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Yielding and Rearrangements in Disordered Emulsions
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We use diffusing-wave spectroscopy to measure the motion of droplets in concentrated emulsio
subjected to a periodic shear strain. The strain gives rise to periodic echoes in the correlation functio
which decay with increasing strain amplitude. For a given strain amplitude, the decay of the echoe
implies that a finite fraction of the emulsion droplets never rearranges under periodic strain while th
remaining fraction of droplets repeatedly rearranges. Yielding occurs when about 4–5% of the drople
rearrange. [S0031-9007(97)03423-6]

PACS numbers: 82.70.Kj
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There are a number of soft materials that yield wh
subjected to a moderate shear stress. To a first appr
mation, the response of the material is elastic below so
yield stress and plastic above. Some of these mate
have a crystalline structure, and the yielding originates
the motion of dislocations [1–3]. But many other m
terials, such as concentrated emulsions and colloidal
pensions, foams, and clays, have an amorphous struc
and also exhibit a yield stress [4]. The origin of the yie
stress in these glassy materials is not well understood.

The structure of glassy materials typically evolv
extremely slowly at rest because the particles expl
restricted domains of space under the action of therm
fluctuations [5]. Flow dramatically changes the structu
forcing the particles to follow trajectories very differen
from the ones they explore under thermal fluctuatio
This leads to very strong nonlinearities in the mechani
properties, including yielding and cracking. Howeve
the particle trajectories associated with yielding in the
disordered systems have never been properly determin

In this Letter, we use diffusing-wave spectrosco
[6] (DWS) to probe the irreversible motion of drople
which accompanies yielding of concentrated emulsio
subjected to an oscillating shear flow. In the absen
of shear, DWS provides accurate information about
Brownian motion of particles which multiply scatter ligh
In concentrated glassy emulsions, however, Brown
motion is suppressed because of the crowding of dropl
and very little droplet motion is observed. The applicati
of shear flow causes emulsion droplets to move, howe
and this motion can be detected using DWS [7]. F
oscillating shear flow, one expects the motion of t
emulsion droplets to be elastic and largely reversi
for sufficiently small amplitude strains. For strains lar
enough to cause the emulsion to yield, however, o
expects there to be irreversible droplet movements. T
key is to distinguish the irreversible droplet movemen
from the large background of reversible motion in a
oscillating shear flow. We accomplish this by detecti
0031-9007y97y78(24)y4657(4)$10.00
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“echoes” in correlation functions measured using DW
Our method is described below.

In DWS, one measures the temporal decay of the int
sity autocorrelation function of the multiply scattered lig
[6]. The correlation function is sensitive to very small rel
tive motions of the scatters and completely decays wh
the scattering particles move a small fraction of the wav
length of light. Thus, in an oscillatory shear flow, the co
relation function decays very rapidly upon the applicati
of a straining motion. If the straining motion is reverse
however, the correlation function will fully recover to it
initial value and an “echo” will be detected, provided ea
scatterer returns precisely to its initial position after o
period. In fact, for a perfectly elastic system, a train
echoes would be observed at integral multiples of the
riod. By contrast, if each application of the strain caus
some random fraction of the particles to rearrange a
undergo irreversible motion, then the height of each sub
quent echo will be diminished. The technique is remin
cent of NMR spin echo measurements where one pro
how spins return to their initial orientation under the actio
of a symmetric magnetic field pulse sequence. Here,
detect the positions of the scatterers, and not the spins,
the macroscopic strain plays the role of the magnetic fie

In these experiments, we study yielding in simp
concentrated emulsions consisting of hexadecane drop
in water, stabilized by sodium dodecyl sulfate at
concentration of 20 mM. These systems have be
studied intensively both by rheometry and by DWS f
samples at rest and are known to exhibit a yield stress
We prepared emulsions with a mean droplet radius ofa ­
0.9 mm and a polydispersity of about10%, as measured
by dynamic light scattering from a dilute suspensio
Samples with volume fractions of oil ranging fromfoil ­
0.67 to 0.92 were obtained by centrifugation.

We built a shear cell consisting of two parallel glas
plates with a variable gap. For most of our measureme
the gap was 2.0 mm. Oscillatory straining motion w
realized by moving the upper plate, mounted on
© 1997 The American Physical Society 4657
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precision translation stage, with a piezoelectric devic
The motion of the piezoelectric device could be amplifie
by a lever which enabled the device to achieve amplitud
from 1 mm to 1 mm at a frequency of approximatel
58 Hz. The glass plates were roughened by sandblas
to prevent slippage between the emulsion and the pla
We confirmed that the emulsions did not slip by visu
observation and by checking that we obtained identic
results independent of thickness. The roughening did
affect the light-scattering measurements, since the sam
was already highly multiply scattering.

For the DWS measurements, we used an Ar-ion la
and collected multiply scattered light in both the backsc
tering and transmission geometries [6]. A key feature
our technique was the use of a Brookhaven Instrume
BI-9000 correlator which allows one to specify the distr
bution of delay channels with great flexibility. For thi
experiment, this meant we could concentrate a high d
sity of linearly spaced delay channels in the few narro
regions of delay times that we were interested in, spec
cally, at those delay times where the echoes would app
(at integral multiples of the oscillation period).

Figure 1(a) shows a typical correlation function ob
tained for a sinusoidal strain of constant amplitude. T
correlation function decays and then exhibits very narro
echoes centered around multiples of the strain period.
Fig. 1(b), we show the shapes of the initial decays a
echoes for three different strain amplitudes. The initi
decay is caused by the affine motion of the particles, a
the decay time scales with the mean inverse shear r
Similarly, the widths of the echoes also scale with th
mean inverse shear rate.

The height of the echoes is determined by the fracti
of the sample which undergoes reversible motion.
all the scatterers were to exhibit a perfectly reversib
periodic motion under the periodic strain, the correlatio
function would return to its initial value after each
multiple of the oscillation period. To verify that this is
indeed the case, we performed measurements on la
particles included in a polymer gel. In this case, th
echoes recovered the amplitude of the initial decay
all strain amplitudes. By contrast, with emulsions, th
height of the echoes decreases as the amplitude of
strain is increased. Thus, the strain induces irreversi
rearrangements of the emulsion droplets.

The most surprising feature of the correlation functio
we measure is that, after the decay of the first ech
the amplitudes of the echoes remain constantfrom the
first to the sixteenth echo. This is observed for bo
backscattering and transmission measurements. T
observation has strong implications. First, it means th
there is a finite fraction of particles inside the samp
which follows reversible trajectories over many period
Second, it means that there is another finite fraction of t
sample which follows irreversible chaotic trajectorie
Third, it means that these two fractions of particles are d
joint sets. That is, the particles that rearrange between
4658
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FIG. 1. Normalized intensity correlation functions obtaine
from an 85% oil-in-water emulsion subjected to oscillator
shear strain. (a) Correlation function displayed using an a
with a linear delay time spacing. To obtain the maximu
delay, the correlator channels were set to measure only
initial decay and the first, second, fourth, eighth, and sixtee
echoes. Other echoes were omitted in order to devote
sufficient number of channels to each echo so that the e
heights could be accurately determined. Limitations in t
correlator design prohibit accumulating echoes at delay tim
greater than 32 000 times the fundamental sample time.
strain amplitude isg0 ­ 0.05. (b) Expanded view of the
echoes for different strain amplitudes:g0 ­ 0.01, top (circles);
g0 ­ 0.02, middle (triangles);g0 ­ 0.06, bottom (squares).
The solid lines through the data are computed from Eq.
for the different strain amplitudes without any adjustab
parameters except for the echo heights.

initial decay and the first echo are the only particles th
ever undergo rearrangements over the time scale of
measurements. If this were not so, anddifferent particles
underwent irreversible motions during the time betwe
the first and subsequent echoes, then the subsequent
heights would be lower than the first echoes. This is n
what we observe. Thus, we conclude that some drop
always exhibit chaotic motion, while the others alwa
exhibit purely periodic motion during oscillating shea
flow of a fixed amplitude. Such a state might be realize
for example, if there were domains of chaotic drople
acting as boundary grains in polycrystals.

In Fig. 2(a), we show the measured echo height a
function of strain amplitude. These data were obtain
using the backscattering geometry [6] for a samp
thickness of 3.0 mm. For a given oil concentratio
the echo height decreases monotonically with increas
strain amplitude. Thus, an increasing fraction of t
oil droplets undergoes irreversible rearrangements as
strain amplitude is increased.

At some critical value of the strain, we expect th
the emulsion yields. Thus, it is instructive to compa



VOLUME 78, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 16 JUNE 1997

t
e

b
o
b
ls
t
a

th
d
l

v
r
n
ia
h
l
n

e

c

o

re
n

o

nd

or

ity
n.

e
the

e-
ts,

ial

r
or
r
ent
in

on
the
of

on

le,

c-
to

ain
ence
The
rises
g-
,

om
la-
to
ed
his
a

nt is

ple.
FIG. 2. (a) Echo height (normalized tog2sT d with no shear)
obtained from backscattering measurements as a func
of strain amplitude for samples with four different volum
fractions of oil. The dashed line atg2sTd ­ 0.5 is used to
estimate the critical strains displayed in the lower plot. (
Comparison of the critical strain obtained from the decay
echo heights (solid symbols) with the yield strains obtained
rheological measurements in Ref. [4] (smaller open symbo
The solid symbols are obtained from estimates of where
decay of the echo heights falls to 0.5. The solid circles
obtained from the data displayed above in (a); the solid squa
in (b) are from data not displayed in (a) (for clarity).

mechanical measurements of the yield strain to
decrease in echo height with increasing strain amplitu
For this purpose, we plot in Fig. 2(b) the mechanical yie
strain measured by Masonet al. [4] from the crossover
between the linear elastic response and nonlinear beha
in oscillatory strain measurements. In the same figu
we also plot the strains at which the correlation functio
displayed in Fig. 2(a) have decayed to half their init
value. From the data in Fig. 2(b), we see that t
decrease in echo height with increasing strain sca
approximately with the yield strain. While the criterio
we use to estimate the yield strain is somewhat arbitrary
lends support to our expectation that these measurem
probe particle rearrangements that are associated with
yielding of the emulsion.

A more detailed analysis of our data allows us to ga
insight and to determine quantitatively the volume fra
tion of the chaotic domains. To this end, we write dow
the general expression for the electric field correlati
function for multiply scattered light [6]:

g1std ­
Z `

0
Pssde2xstdsylp

ds , (1)

wherelp is the transport mean free path of the scatte
light, Pssd gives the optical path length distributio
through the sample, andxstd is a function that depends
on the motion of the scatterers. The integration
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Eq. (1) has been performed for both backscattering a
transmission geometries [6]. For shear strain,xstd ­
fk0lpgstdg2y15, wherek0 is the wave vector of the light
andgstd the time-dependent macroscopic strain [7]. F
oscillatory shear strain, wheregstd ­ g0 sinsvtd, the
strain is not stationary, and we must integrate the intens
correlation function over all the initial values of the strai
Thus, we substitute

xst, t0d ­
1
15

fk0lpjgst 1 t0d 2 gst0djg2 (2)

into Eq. (1) and integratet0 over one oscillation period to
obtain the intensity autocorrelation function:

g2std ­
v

2p

Z 2pyv

0
jg1fxst, t0dgj dt0 . (3)

Performing this integration numerically, we obtain th
shapes of the decay of the correlation function and of
echoes. We have determinedlp (typically 100 mm) by
measuring the transmitted intensity [6]. We have also d
terminedlp independently from our DWS measuremen
as discussed below, and obtain consistent results.

For the transmission geometry, we find that the init
decay ofg2std is completely insensitive tolp, and depends
only on the strain amplitudeg0, as expected for shea
flow [7]. This allows us to compare the expression f
g2std calculated from Eq. (3) to the initial decay of ou
data without any adjustable parameters. The agreem
between the data and Eq. (3) is excellent, as shown
Fig. 1(b). The excellent fit confirms our earlier asserti
that there is no slip between the glass slides and
emulsions. It also confirms that on the time scale
the decay ofg2std, the flow is approximately affine. In
backscattering, the initial decay of the correlation functi
depends on the value oflp as well asg0. In this case, we
obtain excellent fits to all the data when we use the sing
strain-rate-independent value oflp determined from the
measurements of the transmitted intensity.

We can describe the full shape of the correlation fun
tions, including the decrease in echo height, by taking in
account three contributions: the oscillatory shear str
discussed above, the spontaneous decay in the abs
of shear strain, and shear-induced rearrangements.
spontaneous decay in the absence of shear strain a
from thermal motion of the emulsion droplets and is si
nificant only forfoil & 0.7 for our systems. In this case
the contribution toxstd is k2

0 kr2stdly3 [6] where kr2stdl
is mean square displacement of a droplet arising fr
Brownian motion and can be determined from the corre
tion function in the absence of shear. The contribution
the decay of the correlation function from shear-induc
rearrangements leads to an absorption-like term. In t
case, the probability for an optical path to scatter from
region that has suffered a shear-induced rearrangeme
expf2nFstdg, whereFstd is the volume fraction of the
sample that has rearranged after a timet andn the num-
ber of times the photon scatters in traversing the sam
4659
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Sincen ­ sylp, we see from Eq. (1) that rearrangemen
contribute toxstd by the addition ofFstd. This result
is exactly equivalent to the result derived previously b
Durian et al. [8] in order to describe spontaneous rea
rangements in foams driven by coarsening. The diffe
ence is that in this case, the rearrangements are driven
shear strain rather than occurring spontaneously. Th
including all three contributions, the full expression fo
xstd is

xstd ­
1
3

k2
0 kr2stdl 1

1
15

fk0lpjgst 1 t0d 2 gst0djg2

1 Fstd .

Substituting this expression into Eq. (3), and using t
fact that Fstd is constant over the width of an echo
we obtain excellent fits to both the initial decay an
to all the echoes, as shown in Fig. 1(b). Forfoil ,

0.7, we must take Brownian motion into account b
including the effective diffusion coefficientD determined
from equilibrium measurements. The only adjustab
parameter, then, isFstd, which is varied to obtain a good
fit to the echo height. The fact that the echo heigh
do not change after the first echo means thatFstd does
not change after one strain period, confirming our earl
argument that the droplets that rearrange between
initial decay and the first echo are the only drople
that undergo rearrangements over the time scale of
measurements.

In Fig. 3, we plot the volume fractionF of the emul-
sion which rearranges versus strain amplitudeg0. Data
obtained in transmission and backscattering are plotted
oil volume fractions from 0.67 to 0.92. As expected, th
softer emulsions, i.e., those with the smallestfoil, ex-
hibit the most rearrangements with increasing strain a
plitude. A more surprising feature of the data is that th
volume fractionF that undergoes irreversible rearrang
ments seems to increaselinearly with g0 for small g0

rather than quadratically. A quadratic dependence mig
be expected from the simple argument that the numbe
rearrangements should not depend on the sign ofg0. It
may be that aF does depend quadratically ong0, but
only at strain amplitudes too small for us to resolve (i.e
g0 & 0.01). Alternatively,Fsg0d may be nonanalytic at
smallg0. We also notice that forg0 & 0.05, the data ob-
tained from backscattering measurements are higher t
the data obtained from transmission measurements.
sual observations under a microscope rule out slippage
the wall. Thus, these data suggest that a greater frac
of the sample may be undergoing irreversible rearran
mentsnear the wall than in the bulk.

By comparing the yield strain as a function ofg0 by
measured Masonet al. [4] to our determination ofF
shown in Fig. 3, we estimate that yielding occurs whe
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FIG. 3. Volume fractionF of emulsion which undergoes
irreversible rearrangements as a function of strain amplitude fo
samples containing different volume fractions of oil droplets.
The shear strain causes droplets to rearrange more readily
the volume fraction of droplets decreases. The open symbo
were obtained from transmission data; the closed symbols we
obtained from backscattering data.

F , 4%, i.e., when approximately4% of the emulsion
droplets have undergone irreversible rearrangements.

We note that rearrangements are observed down tog0 ,
0.01, the smallest strain amplitudes for which we could
measure an appreciable decrease in the echo heights
g2std. Since there is no measurable decay ofg2std in our
experiments forfoil * 0.7, this means that the number of
rearrangements caused by shearing is greater than tho
resulting from thermal fluctuations wheng0 * 0.01. This
is consistent with a simple estimate of the critical straingc,
which equates the mechanical energy for such a strain
the thermal energy, i.e.,Gg2

ca3 . kBT , whereG is the
elastic shear modulus anda is the radius of a droplet.
Realistic values ofG [9] give gc , 1023 –1024.

We thank Dave Weitz for supplying the yield strain
data reported by Masonet al. in Ref. [4].
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