3vW ) plane
for an oscillatory shear ofs5400 Pa andf 56.8 Hz. The
onset of crystallization within 1 sec is marked by the appe
ance of the crystalline peaks. The first-order correlation p
of the initial disordered system atq;0.065 nm21 vanishes
after about 10 sec signifying the complete transformation
the sample to a layered crystalline form. This structure un
static conditions remains stable for a long time~at least
several hours!. Figure 2~b! depicts theS(q) at selected
intervals of time. The crystalline peaks appear
q’s (nm21); 0.0617,0.104,0.12,0.16,0.18,0.209,0.218, . . . .
The observed first peak at 0.0617 corresponds to a la
constantd of 117.5 nm (4p/A3d) and it is consistent with
the known size and packing fraction of the particles.

The SAXS pattern in Fig. 1~b! compares well with the
model calculations of Loose and Ackerson@14#. These mod-

er

d
d

FIG. 2. ~a! Time evolution of azimuthally averagedS(q) of the
latex suspension for an oscillatory shear ofs5400 Pa andf
56.8 Hz. For the sake of clarity, only the inner diffraction pea
are shown.~b! S(q) at selected intervals of time. The peak positio
can be indexed as 1:A3:2:A7:3:A12: . . . . The artificial peaks
aroundq50.081 nm21 and 0.142 nm21 are artifacts of form fac-
tor division.
1-2
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els predict the diffraction patterns corresponding to differ
scenarios in hcp layered structures undergoing shear fl
Here the layered planes are parallel to the velocity direc
(vW ). There is an exact match between Fig. 1~b! and the pre-
dicted structure factor for a highly twinned face center
cubic ~fcc! structure@14#. For any given order of diffraction
there is no detectable variation in the intensity of the sp
along the azimuthal circle. For an ideal fcc structure,
innermost ring should disappear. The positions of the pe
in the diffraction pattern along the¹vW direction @vW -(¹W 3vW )
plane# can be calculated from the form factor of the layer
structure. The basis vectors defining the 2D hcp lattice
given by @14#

kWa5
2p

d S k̂v2A1

3
k̂eD , ~1!

kWb5
2p

d
A4

3
k̂e , ~2!

whered is the lattice constant, andk̂v andk̂e are unit vectors
along thevW and¹3vW directions, respectively. The peak p
sitions (Qi) correspond to a linear combination of these ba
vectors,

Qi5mka1nkb , ~3!

where m and n5 . . . ,22,21,0,1,2, . . . . Therefore, the
powder averaged intensity peaks should appear atQi /Q0

ratios, 1:A3:2:A7:3:A12: . . . . The peak positions in Figs
2~a! and 2~b! are in good agreement with those given by E
~3!, with the first peak (Q0) at 0.06 nm21.

Figure 3 displays the time evolution of the crystallinit
and the rheological parametersG8 andG9 ~nonlinear moduli
referring to the elastic and viscous parts, respectively! during
the oscillatory shearing experiment presented in Fig. 2.
behavior ofG8 andG9 indicates the decrease in the dynam
viscosityh8 while the elastic part shows only a small vari
tion. The crystallinity was estimated from the height of t
first-order peak of the fcc structure (q;0.104 nm21), which
is taken as a measure of the crystalline ordering within

FIG. 3. Time evolution of the shear moduli (G8 and G9) and
crystallinity as determined by the height of the first-order fcc pe
at q;0.104 nm21, S(Q1), for an oscillatory shear ofs
5400 Pa andf 56.8 Hz. BothG9 andS(Q1) evolved in tandem
and the crystallinity increased upon the cessation of shear.
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planes. The behavior is identical if the area of the Bragg p
is followed as a function of time. The peak heightS(Q1)
fluctuated during the ordering process, and then increa
abruptly upon the cessation of shear. The full width at h
maximum of the peak changed from about 931023 nm21

to 831023 nm21 when the oscillatory flow was stopped
The observed fluctuations in the crystallinity are not likely
have been caused by an aliasing effect. The fluctuations
on a much longer time scale than the difference of the s
pling frequency~5 Hz! and f ~56.8 Hz!. On the other hand
the evolution ofG8 and G9 indicates that the viscosity de
creased to the plateau level upon the formation of a laye
structure. However, the structure factor evolved more gra
ally, as the stacking faults are annealed by the oscillat
shear. Therefore, fluctuations inS(q) signify the defect dy-
namics resulting from the competition between deformat
and annealing. For a given applied stress, the peak defo
tion increases upon ordering, and this increased deforma
can induce more defects. These two competing effects
to ordering and disordering processes within the layers w
slipping past each other. The fast jump upon cessation
flow is controlled by the short time, local-scale particle d
fusivity. The particles move back to their equilibrium lattic
position. This is also indicated upon reshearing~with the
sames and f ) the suspension;G8 andG9 remained at their
plateau values from the beginning.

Figure 4 depicts the SAXS patterns obtained after os
latory shears of the same duration but different levels os
and f. Low s and f are not sufficient to yield a complet
alignment and hence the correlation peak of the disorde
matrix does not disappear completely. At highers levels and
f, the ordering is partly distorted as the crystals begin
shear melt. However, we did not observe a complete tra
tion to disordered close-packed structure even at the hig
f ~40 Hz! studied. The best ordering was obtained using
frequency sweep from 1 Hz to 10 Hz, compared to any fix
f used. The competition between ordering and melting a
occurs during steady state conditions, and a coexistenc
ordered domains with a disordered random matrix expla
the formation of bundles, as will be discussed elsewh
@19#.

Coupling a rheometer to SAXS measurements allowed
to monitor the change in microstructure and rheological
rameters during the shear-induced ordering of a concentr

k

FIG. 4. SAXS patterns of the initially disordered latex suspe
sion after submitting to oscillatory shears of~a! s5200 Pa andf
54.6 Hz and~b! s5800 Pa andf 56.8 Hz. The lows and f
pattern shows polycrystalline behavior and at highs andf the crys-
tal starts to melt by the high shear.
1-3
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disordered latex suspension. We observed a one-to-one
respondence between the rheological and microstruct
changes. In oscillatory shearing, the ordering process is m
controlled by the deformation than by the peak stress. S
tems with a controlled degree of crystallinity can be made
varying the conditions of the oscillatory flow. Time resolve
l

, E

P

s

er
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rheo-SAXS could be a useful tool to investigate many diff
ent soft condensed matter systems.
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