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Direct observation of oscillatory-shear-induced order in colloidal suspensions
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We use optical microscopy to directly study ordering in concentrated colloidal suspensions of model hard
spheres subjected to oscillatory shear in a parallel plate geometry. At high strain amplitude the particles order
quickly into hexagonal planes in the plane of shear, oriented so that a close-packed direction is parallel to the
velocity axis, corresponding to previous scattering observations in other geometries. At low strain a polycrys-
talline structure forms, consisting of hexagonally ordered regions now with a distribution of different orienta-
tions, peaked around an orientation where a close-packed direction iperpendicularto the velocity axis.

Such polycrystallinity explains the evidence of disorder previously noted in scattering patterns. The ordered
regions grow until “grains” fill the sample. Various examples of local disorder are observed in the shear-
ordered structures, including vacancies, dislocations, and stacking faults. The observed motion of the planes
during the cycle is complicated, but there is some evidence of a “zigzag” motion of planes at high strain, as
has been proposed in previous stud[&063-651X98)05006-3

PACS numbes): 82.70.Dd, 81.40-z, 83.20.Hn

I. INTRODUCTION AND METHODS by the sheaf10]. In steady shear, the planes are oriented
with a close-packed direction parallel to the velocity axis.
The structural effects of the application of shear to colloi-Hoffman, in one of the earliest studies of a well-
dal suspensions are of substantial current interest. Sheagharacterized system under steady shear, obtained micro-
induced structure is important in rheological processing ofraphs showing hexagonally ordered planes of (virhyl
suspensions, while the ability to control structure on the colchloride particles[1].
loidal (i.e., optica) length scale may have substantial tech- In steadyshear of a colloidal suspension between two
nological application, for instance, in the design of opticalparallel plates with a plate separationtofstrainy may be
band gap materials. The structural effects of applied sheadefined asy=A/h, whereA is the relative displacement of
and their correspondence with the rheological behavior othe plates. In analogy, imscillatory shear where the dis-
colloidal suspensions and other “soft matter” are still not placement of the plates is now an oscillating function of time
well understood. Colloidal systems, with their long time we define thepeak to peak strainy=A/h, whereA is the
scales and weak interparticle interactions compared t@®eak to peak relative displacement of the plates. In steady
atomic systems, are also good candidates for the study @hear of suspensions the “high-strain” reginye-1 is rap-
generic crystallization and melting phenomena. idly reached, while in oscillatory shear long-time experi-
The rheological behavior of well-characterized concen-ments can be performed at strajrc 1. In both steady shear
trated colloidal suspensions has been extensively studied @nd oscillatory shear experiments with concentrated colloidal
recent years and scattering experiments have been used S@spensions ag>1, scattering experiments indicate that the
investigate the correspondence between rheological behavishear-induced hexagonal planes are oriented with a close-
(e.g., shear thinning and shear thickenirand structural packed direction parallel to the velocity aXig,6,11] [Fig.
changes under sheft—5]. In particular, many scattering 1(a)]. In contrast, in oscillatory shear at<1 scattering ex-
experiments on systems consisting of “model” hard-sphere

sterically stabilized polymethylmethacrylat®MMA) col- velocity velocity
loids have been reportg@,6—8. The zero-shear equilibrium

phase diagram of PMMA suspensions has been shown to OO O
correspond closely to that expected for hard sphgeSus- O O Q O O
pensions have a fluid structure below a freezing volume frac- O O O O OOOOO
tion ¢:~0.494 and a crystalline structure above a melting Q O O
volume fraction¢,,~0.545. Betweenp; and ¢, fluid and O OO OOO
crystal phases coexist. In PMMA suspensions at zero-shear Q O

homogeneous nucleation of crystallites leads to a polycrys-

talline, stacking-faulted hexagonally close-packed structure. (@ (b)

Light-scattering studies of suspensions under shear in con-

centric cylinder and parallel rotating disk geometries have F|G. 1. Schematic picture of8) “high strain” and (b) “low
been interpreted as demonstrating that application of a sheafrain” orientations of a hexagonally ordered plane of particles. In
field induces layering of the hexagonal planes of the lattic&a) a close-packed direction in the planepiarallel to the velocity

in the velocity-vorticity plane. Moreover, the observed scat-axis; in (b) a close-packed direction jserpendicularto the veloc-
tering patterns indicate that the hexagonal layers are orientety.
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periments indicate that th@11) planes are oriented with a
close-packed directioperpendicularto the velocity axis
[6,11] [Fig. 1(b)]. Especially in the low-strain oscillatory ;
shear scattering experiments there remains also evidence (&
substantialdisorder in the shear-generated structure, sug- £&ee
gested origins of which are partly polycrystalline structures S
or hexatic order in the quasi-two-dimensional layggd 1].
In this paper we present results from direct imaging of
concentrated PMMA suspensions under oscillatory shear
Suspensions of sterically stabilized PMMA particlescig-
decalin at known volume fractiong are made up as de-
scribed in detail elsewhergl2]. In these experiments the
particle diameter is 970 nifas measured by static light scat-
tering) with a size polydispersity of approximately 5%. We
have carried out experiments on samples ¢at 0.485
+0.003(i.e., fluid at equilibriunm, ¢=0.515*+0.005 (coex-
isting fluid and crystal at equilibriupp ¢=0.56+0.005
(fully crystalline at equilibriuny, and ¢=0.59+0.007 (col-
loidal glas$. For each set of experiments at a givena
“stock” suspension of a few milliliters is made up in a seal-

shear cell. The sheared sample consists of a circular drople&*
of typical diameter 12—15 mm, sandwiched between parallel
glass plates. The lower plata large-area microscope slide
is held stationary while the upper plate large-area cover-

slip), Conn?Cted via a frame to f"‘ Iine.ar electromagnetic vi- FIG. 2. Microscope images from a shear experiment at high
brator, oscillates along the velocity axis. The plates are sepagrajn, y=3.1, 100< objective. The velocity direction is horizontal.
rated by strips of plastic shim. In these experiments the plat@he shear frequency i§=0.2 Hz. The particles have radius
separationh is typically 130 to 150um, though we have =485 nm and the sample volume fractionds=0.56. Times after
observed no dependence of the results on plate separation f@e beginning of shear ar@) 0 (immediately before shegr(b) 2
separations up to 700m. The parallelism of the plates over min 50 s,(c) 7 min 30 s(magnification doubled using an “eye-
the area of the sample is checked by measuring the upper apéce” lens in front of the charge coupled device camesad (d)
lower plate heights in the microscope. In the experimentd3 min 25 s. Imagesa)—(c) are taken at height=35 um below
discussed here we have used a triangular wave form to drivi@e top plate. In(d), z=10 um. The insets show the calculated
the vibrator; results for sinusoidal wave forms are qualita-Fourier transforms of the images.
tively the same. Images of the sample are obtained while
under shear by digitizing frames from a video camera vidicles closer to the moving platenade by timing particles as
computer software. Note that given the frequencies and anthey move across the field of vigwlo not, however, indicate
plitudes considered here, it is possible to obtain images fre@ny substantial nonlinearity in the velocity profile in our ex-
of motional blur at the extremes of the oscillation cycle only. Periment. Additionally, under the assumption of the diameter
We use a 108 oil immersion phase contraft3] objective ~ Of the drop being very much greater than the plate separa-
with a working distance of 0.15 mm, further magnification tion, the typical viscosities, frequencies, and plate separa-
being provided by a2% or5x “eyepiece” lens in front of tions -Used h_el’e are consistent with an apprOXImater linear
the video camera. Vertical tracking through the sample durvelocity profile[14].
ing the experiment is carried out using a computer-controlled
piezoelectricz drive to move the microscope objective. Il. RESULTS

For parallel-plate oscillatory shear, the accelerated motion
of the shearingtop) plate generates a shear wave through the
sample, propagating in the velocity gradient directiper- We first discuss experiments at high strain amplitdde
pendicular to the plat¢sThe velocity and peak to peak am- =0.43+0.005 mm in a cell withh=0.14+0.003 mm, giving
plitude profilesv(z) andA(z) depend on the wavelength of y=3.1+0.1. Figure 2 shows a sequence of images from an
the shear wave relative to the spacing between the platesxperiment at frequency=0.2 Hz with a sample atb
[14]. Measurements ok(z) carried out by tracking particles =0.56=0.005, that is, a sample whose equilibrium state is
in dilute solution indicate that to a good approximation in thefully crystalline. No order is visible in the sample immedi-
bottom half of the cell at least the amplitude gradient isately before starting the sheffig. 2(@)]. Note that without
linear for the frequencies and samples used in these expeshear, equilibrium crystal order is observed only after about
ments. Because of the need to resolve the particles in trackd h in this geometry. On commencing the experiment, within
ing experiments and therefore the need to use high magnifiinutes we observe the appearance of regions of hexagonal
cation, it has not been possible to obtain a large enough fieldrder oriented with a close-packed direction parallel to the
of view to accurately measure amplitudes closer to the mowvelocity axis[Fig. 2(b)]. In fact, within 4 min the visible
ing plate. Approximate measurements of the velocity of parplane is essentially completely ordefétg. 2(c)]. The large-

(¢) (d)

A. High strain y>1
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FIG. 3. Expanded detail from a microscope imggé0x ob-
jective) from a shear experiment at “high” strainy=2.42, f
=0.2 Hz, after 20 min of shear, in a sample at volume fraction
=0.515. The plane shown is close to the bottom of the celg at
=122 um below the top plate, where the plate separatiom is
=128 um. The circles show the positions of a pair of dislocations
in the ordered111) plane.

FIG. 4. Expanded detail from a microscope imd@e0x ob-
jective) from a shear experiment at low strain showing the presence
of a pair of vacancies in the hexagonal plane. Vertical tracking up
and down to neighboring planes demonstrates that these are “real”
vacancies rather than simply particles too far out of the plane of
focus to be imaged. In this experiment the strain amplityde

scale orientation of the planes is constant everywhere in the 0-5, the frequency i$=5 Hz, and the volume fractio® =0.59.
sample(unlike in the low-strain case; see belowhis high ~ The plane shown is &=30 wm below the top plate, where the
degree of order is consistent with previous scattering experielate separation i6=600 um. At this high frequency the shear
ments in cylindrical Couette geometf] and in rotating must be stopped momentarily in order to obtain a blur-free image.
parallel disk geometry11], as well as with our own scatter-

ing experiments in the parallel-plate geomefys]. In the the bottom, i.e., in the bottom 30% of the sample. Above
high-strain scattering experiments, a hexagonal pattern dhis, planes become less ordered with increasing height: We
sharp Bragg spots is observed. The insets in Fig. 2 show th@bserve regions or “islands” of crystal order surrounded by
calculated(two-dimensional Fourier transforms of each mi- disordered fluid, as shown in Fig. 5. These “island crystal-
croscope imageOnly the innermost set of Bragg peaks arelites” are oriented with close-packed directions parallel to
shown in the transformsBefore shear a bright ring charac- the velocity axis and therefore are clearly associated with the
teristic of a disordered structure is observed. In the inset oshear(no crystallites are visible in the sample before the
Fig. 2(b) we can still see some evidence of this “fluid” ring, application of shear The fraction of the field of view occu-

but now hexagonal peaks are also clear, corresponding to th@ed by the ordered regions decreases with increasing height
partly ordered visible plane. Figuregc® and Zd) show in the cell. However, we do not observe these crystallites to
sharp hexagonal peaks indicating strongly ordered planegrow or shrink within the plane appreciably over time. We
However, in some regions of the sample various kinds oflo not yet understand these effects, though we have observed
local disorder are apparent; Fig(d? shows an example similar effects in many repeat experiments. This height-
where there appears to be a narrow disordered band within

the strongly ordered plane. One advantage of microscopy;
over scattering is that local disorder may be studied more
easily; in the scattering patterns the effects of small amounts
of disorder are usually swamped by the very bright Bragg
peaks from the crystal regions. For example, Fig. 3 shows ¢
magnified view of a portion of a crystal plais time from

an experiment atb=0.515 andy=2.42; see beloy The
circles indicate the positions of twdislocationsin the hex-
agonal lattice. In addition, in all experiments we have ob-
served vacancies and some random disorder of particle pos
tions within the lattice; an example image showing vacancies®*

is given in Fig. 4. Direct observation by microscopy would (a) (®)

seem to have great potential for the more detailed study of

the type, degree, and evolution of disorder in shear-induced FIG. 5. “Island" crystallites, oriented regions of crystal order
crystals. surrounded by disordered fluid, observed in experiments within the

The influence of the underlying equilibrium fluid-crystal gqyjjibrium coexistence region at high shear strain. These example
phase coexistence in samples at 0494<0.545 is not jmages are from a shear experiment with straimn2.42, in a

clear. In high-strain experiments @=0.515 fully ordered  sample at volume fractio® = 0.515, at height§a) z=80 xm and
planes similar to those obtained at higher volume fraction ar@y) z=90 wm below the top plate, where the plate separation is
typically observed only near the bottom of the shear cell, as=128 um. The velocity direction is horizontal. Note that closer
shown in Fig. 3. In the example experiment of Fig. 3dat to the bottom plate the sample is much more strongly ordered; see
=0.515 we see fully ordered layers up to abouj4l above  Fig. 3, from the same experiment.
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dependent disorder isot observed in samples dt>0.545,

thermore, similar effects araot observed atany volume
fraction in the low-strain experimentsy&1; see beloyw

caused by sedimentation of the particles are responsible & = 5
. : . . ok T A
Nonlinearity of the velocity profile(z) also does not seem  EEEES

\'..'
likely to generate the observed features since we see a “co ¥ <.«

plane at a single. We also would not expect equilibrium
phase separatiorfinto coexisting crystal and disordered
fluid) to occur within these time scales; typically, without
shear, equilibrium crystal order is not observed in less than ¢
few hours. It may be, however, that tFestformation under
shear ofdensecrystal regions generates enough density &
variation acrossthe sample(i.e., within the same planeo
enhance phase separation: If the shear-generated crystal r
gions are at an effective volume fractidrigher than the
original sample volume fraction then mass conservation

regions of lower density. The disordered, less dense region &

may then be at low enough density that the shear does nc

induce further crystal ordefFor instance, in experiments on  (¢) ()

samples at lower volume fractio®=0.485, i.e., samples

fluid at equilibrium, at the frequencies and strain amplitudes

typically used here, we do not observe shear-induced order- FIG. 6. Microscope images from a shear experiment at “low”

ing [16].) This could lead to a more or less stable coexistencé!rain, y=0.53. The shear frequency fis-0.625 Hz and the veloc-

of ordered and disordered regions. The more dense regior’f@! direction is horlzontal._ Tht_e particles have radius485 nm an_d

would furthermore be expected to sediment faster, possibl{fl¢ Sample volume fraction & =0.56. Times after the beginning

also explaining the apparent height dependence of the disopf Shear ar¢a) 0 (immediately before shearb) 1 min 10 s (c) 10

der. This is no more than a tentative explanation howeve in, and(d) 34 min. Images are taken at height 35 um below

and in whatever case, these observations of order-disorddc °P Plate. In(d) the magnification is reduced fo give a wider
. ! . . ield of view. The inset in(d) shows the calculated Fourier trans-

CO?XI.Stence under shear require further Stl.de' It is Wo_rtqorm of the image, demonstrating broad hexagonal “lobes” due to

pointing out that the effects of such order-disorder coexisty, o polycrystalline particle ordering.

ence would be difficult to observe in scattering experiments

due to the strong scattering by the highly ordered Cryst"“"im?mder shear often also demonstrates other more complex mo-

regions, though very careful and precise quantitative meagq, ¢or instance, apparent motion of planes in and out of the

su_rements of scattered in_tensity away from the Bragg PeaXFane of focus(i.e., in thez direction. In fact, given the
might demonstrate the existence of some degree of fluid di egree of local disordefdislocations, vacancies, stacking

order. faults, etc) we have observed, models of motion based on

Assuming the tstlruct':Jre dOf tr;etshegre? SUSp;r}S'O? to atta), oot hexagonal planes are likely to be too simple. Motion
Some approximately steady staté, Simple modeis of "easy ¢ 5 given plane does appear quite homogeneous and there is
strains in close-packed crystals have been proposed by Looﬁﬁearly some “registered” stacking of planes upon one an-

and Ackersor{10] to explain the variations in the observed other, though there seem also to be many stacking faults. The

scattering with strain. Hexagonal planes aligned with close—Stacking of planes upon one another must play an important

packed di'rections' parallgl to the vglocity are. proposec! Qole in the plane motion under shear. Thus far we have not
move easiest at h'.gh strain by carrying out a zigzag motioNyade a detailed study of the stacking of the shear-ordered
each particle moving in the trough between the particles i lanes. Meanwhile, more extensive microscopic study of

the plane below, first to one side of the close-packed Ii_ne. aMfjane motion is hampered by the necessity to observe slow-
then back to the other side. We have made some prelimina oving planes near the stationary bottom plate of the cell:

studies of the motion (.)f planes under shear by observingy i,y very near the bottom plate may even be affected by
planes close to the stationary bottom plate of the cell wher e proximity of the surface. Studies of plane motion in the

the velocity is low enough to obtain clear images. A regularbqu at much lower straifi.e., where velocities far above the

sidev_vays mqtion of the pIanes_whiIe under shear apparentlkgottom plate remain low enough for observajicare in
consistent with the proposed zigzag has been observed. T ‘Fogress

zigzag motion does not become visible until the planes ar
strongly ordered and is not visible in experiments at low
strain (see below. The number of zigzags corresponds ap-
proximately to that expected given the strain amplitude. It Next we discuss results obtained from experimentsat

must be stated, however, that close examination of planestrain y<<1. Figure 6 shows a sequence of images from an

B. Low strain y<1
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experiment at®=0.56, with shear amplitudeA=0.079 line disorder observed in the low-strain experiments might
+0.005 mm, frequency =0.625 Hz, and plate separation be completely annealed out, leading to the formation of a
h=0.149 mm, givingy=0.53+0.04. As in the high-strain macroscopic “single crystal.” Stacking faults might also be
experiments, patches of hexagonal order can be seen withexpected to disappear, given that the low-strain motion of
minutes[Fig. 6(b)], though at low strain there is now no particles in the troughs between particles in the plane be-
clearly preferred orientation. As time progresses, morgieath causes minimum disruption only in the absence of
patches of order appear and existing patches grow largetacking faults. Thus we might expect the eventual genera-
[Fig. 6(c)] until the visible plane is filled. Unlike in the high- tion of a perfect face-centered-cubic structure. However, ob-
strain experiments the regions of order clearly have a distriservations have not been reported for times later thd0 m
bution of different orientations. In fact, we observe a distri-after loading of the sample into the cell, since sedimentation
bution apparently peaked with the close-packed directiof the particles may become significant at later times. Note
perpendicularto the velocity axi§Fig. 6(d)], though orien-  that experiments using samples at different particle buoyancy
tations close to 30° outside this direction can occur. Notg§PMMA suspended in a mixture afis-decalin and cyclo-
that, as stated above, similar order is Visiblealitheights hepty| bromide to vary the average solvent density with re-
within the Ce”, even at volume fractions within the equi”b' spect to the partic'e dens)tgive qua"tative'y the same re-
rium coexistence region. It has sometimes been postulategits, but a detailed examination of the effects of
that shear-induced crystallization results from wall effectSsedimentation has yet to be carried out. While arb-diam
such as particle migration to walls or wall nucleation. Weparticle in adilute sample would sediment appreciably over
generally observe crystallization throughout the bulk of thethe time scale of our experiments, in concentrated suspen-
sample(except for the coexistence samples at high strain agjons sedimentation velocities are greatly reduced; in fact,
discussed in Sec. Il Aand as far as we can tell ordering gpservations of the concentration of particles at the top of the
proceeds at the same rate at all heights. Furthermore, expeghear cell before and after shear experiments indicate that
ments with cells with plate separations up to 7001 give  changes in concentration due to sedimentation of particles

qualitatively similar result$15]. . are not appreciable over the times we have discussed here.
Presumably, the low-strain shear generates patrticle colli-

sions that are enough to encourage the particles to form lay-
ers in the shear plane and to begin to order, but not yet
frequent or violent enough to “melt” nuclei whose orienta-  In conclusion, we have made direct optical microscope
tions are reasonably close to but not necessarily exactlpbservations of shear-induced ordering in colloidal suspen-
aligned with the shear direction. The inset in Figd)6 the  sions. Our findings are broadly consistent with models pro-
Fourier transform of the microscope image, compares welposed on the basis of scattering experiments in cylindrical
with scattering experimentfs,11]: We observe not sharp Couette and rotating disk geomoetries. Scattering experi-
Bragg spots but spread-out “lobes” of intensity, consistentments in the parallel-plate geometfy5] agree well with
with a distribution of orientations of crystallites centred previous experiments in other geometries. We find that at
around a close-packed directigrerpendicularto the shear low strain there is substantial polycrystallinity in the suspen-
direction (in contrast to high strain, when a close-packedsions, explaining the disorder apparent in scattering patterns.
direction is parallel to the shear directjon our own scat- At high strain, disorder in the orientation of crystals is far
tering experimentgl5] we have observed the angular spreadless evident and, macroscopically, the shear-induced crystal
of the scattering lobes to decrease as the experimestructure is closer to that of a single crystal. However, we do
progresses while the intensity at the center of the lobe inebserve crystal planes to contain vacancies and dislocations
creases; this may be due to nucleation of more polycrystaland though we have not studied it in detail there are also
with close-packed direction oriented more closely perpenstacking faults in the velocity gradient direction. Shear-
dicular to the velocity axis or possibly to “annealing” of induced crystal structures are thus locally more complex than
already existing crystallites not exactly oriented. In some mi-assumed in modelgl0]. There is the possibility, however,
croscopy experiments we have observed a kind of “flexing”that the crystals would evolve over much longer times to
of crystallites, an apparent shifting motion of neighboringmore perfect structures; experiments with buoyancy-matched
crystallites relative to each other in directions not parallelparticles are necessary before the long-time behavior can be
with the shear direction, facilitated by narrow bands of dis-studied.

order at the border between the crystallites. Slow incorpora- The role of the underlying equilibrium structure of the
tion of separate crystallites into larger single crystallites hasuspension at high strain is not clear; there is evidence of
also sometimes been observed. However, a clear, genergme kind of coexistent order-disorder structure in the high-
picture of the evolution of the large-scale crystallite structurestrain sheared suspensions at volume fractions within the
is difficult to obtain both because we are not able to study aquilibrium coexistence region. Finally, for samplesdat
very large part of the sampl@ractical considerations mean ~0.59, that is, samples in which the kinetic glass transition
we cannot move the shear cell laterally while under shear tinhibits equilibrium crystallizatior{9], we find similar be-
look at different parts of the sampland because micros- havior to ®=0.56: Crystallization is easily induced by the
copy gives a two-dimensional image and reconstruction ofpplication of shear. The low-strain behavior of colloidal
the three-dimensional large-scale structure can be a vemyasses and comparison with the behavior of “soft” glassy
complicated problem. For now we must therefore remairemulsiong17] are the subject of current wofl5].

cautious about how the polycrystal structure evolves at later Models so far proposed for the structure of crystalline
times. It is possible that at much later time the polycrystal-suspensions under shear start from the assumption of a single

IIl. CONCLUSIONS
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