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Colloidal glasses under shear strain
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We have studied the effects of oscillatory shear strain on the structure of a colloidal hard-sphere glass. By
light scattering, we measure the kinetic development of ordered structures induced by shearing between
parallel plates. Diffusing wave spectroscopy “echo” experiments show that for peak to peak oscillatory strain
below around 30% the colloidal glass strains approximatelyersibly At higher strains a partly ordered
structure develops, the kinetics of the ordering being strongly dependent on strain. Kinetic measurements
demonstrate an “induction” time for crystallization with a divergentlike behavior as strain decreases toward
~25-30 %. We compare the behavior of glassy samples with that of samples at lower volume fraction, where
in equilibrium without shear the sample is fulipoly)crystalline. At the lower volume fraction, irreversible
yielding is observed at lower strains. There appears some tendency for very high volume fraction glass samples
to “fracture.” Similar evidence of fracture is not observed at the lower volume fractions.
[S1063-651%98)01010-1

PACS numbsg(s): 82.70.Dd, 81.40-z, 83.20.Hn

I. INTRODUCTION amplitude (and in steady continuous shear, wheresoon
exceeds 100%). Ay<100% the suspension is expected to
There is substantial current interest in the structure, dystrain most easily by ordering into hexagonal planes in the
namics, and rheology of so-called “glassy states” of meso-velocity-vorticity plane, the planes being oriented such that a
scopic matter, for example dense emulsions, foams, andose packed direction in the hexagonal planpegoendicu-
dense colloidali.e., solid particl¢ suspensions. In particular, lar to the velocity axis(Fig. 1). In fact experiments have
recent studies of the behavior of glasses subjected to straffemonstrated that there remains a marked “polycrystallin-
include the diffusing wave spectroscof@WS) “echo” ex- ity” or “mosaicity” in the structure of the planes, the planes
periments of Hebrauet al. [1], where a dense system of being made up of “grains” whose orientations can vary sub-
deformable emulsion droplets was subjected to small oscilstantially[4—6]. This is in contrast to the case ¢f>100%
latory (peak to peakstrain amplitudes up tg~18%. Inter- (and in steady shemrwhere no such “mosaicity” is ob-
estingly, at low straing=<10% these “soft” glasses showed served3,5] (and where the orientation is such that the close-
a localized yielding behavior, where parts of the sample alpacked direction in the hexagonal planeparallel to the
ways yielded while other parts continued to strain reversiblyvelocity axis.
over subsequent cycles of oscillatory shear. The question im- Suspensions of sterically stabilized phethyl-
mediately arises whether this localized yielding is particularmethacrylatg (PMMA) particles have been shown to be a
to glasses of deformable particles, or whether it is commorgood experimental example of the “model” hard sphere sys-
to mesoscopic glasses in general. tem[7]. The hard sphere equilibrium phase diagram features
Meanwhile, the structural effects of the application of .
. - . . velocity
shear to colloidal suspensions have been studied in great -
detail. Controlled shear strain induces crystallization of sus-

pensions due to the greater “ease” of straining in an or- O 000
dered, oriented suspensigparticle collisions are less fre- OOOOO \Qog8c8').§oooogé
quent in the ordered sampl€2]. In particular, the shear- O O £500 88820
induced crystallization of colloidal particles with hard- OOOOO §8%°%§)§?9000%
sphere-like interactions has been studied by light scattering O '88808&3%(3?00
[3,4] and by optical microscopi5]. Application of oscilla- 0pERaR

tory shear allows samples to be subjected for long times to

“low” strains (i.e., peak to peak strain amplitudey @ (b)

<100%. The structure induced by the shear at low strain ¢\ 1. schematic picture of “low strain” order in the velocity-

amplitude is quite different to that observed at high straingrticity plane of a sheared suspensiéa. A single small hexago-
nal “crystallite” is shown with a close packed direction perpen-
dicular to the velocity axis(b) The typical “polycrystalline” or

*Present address: CEMEF, Ecole des Mines de Paris, 0690dosaic structure of grains with a distribution of orientations, peaked
Sophia Antipolis Cedex, France. with a close packed direction perpendicular to the velocity.
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a colloidal fluid phase at volume fractiomb<<d;=0.494, é/ . .
coexisting fluid and crystalline phases fd;<®d<®, Photodiode with lens
=0.545, and a fully crystalline phase fdr>®,,. In the

experimental system, &> ® ,=0.58, homogeneous nucle-

ation of crystals is inhibited, and the sample remains in a Sample
disordered “glassy” state. Dynamic light scattering experi-
ments have shown that the suppression of homogeneou
nucleation coincides with the cessation of long-time diffu-
sive motion of the particles, as they are trapped in long-lived
neighbor “cages’[8].

Ackerson made a comprehensive study of the oscillatory
shear-induced crystallization behavior of PMMA samples in
the equilibrium coexistence and crystalline regions of thee
phase diagrarh3]. However, little is known of the behavior
of hard-spherglassesi.e., samples witlb>®, especially
for “low” strains y<100%. Furthermore there have been
few reported attempts to study more quantitatively the ki- Incident beam
netic growth of shear-induced order. In this paper we use the ) ) ) o
technique of DWS echo to compare the low-strain behavior FIG. 2. _Sche_matlc qf the shear cell, |r_1cll_Jd|ng the ppsntlonlng of
of the hard-sphere glass and the soft emulsion glasses studill§ Photodiode in the time-resolved static light-scattering measure-
by Hebrauckt al. Further, we use conventional time-resolved MENts: The sample is typically 1.5-2 cm in diameter. In the DWS-
static light scattering to compare the kinetics of shear-’?Cho experiments the plate separation 'Szm.m; in the time-resolved
induced ordering in the PMMA glasses with the kinetics of !9t Scattering and optical microscopy experiments the plate sepa-
ordering in samples below the glass transitiorﬂ)@t Addi- ration is typically 520—-680um. The figure also shows the velocity

. . . ., (v), shear gradient\), and vorticity €) directions.
tionally, we use optical microscopy to demonstrate qualita-

tively the evolution of the structure of the glassy samplestwo slightly different cells have been used, one for the
during shear. DWS-echo experimentésee below and a second for the
time-resolved static light scattering. Both cells consist of par-
Il. METHODS allel flat glass plates, independently fixed to maintain con-
stant plate spacing, the top plate being mounted on bearings
such that it may slide back and forth above the stationary
In the experiments described here, spherical PMMA parbottom plate with minimal friction. The sample is loaded by
ticles sterically stabilized by grafted chains of pdlydrox-  pipette and forms a drop of diameter typically 15-20 mm
ystearig acid (PHSA) are suspended icis-decalin. The par- between the plates, as shown in Fig 2. In the scattering ex-
ticles used in the DWS experiments have radi=515  periments, théexpandegibeam passes through the center of
+10 nm, while those used in the time-resolved light scatthe drop, the edge of the beam being always at least 5 mm
tering and microscopy experiments haae485+10 nm, (or about 5000 particle diametefsom the edge of the drop.
as determined by static light scattering, with in both cases ®ptical microscopy indicates no visible effect of the edges of
size polydispersity of approximately 5%Note that the the drop beyond~1 mm from the edge. In both experi-
PHSA stabilizing layer has a typical thickness of about 10ments, the cells are mounted in a small closed environment
nm. The equilibrium (zero-sheagr phase behavior of the containing surplus solvent which is allowed to evaporate,
PMMA suspensions coincides well with the model hard-generating a solvent-saturated atmosphere and minimizing
sphere system, showing fluid, coexisting crystal and fluidsolvent evaporation from the sample itself, over the time
and fully crystalline phases as described above. Samples atale of the experiments. The DWS-echo cell is driven by a
known particle volume fraction® are made up as described piezoelectric device, together wiffor peak to peak ampli-
in detail elsewherd9]. Briefly, the volume fraction of a tudes larger than 10Q.m) an amplifying lever, as described
stock solution in the fluid-crystal coexistence region of thein Ref.[1]. The peak to peak amplitud® is measured by a
phase diagram is determined from the relative amounts of thénear variable differential transformer. The gap width be-
two phases, assuming that the freezing volume fractionween the plates in the DWS-echo cellis=2 mm. In the
(where the crystal phase first appeabs coincides with the  static light scattering experiments the shear plate is oscillated
hard-sphere valueb;=0.494. Samples at higher volume by means of an electromagnetic vibrator driven by a signal
fractions are made up from the stock solution by centrifuginggenerator. The peak to peak amplitulleis determined by
and removing small amounts of supernatant solvent. Noteneasuring the movement of a marker with a video camera
that using this procedure we observe a melting volume fracand high magnification zoom lens. The gap wititbetween
tion (where the sample is first fully crystalling,,=0.545 the plates, measured by optical microscope, varies slightly
+0.003, in good agreement with the hard-sphere value fofrom experiment to experiment, between 520 and G8®.
®.,. As in previous workf8], we observe the cessation of In both experiments the peak to peak strains given by
homogeneously nucleated crystallizationdat- ® ;=0.58. v=A/h.
For the experiments, samples are made up in 3-ml sealed The density of the PMMA particles is slightly greater than
cuvettes, from which drops are taken for loading into thethat of the solvent; thus we expect some slow sedimentation
shear cell. The shear cell is shown schematically in Fig. 2of the particles. While a free particle in a dilute solution

Moving plate

Stationary plate

A. Shear cell and samples
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would sediment quite quickly, in the dense suspensions con-
sidered here sedimentation is much slower. Microscopic ob-
servations indicate that sedimentation does not become vis-
ibly apparent(i.e., from an apparent reduction in sample
density near the top of the shear gédlr times less than
about 90 min with the particle sizes, solvent and volume
fractions considered hef&]. Thus we do not consider ex-
periments of duration greater than an hour or so in this work.
Samples in solvent mixtures whose average density is
matched to that of the particles could be used in longer-term &
experiments and to study the effects of gravity on crystalli-
zation both with and without shed@d0]. The behavior of
PMMA particles in such a mixture of solvents is currently
under investigation11].

B. DWS-echo experiment FIG. 3. Evolution of the scattering pattern as imaged on a paper

screen, for an experiment at straji=57%, frequencyf=5 Hz,

We have studied the structqral response of the PMMAy, a sample at volume fractish=0.587. The pictures are digitized
glasses at low peak to peak strainsp to_y~ 50% using the from video, the camera being on the axis of the incident beam, i.e.,
DWS'eChO apparatgs at the Laboraton_‘e de Dyna_ml_que d fie shear gradient direction. The velocity direction is vertical in the
Fluides Complexes in Strasbqurg. Details of the p”nc'plesf Obictures. Each frame is taken close to the same extreme of the shear
the r_nethod and of th‘? experl_mental s_et_up have been 9V cle (when the top plate is furthest toward the top of the pidture
previously[1,12]. We give a brief description of the concept The first picture(top leff) shows the pattern before starting the

of the experiment here. The structure of the suspension &hear. Subsequent times dtep row) 1 min 35 s, 4 min;(bottom
any point in the oscillation cycle may be compared with theyoy) 5 min 30 s, 8 min 30 s, and 17 min 15 s.

structure at the same point in subsequent cycles by correlat-

ing the light scattered by the structure over the subsequent

cycles. A correlator with a fully programmable set of delay S2Mples below the glass transition volume fractigy, have
times 7, connected to a photomultiplier measuring forwardPeen described by Ackerson and co-workgi]. For low
scattering[1], constructs the intensity autocorrelation func- Peak to peak straing<<100%, with a beam incident perpen-
tion g,() for = corresponding to times around the period of dicular to the velocity-vorticity plandi.e., parallel to the
oscillation, i.e. =1 cycle,7=2 cycles,. .., r=m cycles. Yelocny gradient direction hexagonally arranged bright

Peaks or “echoes” thus appear in the correlated signal. TheloPes” are typically observed on a screen placed perpen-
height of the echoes relative to the initial heigh{7— 0) is dicular to the incident dlre(_:tlon. Figure 3 shows the typical
an indication of the degree of irreversible structural changdl€velopment of the scattering pattéat one extreme of the
over the given number of cycles. For completely reversible?Scillation cycle during an experiment. At the opposite ex-
straining of the sample, and in the absence of other disordeff€Me of the cycle the alternate set of three lotreaking up

ing processes such as thermal diffusion, the echo heigﬁEe other three points of the hexagonal paftesnseen, so
would remain unchanged ab(7=m cycles)=1, wherem that the two sets of three lobes flash on and off alternately as

is an integer. Conversely, decay of the echoes indicates irrg;‘he sanIe is sheared back and forth. The developing bright
versible structural changes taking place over the delay timeloP€S” indicate the development of hexagonally ordered

- planes of particles in the velocity-vorticity plane. The orien-

}tption of the pattern indicates that the hexagonally ordered
regions have a distribution of orientations of close packed
directions, the distribution being peaked perpendicular to the
ticles are suspended gis-decalin, whose refractive index is velocity axis._OpticaI microscopy has been used to confirm
approximately 1.481, while the effective particle refractivethe hypothesi$3,4] that the presence of spread-out lobes, as
index is=1.49. For a 2-mm-thick sample at the high volumeOpposed to sharp Bragg peaks, results f_rom SUCh. a pa_rtly
fractions considered here, the transmission coefficient is e@_olycrystall]ne_ or mosaic structure, consisting of grains with
timated to be no more thafi=11 /1y~ exp(—n)~0.01. (In a narrow distribution of close packed directions peaked per-

endicular to the velocity axigs]. It is worth pointing out

practice, no transmitted or unscattered part of the inCider{[)hat our scattering observations in the parallel flat plate ge-
beam is visible. This implies that each photon scatters at 9 . P: atp 9
metry match those of previous experiments in both the

least on the order of five times, or that the method resolve ble-Couett lind 9.4] and (i diff t
structural changes on length scales down to a fifth of th ouble-Louette-cylinder geome $:4] an or a ditteren
wavelength)A =488 nm. The particle radius in the DWS- [Si’;]tem of colloids in the rotating parallel disc geometry

echo experiments is=515 nm, so that the measurements In order to obtain more quantitative information about the
are sensitive to structural changes on length scales down to . q .
about a fifth of a particle radius. growth of crystallme_z order in the sheared suspensions, we
have measured the increase in time of the scattering intensity
near the center of the lobe on the velocity axis, by position-
ing a photodiode at the lobe as shown in Fig. 2. An expanded
Extensive light scattering studies of the ordering effects ofaser beam of circular cross sectitiameter approximately

oscillatory shear of PMMA colloids, for the most part on 5 mm) andin vacuowavelength\ =633.8 nm is directed

The method is sensitive to structural changes on lengtl
scalesl>\/n, wheren is the typical number of times a
photon is scatteredl2]. In the experiments the PMMA par-

C. Time-resolved light scattering
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small lens across the front of the photodiode, so that scatf: ’
tered light is collected from an area approximately 0.2 2mm i, S
Thus the measurements effectively average over a small reZgg v
gion of reciprocal space near the scattering peak. The outpu?f*; e
voltage of the diode is measured over time as the sample jiR—
subjected to oscillatory shear. In practice we observe peak; Ne—
in the output voltage during a cycle, corresponding to the &
“flashing” of the scattering peak as the growing planes are =&
brought into and taken out of strong scattering configurations#:
by the action of the shear. Thus we record the increase of thngﬁ
peak voltage with time, and take this as a measure of the: =
increasing order within the sample. While this measuremen
remains only semiquantitativ@or instance, we have ignored
the possible effects of multiple scatterjrige behavior of the
measured voltage over time will still demonstrate approxi- £
mately the kinetics of the growth of structure within the e ¥
sheared suspension. As far as multiple scattering is coni =
cerned, it should be noted that in the time-resolved scattering
experiments the thickness of the samfilee separation be- &%
tween the plates of the shear ¢ad typically only a quarter &
that of the samples in the DWS-echo experiments, so that in
the time-resolved scattering experiments single scattering re- FIG. 4. Optical microscope (100 objective plus 1.& “eye-
mains dominant. piece” leng pictures of the evolution of order in a glass sample at
The assumption is often made ireutronscattering ex- ®=0-585, for an experiment at straiy=49%, frequencyf
periments on colloids under shear that, when the inciden > Hz- The plane |maggd Is 3pum below the top plate'Wh”e.the
beam is perpendicular to the velocity-vorticity plane, the col-92P beween the platesfis=600 nm. The particles have a diam-
lected scattering pattern is in the velocity-vorticity plane of St ~—970 nm, so that each picture is approximately A

reupro_cal space, (_)r in other Wprds tha_t the c_omponent_ of thgicture (top left) is immediately before starting the shear. Subse-
scattering vector in the _veIOC|ty gradient directidg; + 1S quent times arétop row) 1 min 50 s, 3 min 5 simiddle row 4 min
zero[14]. However, this is only a rea;onable ap_prommathn5 s, 5min 15 s, and 6 min 30 &ottom row 7 min 30 s and 8 min

for small angles. In our case, using light scattering and withyg 5 Note that these pictures were obtained by momentarily stop-

particles of ~1-um diameter, we measure scattering atping the sheattypically for less than 5)sand “grabbing” a digi-
angles(in the suspension mediym-25°. Thus we are not tjzed video image.

observing th&ky =0 plane in reciprocal space. This has im-
portant implications for the effects on the observed scatteringhese experiments the velocity of the imaged plane is so high
of stacking faults in the crystal structure, as is pointed out irthat it is not possible to obtain blur-free images except at the

square. The velocity axis is horizontal in the pictures. The first

Ref.[15], and as we comment upon further below. ends of the cycléat low frequency, or otherwise only when
the shear is momentarily stoppéat higher frequendy Nev-
ll. RESULTS ertheless direct microscopy proves to be useful in interpret-

ing scattering observations and in studying local disorder in
the shear-induced crystal structures. Figure 4 shows a se-
We show first some qualitative observations of the develquence of images taken at intervals during a shear experi-
opment of shear-induced structure in the PMMA glasses, asient, demonstrating the development of order in the plane
studied directly by optical microscopy. The shear cell used iimaged. In this cas@ =0.585, the strainy=0.49 and the
the time-resolved light scattering experiment is specificallyfrequency isf=5 Hz. The plane imaged is 3@m below
designed also to be used in the microscope. We have dehe top plate, while the gap between the plates is @08.
scribed some previous microscopy experimefusing a  The plane imaged is nearly-completely ordered within 8 min
slightly different shear cellon the crystallization of samples or so of shear. Scanning the objective up and down shows
at lower volume fractions in Ref5]. Briefly we use phase that similar order is visible at all heights as far into the
contrast microscopy/16] with a 100x oil immersion objec- sample as is accessilliee., down to 50 um below the toj
tive, “eyepiece” lenses of various magnifications, andHowever, the shear-induced order is locally far from perfect.
video-image-capture hardware to obtain pictures of the shedn Fig. 5, using a higher magnification “eyepiece” lens in
induced structure in the velocity-vorticity plane. By scanningfront of the camera, we show two examples of local disorder,
the objective vertically it is also possible to study the regis-i.e., vacancies and dislocations.
tration of layers in the gradient direction. Note, however, that Scattering results indicate that the shear-induced crystals
the high magnification objective lens has a limited workingalways include a substantial number of stacking faults: given
distance such that it is not possible to see deeper than aboatlte particle size and incident wavelength used here, we
50 wm into the sample below the top plate of the shear cellwould not expect to see strong scattering at all fqreafect
This means that at the amplitudes and frequencies used face-centered-cubigcc) structure with(111) planes aligned

A. Optical microscopy
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FIG. 5. Optical microscope (100 objective plus & “eye-
piece” leng pictures showing some examples of local disorder in
shear-ordered suspensions. The particles have a diameter
~970 nm, so that the pictures are approximately A8 square.

In this experiment a sample dt=0.585 was subjected to shear at 0.0 b
strain y=49%, frequencyf=5 Hz, for 11 min; the pictures were
taken after cessation of shear. The velocity axis is horizofdal.
Hexagonally ordered plane at 3@m below the top of the sample,
containing two vacanciegb) Hexagonally ordered plane containing
a dislocation.
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longer times may “anneal” the structure, generating perfect
fcc crystals, but, as discussed, sedimentation means we are~ g
not able to carry out very long-time experiments. Further .
shearing might also anneal local in-plane disorder such as =
vacancies, dislocations, or grain boundaries. Vacancies seem8 ¢ L
to be very common in the sheared glasses, though we have ©
yet to make any detailed or quantitative study of the local
disorder. Quantitative studies are hampered by the limited
area which can be observed in the microscope, which is
where scattering methods are at an advantage. However, con-©
versely, the study of local effects by scattering is problem- 0oL
atic; a combination of direct imaging and scattering is prob-
ably the best way to proceed. Thus far, due to the high
imaged plane velocity under shear mentioned above, direct 0.0 L.
study of the microscopic ordering process has not been pos-

sible. However, this could be addressed in future work by

using a cell in which both the top and bottom plates are () time (ms)
oscillated, so that a near-stationary plane may be brought
within imaging range of the microscope objective.
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FIG. 6. Correlation functiong),—1 from DWS-echo experi-
ments, on samples at volume fractio@ ®=0.585 and(b) ®
=0.57, at peak to peak straip=0.05.g,— 1 is normalized such
B. DWS-echo experiments that its value at the smallest decay time is 1. Two echaes,

DWS-echo experiments were carried out on samples Sgorrelations over one and two cycles of sheae shown. The insets
volume fractionsb =0.57 and 0.585. The uncertainty in the ;how the same data on a finer scale with broken axes, demonstrat-
volume fraction is typically+0.003. (Note that atb=0.57 "9 the peak shapes.
experiments are performed ometastable fluidamples; that
is, the samples are fully mixed before loading into the shear
cell, and the experiment is started immediately, no more thaof the correlation functiorwithout shear; thus we attribute
two minutes after loading. A =0.57 it is at leas2 h after  this to the small amount of Brownian motigne., thermal
loading before equilibrium crystals are observed in the abdiffusion) in the samples rather than to structural changes
sence of shearln each experiment the data are obtained byinduced by shear. Figure 7 shows the effect of increasing
averaging over a run lasting 5 min. At peak to peak strairstrain. In the case ob=0.585[Fig. 7(a)] the observed de-
v=0.05 the oscillation frequency is 100 Hz; at higher straincay remains approximately the same upye 0.2, support-
for the higher volume fraction the frequency is 60 Hz. ing the above interpretation that the small decay observed at

Plots of g,(7) —1 for the various volume fractions gt  low strains isnotinduced by the shear. By=0.3 we begin
=0.05 are given in Fig. 6. Ay=0.05 we observe a small to observe an additional, though still small, decay of the
decay of the echoes. The degree of decay is consistent widcho. By y=0.475 there is substantial decay: the first echo
approximate measurements of the decay over the same tintecays to about 0.7. We conclude that at this volume frac-
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able decay of the echo, and y=0.25 the echo has decayed
to 0.5. Thus the behavior of the samples is clearly strongly
dependent on volume fraction near the glass transition.

In very viscous systems such as the PMMA glasses, at
strains as high as 30%, fracture of the sample might be sup-
posed possible. In fact, as will be discussed in Sec. Ill C, in
the time-resolved light scattering experiments we do observe
possible evidence of fractuféhat is high strains localized at
“slip” planes) at higher volume fractionsp =0.599. How-
ever, atd=0.587 and 0.569, corresponding to the volume
fractions studied in the DWS-echo experiments, the time-
resolved light scattering experiments show no evidence of
such fracture. In fact approximate measurements of the ve-
locity profile in the sheared glass samples by optical micros-
copy show no evidence of any strong nonlinearity, at least in
the visible part of the sample near the {@pe abovg thus it
seems that the strains quoted for the DWS-echo experiments
(which assume a linear velocity gradient, i.e= A/h) are
meaningful.

The comparison of these data for PMMA hard-sphere par-
ticles with the observations of Hebrawd al. [1] for “soft
emulsion” glasses is interesting. First, a significant decay of
the echo and so significant shear-induced structural changes
were observed in the emulsions at much lower strééven
though the volume fractions were high#an in the PMMA
glasses. Furthermore, in the emulsions the fact that, after a
decay over the first cycle, subsequent echaes on longer
time scales did not decay any further, was interpreted as
indicating a “localized yielding” of the sample: those parts
which yielded irreversibly during the first cycle continued to
yield, whereas parts of the sample which strained reversibly
on a time scale of one cycle continued to strain reversibly
over many cycles. Unfortunately study and interpretation of
echoes over much longer time scales is more difficult in our
experiments due to the greater degree of thermal diffusion,
which leads on long-time scales to a substantial decay of the
echo independent of the she@ks mentioned, even at short-
time scales, e.g., one or two cycles, a small decay is visible,
as in Fig. 6) In the emulsion systems volume fractions were
typically ~70-80 % and thermal diffusion nearly com-
pletely absent. Of course the effectively nondeformable

PMMA particles cannot be easily concentrated beyond about
®~64%, the random close packing fraction of hard spheres.
Careful measurement of and compensation for the decay of
correlation due to thermal diffusion might enable study of
=0.585, the frequency was actuafly- 25 Hz; for the purposes of Shear-induced yielding at longer time scales, but we have not
qualitative comparison we have rescaled he0.475 time values ~ attempted this so far. Precise measurement of the zero-shear
by 28, The error bars on the echo peak heights can be judged frofiorrelation function of the nonergodic glassy samples re-
the variation of echo height ie) for y=0.1 andy=0.2, as about duires repeat experiments to obtain a correct ensemble aver-
+0.03. age.

FIG. 7. Correlation functiong),—1 from DWS-echo experi-
ments on samples at volume fractiof@ ®=0.585 (=60 Hz)
and(b) =0.57 (f=100 Hz). Here we compare the first echo for
a range of peak to peak strains Note that fory=0.475 at®

tion, just above the glass transitich,=0.58, on length C. Time-resolved static light scattering

scales down to the order of a fifth of the particle radiie We now examine the shear-induced ordering behavior of
length scale sensitivity determined by the turbidity of thethe glasses and compare with the conclusions drawn from the
sampleg the hard-sphere glass strains approximately re-DWS-echo experiments. Time-resolved light scattering ex-
versibly up to peak to peak strains of at least 20% periments were carried out on samples at volume fractions
That the glass is able to strain reversibly up to 20—30 %D =0.569, 0.587, and 0.599. All experiments were carried
strain is somewhat surprising. The comparison with the beeut at a frequency of 5 Hz. Plots of the peak diode voltage
havior at® = 0.57, just below the glass transition, is striking (proportional to the scattered light intengitys time are
[Fig. 7(b)]. At ®=0.57, already byy=0.2 there is observ- given in Fig. 8, for each volume fraction at various strain
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FIG. 8. Photodiode peak voltag@roportional to scattered intensitgs a function of time in time-resolved static light-scattering
experiments for samples under shear at various volume fractions and peak to peak strains. Time is measured from the stafdof shear.
®=0.569,(b) ®=0.587, andc) ®=0.599. See text for discussion of the line&y &ndt® lines also shown.

amplitudes. In general we have not continued experimentsver, at the lowest strains we observe a somewhat different
for longer than 40—60 minutes due to the possibility of sedi-development of the scattering pattern. Typically to begin
mentation of the particles affecting the kinetics of thewith faint lobes are observed, only just visible against the
growth. fluid scattering, and ofteron the velocity axis aloneThe
Typically we observe the following features in the in- extent of these lobes around the velocity axis is usually much
crease of the scattered intensity. At early time there is asmaller than the initial extent of the lobes observed at higher
“induction” period of very slow (or nearly ng increase in strain. At later times the “off-axis” lobes also become vis-
intensity. Presumably this is related to the slow induction orible, but generally these remain less intense than the lobes on
nucleation of crystal order. Subsequently a fast increase dhe velocity axis. In addition, for the glasses there remains
intensity is observed. This increase occurs at about the sanadways significant scattered intensity around the “fluid” ring
time as the appearance in the scattering pattern of the strofgtween the bright lobes, indicating that ordering in the
“lobes” indicating the development of aligned, ordered glasses is not complete and parts of the sample remain fluid
structure (Fig. 3). For the higher strains, as they becomerather than crystal, at least up to the time scales of our ex-
brighter the lobes also quickly become less extended aroungeriments.
the scattering ring, presumably as more order is generated Differences with strain are apparent in the behavior of the
which is more nearly aligned with the velocity axis. How- measured intensity. The “induction” time; increases
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1400 . . . . nucleation theory a® increase in crystal volumér linear
increase in crystal sizes indicative of interface-limitedas
1200 | 4 opposed to diffusion-limitedgrowth, which is perhaps what
. we might expect given that the interlayer strain is driving the
é) 1000 L ordering process. On the other hand, an approximately linear
e increase followed by a slowing down might indicate a nucle-
@ 800 L ation “burst” and a subsequent ripening of touching crys-
° tals. However, given the semiquantitative character of the
£ measurement§.e., we have not subtracted scattering from
T 600 7 the fluid part of the sample, nor have we considered possible
5 effects of multiple scattering, ejcand the limited duration
T 400 L = of the experiments, we refrain from directly estimating or
3 . .
o interpreting growth exponents. At any rate the trend for
= o0l longer induction time followed by faster growth as strain
decreases is clear, and is observed at all volume fractions
studied.
Or | | ‘ | ] The apparent rate of increase of order in equilibrigim®.,

zero-shegrhomogeneous crystallization of PMMA suspen-
sions has been studied by Harland and van Meffef].
strain Growth is found to be faster at lowgplume fraction attrib-
uted to the idea that at a lower nucleation rate isolated nuclei

FIG. 9. “Induction” time for onset of fast growth of scattered n arow without competition. and arowth is not interfered
intensity, as a function of strain. Data from three volume fractionsC o 90 out competition, and gro S Not Intertere

are plotted on the same graph. The line illustrates @diall datg Wit by continuing rapid nucleation between existing grow-

of the functiont, = ty+ (y— y,) ~". The best-fit parameters obtained ing nuclei. A similar idea may apply to shear-induced nucle-
are y,=0.3 andn=—0.27. See text for discussion. ation at lower strains, where again we might expect a lower

density of nuclei. However, it is also possible that at high

sharply with decreasing strain. In Fig. 9 we plot the esti-strain more crystallites are nucleated further from precise
matedt; against strain for each volume fractidnwas esti-  orientation along the velocity axis; these crystallites will
mated by two methods: backward extrapolation of the steepcatter to either side of the velocity axis, and some of the
slope(i.e., late time portion of the curves to the time axis; scattered light will not be picked up by the diode on the axis.
and estimation from the crossing point of two straight linesThus the apparently slower growth at higher strains may be a
going approximately through the early and late time portiongesult of a strain-dependent distribution of orientations of
of the curve. Both methods of estimation give similar resultscrystallites. Unfortunately, a quantitative measurement of a
for the behavior oft; with strain; for clarity, Fig. 9 shows larger portion of the scattering pattern is more difficult due to
results only from the first method. We observe somethinghe requirement for a large-area detector with a wide range of
like a divergence ot; as strainy decreases toward some linear response. Most conventionéile., low-cos} video
critical valuey,. The results of the DWS-echo experiments cameras, for instance, have a linear range of at best 1.5-2
lead us to expect &, dependent on volume fractiocjgom-  decades, and are not suitable for a quantitative measurement.
pare the strains at which significant decay of the DWS echdt remains to study the evolution and strain dependence of
is first observed fo=0.585 and 0.57, Fig.)7 Given the the distribution of crystallite orientations in more detail in
small number of data points estimation ¢f separately for future work. Meanwhile, our interpretation of the kinetic
each volume fraction is difficult. Attempts to fit a function of measurements remains tentative. It is worth noting though
the formt;=ty,+(y—v.) " to the data for®=0.587 alone that calculation of quantities comparable to our measure-
demonstrated that the fitteg. was very sensitive to the start- ments from computer simulation of shear ordering in suspen-
ing estimate used for the least-squares procedure. Instead, sisns[18] ought to be straightforward, and should lead to
no more than an illustration, we have shown in the figure anore powerful tests of simulation models against experi-
line fitted toall data(i.e., from all three volume fractionsin ment.
any case the data from the samplesbat 0.587 are consis- At the highest volume fraction studied,=0.599, we ob-
tent with the observations from the DWS-echo experimentserve in many experiments not only the “lobe” pattern as in
at ®=0.585, that there is a peak to peak strajg  Fig. 3 but another hexagonal set of sharp peaks(not
~25-30 % below which crystal order cannot be inducedJobes, rotated by 30° relative to the lobe pattern. These
because the sample strains reversibly. peaks are generally much less bright than the lobes, and do

After “induction,” there are further differences in the be- not seem to increase in brightness very quickly. Moreover,
havior of the scattered intensity at different strain. At lowerthey generally appear within less than a minute of commenc-
strain, having waited a longer “induction” time, growth of ing the shear, even in those cases where the lobe pattern does
order now appears to be significanfigster In Fig. 8 we  not become visible for a long “induction” time. The orien-
have drawn lines corresponding to lingdotted linegandt®  tation of the six sharp peaks indicates the formation of hex-
(full lines) growth for comparison with the data. As can be agonal planes whose close-packed direction is oriepsed
seen, as strain decreases there is a tendency for the increadlel to (rather than perpendicular)tthe velocity axis. Such
of intensity to speed up from approximately linear in time toa pattern is normally observed in experiments at strains
approximatelyt® or even faster. In equilibrium classical >100% (and in steady shear experimentat y>100% the

0.2 0.4 0.6 0.8
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suspension is proposed to strain most easily via a “zigzag” IV. CONCLUSIONS
sliding motion of planes aligned with a close-packed
direction parallel to the velocity2,3]. Such a mixture | ;

; ) N - asses appear to deform reversibly undeeak to pea
of “low-strain” lobes and “high-strain” or “sliding layer” g PP y undee heak

q I iouslv ob qf PMMA gl oscillatory shear strains as high as 20-3@fé6 & =0.585,
order was also previously observed for a 1A g1ass aﬁust aboved,). Consistent with these experiments measure-
®=0.595 by Ackersor3]. Careful observations in our ex-

i oy X : ments of the “induction” time for shear-induced crystalliza-
periments indicate that there is no macroscopic flow or shapgon show a divergentlike behavior of the induction time as
distortion of the sample. Therefore, the most likely explanastrain is decreased toward-30%. At strains of y

tion of the apparent formation of high-strain-like order in a =30-70 %, measurements of the growth rate of crystal or-
low-strain experlment seems to be that the sample SUfferQer demonstrate a sensitive dependenc@pgrowth being
fracture. Slip or fracture between two adjacent planes wouldfaster(after longer induction timeat lower strain. This may
represent effectively bocally high strain(relative movement be an apparent effect due to the nucleation of crystallites
of the two planes of more than a particle diameter would bewith a distribution of orientations which is wider at higher
enough to make the local strain greater than 1)0%re-  strain. However, optical microscope studies are broadly con-
sponse to which the particles in planes near the “fault” sistent with an extended induction time during which little
would tend to order in the high-strain orientation. That weorder is observed, followed by quite fast appearance of near-
observe the high-strain peaks very early in the experimergomplete order in the imaged plane of the santplg. 4). At
(regardless of the apparent overg)l indicates that the frac- the highest volume fractions samples display a tendency to
ture may be due to the failure of the glass to relax quicklyfracture, generating both low-strain ordey<100%) and
enough the sharp stress applied when the shear is fircal high-strain order >100%). Finally, optical micro-
started. This idea is further supported by the observation th&icOPe observations show that the shear-induced order in
such high-strain peaks are never observed &t0.57, and PMMA g_lasses IS not qually perfect, vacancies and dls_loca-
only very seldom in experiments dt=0.585. In any case, tions being common. Given that crystallites nucleate inde-

this fracture effect deserves further study. It remains unclegh€ndently at different places, one would expect to f'n(‘j‘ local
-disorder where the growing nuclei meet and begin to “com-

to what extent fracturing is local, or is even possibly associ- » A high I densi 0 b |
ated with the surfaces of the cell. Direct observation andSte: igher nucleus density may also be partly respon-

measurement of velocity profiles by optical microscopys'ble for the slower observed rate of growth of order at

would perhaps be a useful approach. It remains diffic:ult,hlgher strain. R
A truly microscopic picture of the structural effects of

however, as discussed, e.g., in H&f, to measure the com- . . : N )
shear in concentrated colloidal suspensions is still lacking.

plete velocity profile at the amplitudes and frequencies inP h h byi detailed ! oi
volved here, due to the conflicting requirements of high reso- €Maps the most obvious route to a detalled structural pic-
ture on the scale of single particles is by computer model-

lution and wide field of view(such that micron-sized M detailed . ¢ simulati its. for i
particles may be resolved and tracked at high velocity acrogéng' ore detailed comparison of simulation results, for in-
a significant portion of the oscillation cygle stance with kinetic data from experiments such as those

Late-time behavior of the scattered intensity is somewhafi€scribed here, would enable better confidence in simulation
erratic. An example can be seen in Figa)gfor the lowest models. In experlments meanwhile, optical microscopy, in
strain,y=0.32, where at late time the intensity falls substan—partICUIar of suspensions under shear, would seem to have

tially. The late-time structural behavior of the samples hagreat potential for future development and exploitation.

been observed by microscopy to be complicdt&ld for ex-
ample the grains at different orientations start to interact,
causing sliding along grain boundaries and rather complex We thank M. E. Cates, P. Sollich, and J. P. Munch for
evolution of large-scale structure. Scattering experiments ofuseful discussions, and A. B. Schofield and V. Trappe for the
ten do not give very repeatable results at late times. Moresynthesis of the PMMA particles. M.D.H.'s work was
over late-time behavior of the samples may also be affectefinded by the U.K. Engineering and Physical Sciences Re-
by problems such as sedimentation. Given these points it isearch CouncilEPSRQ. The optical microscopy was car-
clear that further study is required before we may obtain aied out using equipment purchased with grants from the
reasonable picture of late-time behavior. Royal Society and from the EPSRC.

DWS-echo experiments show that colloidal hard-sphere
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