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We use a custom shear cell coupled to an optical microscope to investigate at the particle level the yielding transition in con-
centrated emulsions subjected to an oscillatory shear deformation. By performing experiments lasting thousands of cycles on
samples at several volume fractions and for a variety of applied strain amplitudes, we obtain a comprehensive, microscopic pic-
ture of the yielding transition. We find that irreversible particle motion sharply increases beyond a volume-fraction dependent
critical strain, which is found to be in close agreement with the strain beyond which the stress-strain relation probed in rheology
experiments significantly departs from linearity. The shear-induced dynamics are very heterogenous: quiescent particles coexist
with two distinct populations of mobile and ‘supermobile’ particles. Dynamic activity exhibits spatial and temporal correlations,
with rearrangements events organized in bursts of motion affecting localized regions of the sample. Analogies with other sheared

soft materials and with recent work on the transition to irreversibility in sheared complex fluids are briefly discussed.

1 Introduction

Concentrated emulsions are viscoelastic materials, whose re-
sponse to a mechanical perturbation depends both on the time
scale and the amplitude of the perturbation. !> For a small ap-
plied stress or strain, concentrated emulsions behave as a solid
on short time scales, but eventually flow as liquids on much
longer time scales. Similarly, a transition from a predomi-
nantly solid-like to a mostly liquid-like behavior is observed
when varying the amplitude of an applied strain, for example.
An elastic response is observed up to a critical strain, typically
a few percent, beyond which the emulsion yields and flows as
a fluid. This yielding transition has an obvious importance for
the countless everyday materials based on emulsions, e.g. in
the food and personal care industry.

At a more fundamental level, the yielding transition of
emulsions and other amorphous soft materials (concentrated
colloids, foams, clays, pastes) has been extensively investi-
gated as a prototypical manifestation of the (un)jamming tran-
sition? and to understand plasticity in amorphous solids. One
of the key question concerns the relationship between the rhe-
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ological behavior and the microscopic rearrangements that are
ultimately responsible for the macroscopic mechanical behav-
ior. While in crystalline solids it has been firmly established
that yielding is mediated by defects,*> identifying the micro-
scopic elementary events leading to flow in amorphous mate-
rials is more challenging, due to the their disordered structure.

Theoretical work has introduced the notion that localized,
non-affine rearrangements are the building blocks of the tran-
sition from elastic deformation to plastic flow, for example, in
the free volume approach of the flow defects of Ref. [6], or in
the shear transformation zones of Ref. [7]. Subsequent sim-
ulations 813 and experiments '“~!7 have confirmed that plastic
events are localized, focusing predominantly on the stationary
flow resulting from an applied constant strain rate.

The microscopic behavior of amorphous viscoelastic mate-
rials under an oscillatory shear has received less attention, in
spite of the fact that cyclic perturbations are widely used in
rheological ' and fatigue tests in material science. Hébraud
and coworkers!? have probed the microscopic dynamics of
concentrated emulsions under a sinusoidal shear deformation
using diffusing wave spectroscopy 2 (DWS), a dynamic light
scattering technique in the limit of strong multiple scattering.
The main finding of this work was that plastic rearrangements
are highly heterogeneous: the majority of the sample is de-
formed elastically and recovers its microscopic configuration
after a full cycle, while a small fraction of drops undergo ir-
reversible rearrangements. These rearrangements repeatedly
affect the same subpopulation of drops. As the applied strain,
7, is increased, the fraction of rearranged sample increases.
Quite surprisingly, at the yielding transition (as identified by
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rheology) more than 90% of the sample still behaves elas-
tically at the microscopic level. Petekidis et al.?! have ap-
plied the same method to glassy suspensions of colloidal hard
spheres. They also find heterogeneous plastic rearrangements,
but the populations of mobile and immobile (after one full
cycle) particles were found to evolve with time. As for the
emulsions, the fraction of particles undergoing plastic events
increases with 7. Interestingly, the sharpness of the yielding
transition was found to depend on colloid volume fraction, ¢@:
the higher ¢, the more abrupt the transition.

Although these works pioneered the investigation of the
yielding transition at a microscopic level, they suffered to
some extent from the difficulties inherent to the interpretation
of DWS data. The method provides information on the aver-
age microscopic dynamics, but provides no direct information
on the heterogeneous nature of the rearrangements. Various
assumptions have to be made, which cannot be verified inde-
pendently. For example, it is extremely difficult to discrimi-
nate between a partial loss of correlation of the scattered light
due to substantial motion of a small fraction of the sample,
or, conversely, stemming from more restrained displacements
affecting a larger fraction of the sample. Furthermore, no in-
formation on the temporal organization of the rearrangements
can be obtained, since the intensity correlation function mea-
sured in DWS usually needs to be averaged over time. This is
an important limitation, since numerical simulations 22 have
shown that rearrangements occur intermittingly in a three-
dimensional Lennard-Jones amorphous solid, a model system
for soft particles. In this respect, optically microscopy is an
attractive alternative to DWS, and it has been recently used
to probe the yielding transition under oscillatory shear in both
colloids? and emulsions?*. The authors of Ref. [24] focus
mainly on the motion of drops that do recover their initial posi-
tion after a full shear cycle; however, an interesting side obser-
vation that supports the conclusions of 1° is the fact that only a
small fraction of the sample undergoes irreversible rearrange-
ments, even close to the macroscopic yielding transition.

Oscillatory strain experiments have also been considered
under the perspective of the transition from reversible to ir-
reversible motion. In Ref. [21] it was already noted that cyclic
deformations may be fully reversible because the hydrody-
namics equations at low Reynolds number are invariant un-
der time reversal, leading to a ‘reversible viscous distortion’.
Experiments on relatively diluted, non-Brownian suspensions
have explored systematically this effect>>%, showing that a
transition exists between a low-y absorbing state where par-
ticles fully recover their initial position after one shear cy-
cle, and an irreversible state, where particles undergo diffusive
motion as the result of collisions with other colloids for large
enough strain amplitudes. In Refs. [25, 26] the hallmarks of
a second-order transition have been observed: the diffusivity
increases gradually beyond a critical strain 7}, separating the

reversible and irreversible regimes, and the time required to
attain a stationary state seemingly diverges as ¥ approaches 7.
from both below and above. Remarkably, a similar reversible-
irreversible transition has been reported recently for concen-
trated systems of interacting particles, both numerically?’
(three-dimensional Lennard-Jones glass) and experimentally
(grains?® and repulsive colloids in two dimensions2®). This
is particularly surprising given that in Refs. [25, 26] the re-
versible state is due to the absence of particle interactions at
small 7, an ingredient that is clearly missing in Refs. [27-29].
Quite intriguingly, the authors of a very recent experimental
study on a dilute system with long-range interactions3? reach
an opposite conclusion: a reversible-irreversible transition is
observed, but the transition is first-order. These contrasting
results indicate that our understanding of sheared amorphous
systems is still far from complete and calls for new investiga-
tions.

In this paper, we report on an optical microscopy study of
the dynamics of concentrated emulsions submitted to an os-
cillatory shear. We present data for five volume fractions,
from just above random close packing to ¢ = 0.88, where the
drops are highly compressed. For each ¢, we perform ex-
periments at a variety of strain amplitudes, both below and
above the yielding transition as inferred from rheology. Each
experimental run consists of several thousands of shear cy-
cles, thereby allowing a thorough investigation of the spatio-
temporal behavior of plasticity. Finally, microscopy observa-
tion are systematically compared to the results of rheologi-
cal tests, in order to establish a connection between the mi-
croscopic dynamics and the mechanical response across the
yielding transition. The rest of the paper is organized as fol-
lows: in Sec. 2 we describe the emulsion preparation, the shear
cell, and the image analysis procedure. Section. 3 presents our
results, which are discussed and summarized in Sec. 4.

2 Materials and methods

2.1 Emulsion preparation

We use oil in water emulsions, where the oil phase is poly-
dimethilsyloxane, PDMS (Petrarch) and the dispersing phase
a mixture of water and glycerol, to partially match the refrac-
tive index of the drops. The content of glycerol is fine-tuned
by optimizing the optical contrast for microscopy observa-
tions. Since the optical properties of the emulsions depend
on compression, different amounts of glycerol were added de-
pending on the emulsion volume fraction. For ¢ < 0.80, the
glycerol/water ratio is 40% w/w; it is 20% for 0.80 < ¢ <
0.85, while for the most concentrated emulsion (¢ = 0.88) the
ratio is 10%. The drops are stabilized by a non-ionic surfac-
tant. Various surfactants have been tested in order to achieve
good stability and avoid wall slip under shear. The best re-
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sults are obtained with TMN-10 (2,6,8 trimethylnonyl ethox-
ide, Union Carbide), at a concentration of 1.7% w/w in the
aqueous phase.

The emulsions are prepared as described in Refs. [31, 32].
The method consists of preparing a crude emulsion (‘premix’)
by slowly dripping PDMS in the aqueous phase in the pres-
ence of an excess of surfactant, while gently stirring. The pre-
mix is then sheared at a high strain rate (typically, 1500 s~ 1)
in a couette cell, to reduce the drop size down to 2.4 um, with
a relative size polydispersity of 20%, as measured by static
light scattering (Malvern Mastersizer). Solvent is added to re-
duce the surfactant to the desired final value, and the emulsion
is finally concentrated to the desired volume fraction by cen-
trifugation. The precise value of ¢ is determined by weighting
the fraction of oil left after evaporating the dispersing phase in
a vacuum oven operated at 70 °C.

2.2 Microscopy under shear and image analysis

We use a custom-made shear cell and a Nikon Eclipse TE-
2000 inverted microscope to visualize shear-induced rear-
rangements. The shear cell design is based on that by Pe-
tekidis et al.>' In brief, the sample is confined in a gap of
thickness e = 100 um between two parallel borosilicate glass
plates. The lower plate is a coverslip, the upper one a stan-
dard microscopy slide. To avoid wall slip, both plates are
roughened using wet sandpaper and lapping compounds, re-
sulting in a roughness of about 1 —2 um, as estimated by
optical microscopy. A small window of about 1 mm? is left
un-roughened on the coverslip, to allow for visualization. A
lever system allows the upper and lower plate to be moved in
opposite directions, with a stagnation plane located approx-
imately midway in the gap. A cyclic strain is imposed by
a piezoelectric actuator (PiezoMechanik GmbH), whose po-
sition controller is driven by a sinusoidal signal (frequency
f =1 Hz) issued from an ultra-low distortion function gener-
ator (Stanford Research Systems). The strain values quoted in
the following are obtained from y = yg/e, with yo the ampli-
tude of the relative motion of the two plates.

The shear cell is fixed on the stage of an inverted micro-
scope equipped with differential interference contrast (DIC)
optics and an oil-immersion 100x objective and oil-immersion
condenser. The depth of field is 0.5 um, much smaller than
the drop size, and the imaged plane lays about 10 um from
the coverslip. Images are taken with a Matrox Helios frame
grabber and a Dalsa Pantera TF 1M60 CCD camera, triggered
so as to take a strobed movie at one frame per shear cycle.
The image size is 1024 x 1024 pixels and the pixel size corre-
sponds to 0.12 um in the sample. Before any experiment at a
given strain and volume fraction, the sample is presheared at
a high strain, typically 250-300% at a frequency of 1 Hz. The
strain amplitude is then reduced to the target value and at least

300 cycles are imposed at the final y before starting the image
acquisition.

Figure 1(a) shows a representative image of an emulsion at
¢ = 0.65, the lowest volume fraction that was investigated.
Tracking the motion of individual drops is very difficult due
to size polydispersity and because the drop shapes in com-
pressed emulsions are not spherical. These difficulties could
be attenuated by using larger drops, but this would limit the
number of drops that can be visualized. We therefore use a
different approach and quantify motion using image correla-
tion velocimetry (ICV), a cross-correlation method similar
to particle imaging velocimetry.3* Each image is divided in
regions of interest (ROI) of size 32 x 32 pixels’; a displace-
ment vector Ar(R,z, 7) is assigned to a ROI centered in R by
maximizing the spatial cross-correlation between the intensity
pattern of the ROI at time ¢ and that of an image taken at time
t + 7. More precisely, Ar is obtained with sub-pixel resolution
by fitting the peak of Corr(A;R,¢,7) by a paraboloid, where

Corr(A;R,2,7) = (I(r,)[(r+ At +7))g —
<I(I‘,t)>R<I(I'—|—A,[+T)>R, (1)

where r is a pixel coordinate, A a spatial shift whose compo-
nents are integer numbers of pixels, and where (- - -) indicates
an average over pixels belonging to the ROI centered in R. In
the following, time will be expressed in numbers of shear cy-
cles and only the dynamics over one cycle will be discussed,
corresponding to T = 1 in Eq. (1). The red box in Fig. 1(b)
shows the size of one of the ROIs used by the image correla-
tion algorithm: it typically contains about three drops. As it
will be discussed in the following, even at the largest applied
strains the typical displacements over one shear cycle are rel-
atively small, of order 0.2 um. The yellow line in Fig. 1(b)
visualizes such a displacement in the y direction. In principle,
one may distinguish between motion along the direction par-
allel or perpendicular to the imposed strain (x and y, respec-
tively). We find no significant difference between the dynam-
ics in the two directions, as also seen for colloids in Ref. [23]:
in the following we discuss the results for the y component
of the displacement, which would be zero in the absence of
plastic rearrangements, even if the images were not perfectly
strobed with the shear cycle. By inspecting the results ob-
tained for very low applied strains, where no irreversible re-
arrangements are expected to occur, we estimate the error on
the determination of the ROI displacement to be on the order
of 0.05 pixel at most.

3 Results

We start by discussing the macroscopic mechanical behavior
of the emulsions !, as measured by oscillatory rheology in a
50-mm cone-and-plate geometry. Figure 2 shows the strain
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Fig. 1 (a) DIC microscopy image of an emulsion at ¢ = 0.65. The
field of view is 122.9 x 122.9 um?. The long-range intensity
modulations are due to the illumination through a roughened
microscopy slide. (b) zoom on a portion of the image shown in (a):
the drops are clearly visible. The red square shows the size

(3.84 x 3.84 m?2) of the ROIs used to measure the drop
displacements by an image correlation algorithm. The yellow line
corresponds to the y component of the rms drop displacement after
one shear cycle, for the largest applied shear amplitude, ¥ = 7.88%.

dependence of the elastic, G', and loss, G”, moduli, mea-
sured at an oscillation frequency f = 1 Hz. Although we show
here data for a single volume fraction, ¢ = 0.83, qualitatively
similar behavior is observed for the whole range over which
experiments were performed, 0.64 < ¢ < 0.88. As the ap-
plied strain increases, G” grows, indicating that dissipative
processes, presumably due to drop rearrangements, become
increasingly likely. However, the emulsions retain an overall
solid-like behavior, with G’ larger than G” and only weakly
dependent on Y. Beyond a few percent of applied strain am-
plitude, G’ drops significantly and G” grows until G = G” at
a ‘fluidization’ strain ¥% ~ 20%. For 7y > ¥, both moduli de-
crease with strain, but the loss modulus dominates, indicating
fluid-like behavior. It should be emphasized that the transition
from solid-like to fluid-like behavior is a very smooth one,
extending over at least one decade in strain amplitude. Be-
cause of its smooth nature, several alternative ways are rou-
tinely used to define the yielding transition in concentrated
emulsions. One criterion is based on the crossing point of the
moduli, Y, introduced above. A more stringent criterion is to
identify the strain amplitude beyond which significant devi-
ations from the linear regime are observed. To this end, we
show in Fig. 2 the y dependence of the shear stress o mea-
sured during the imposed strain sweep (open circles and right
axis). Two power-law regimes are clearly visible, as evidenced
by the straight lines. The crossover between the initial linear
regime and the large-7, sublinear growth of the stress defines
a rheological yield strain, ¥, = 6.4%, which occurs substan-
tially earlier than the fluidization crossover.

In order to investigate the yielding transition at a micro-
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Fig. 2 Left axis and solid symbols: shear moduli vs. strain
amplitude y, measured by oscillatory rheology at a frequency of 1
Hz, for an emulsion at volume fraction ¢ = 0.83. The cross-over or
fluidization strain 7 is defined by the intersection of G’ and G
(black arrow). Right axis and open symbols: shear stress vs. y. The
rheological yield strain % is defined by the intersection of the two
lines describing the behavior of o at small and large strain,
respectively (blue arrow).

scopic level, we measure the displacement field over one shear
cycle, as a function of both emulsion volume fraction and
strain amplitude. We show in Fig. 3(a) y/(Ay?), the rms dis-
placement in the y direction, as a function of y for five emul-
sions with volume fraction ranging from ¢ = 0.65, just above
the jamming transition, up to ¢ = 0.88, where the emulsion is
highly compressed. Data are averaged over all ROIs and over
the duration of each experiment. A sharp increase of /(Ay?)
is observed beyond a ¢-dependent critical strain. This has to
be contrasted to the much gentler transition observed by rheol-
ogy (Fig. 2). For ¢ > 0.74, the transition is particularly abrupt.
For example, at @ = 0.74 /(Ay?) jumps by one order of mag-
nitude when the strain increases by less than 1%. For the sake
of comparison, we consider the variation of tané = G”/G’
around Y%, as tand is often used to characterize the transi-
tion from solid-like to fluid-like behavior.'® For the system
shown in Fig. 2, we find that tan § increases by a decade over
a much wider interval of strain amplitude, Ay ~ 16%. Inter-
estingly, the yielding transition detected at a microscopic level
becomes less sharp as the jamming transition is approached
from above. This can be seen in Fig. 3(a), where for the most
diluted sample a one-decade growth of 1/ (Ay2) occurs over a
strain interval of about 3%, three times larger than for sam-
ples at @ > 0.74. This suggests that the nature of the yielding
transition may depend on the distance from the jamming tran-
sition.

We define the microscopic yield strain ¥ as the strain be-
yond which the rms displacement exceeds 102 um (dotted
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Fig. 3 (a) Shear dependence of the rms displacement per shear cycle
in the y direction, perpendicular to the applied shear. Data are
labeled by the emulsion volume fraction. The dotted line is the
threshold used to define the microscopic yield strain, %. (b) Volume
fraction dependence of the yielding transition, as defined by various
quantities. The small open symbols are rheology data taken from
Ref. [1].

line in Fig. 3(a)). This threshold is chosen based on the behav-
ior of the more concentrated samples, and is then used at all ¢@.
The volume fraction dependence of ; is shown in Fig. 3(b),
together with the two yield strains defined from rheological
measurements, as discussed in reference to Fig. 2. Remark-
ably, we find that the yield strain inferred from microscopy
measurements agrees very well with ¥, defined by the onset
of non-linear behavior in the stress-strain relation. This re-
sult is particularly surprising given that the sharpness of the
transition is very different for microscopy and rheology. The
rheological yield strain %, has been shown to depend only
marginally on sample details (drop size, composition, etc.), as
shown by the open symbols in Fig. 3(b), taken from a compre-
hensive set of experiments by Mason et al..! This suggests that
the behavior observed in our microscopy experiments should
be quite general. It should be noted that at all volume frac-
tions 7, is much smaller than the rheological cross-over strain
Y. Thus, a substantial increase in drop motion occurs well

before the sample is actually fully fluidized.

Fig. 4 Difference between two successive strobed images: regions
where motion occurred show up as features brighter or dimmer than
the average background, while immobile regions are featureless. For
each sample, the applied strain is just above the yield strain .

While Fig. 3 quantifies the strain and ¢ dependence of the
average dynamics, our microscopy experiments allow us to in-
vestigate in detail both the spatial and temporal distribution of
the rearrangements responsible for the drop displacement. A
convenient way to visualize the regions that have undergone
rearrangements over one cycle is to inspect the difference be-
tween a pair of successive strobed images. Figure 4 shows the
result of such image subtraction for two representative vol-
ume fractions and for strain amplitudes just above ¥,. Regions
where no motion occurred appear identical in the pair of im-
ages, yielding patches of uniform grey level in Fig. 4. By con-
trast, rearranged regions show up as contrasted zones, whose
intensity changes from bright to dark along the contour of a
displaced droplet. It is clear that the drop motion is spatially
heterogenous, with islands of mobile particles separated by
quiescent patches.

To investigate quantitatively the heterogeneity of the dy-
namics hinted to by the images of Fig. 4 , we calculate the
probability distribution function of the drop displacement over
one cycle, P,(Ay). Figure 5(a) shows P, for a sample at ¢ =
0.74: its features are representative of all samples at ¢ > 0.74,
for which the yielding transition is very sharp. We find that
positive and negative displacements are equally likely; we
therefore plot the data against |[Ay|. Two well-separated sets
of curves are visible. For strains smaller than the yield strain
(solid symbols), the pdf’s decay very rapidly to zero, imply-
ing that most of the drops are essentially quiescent. This is
also shown in Fig. 5(b), where we plot the cumulative distri-
bution function, Cy(|Ay|) = folAyl Py(u)du. For y < %, = 6.32%,
98.5% or more of the drops move by less than 0.024 um, i.e. a
mere one-hundreth of their size. By contrast, for ¥ > ¥, (open
symbols), motion on a much larger length scale is observed.
As seen in Fig. 5(a), above the yield strain the pdf’s are char-
acterized by a two-step shape, with two distinct decays that
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Fig. 5 (a) Probability distribution function of the drop
displacements over one shear cycle, in the direction orthogonal to
the applied strain, for an emulsion at ¢ = 0.74. Curves are labeled
by the amplitude of the applied strain. Solid (resp., open) symbols
refer to y below (resp., above) the yield strain .. (b) Cumulative
distributions obtained by integrating the probability distributions
shown in the top panel.

appear as straight lines in a semilog plot. Thus, two popu-
lations of particles with different mobility coexist, which we
shall refer to as the ‘mobile’ and ‘supermobile’ particles, each
population being characterized by a nearly exponential distri-
bution of displaments. It should be noted that a non-negligible
fraction of particles still remain almost quiescent. Indeed, the
cumulative distributions of Fig. 5(b) reveal that at y = 7.21%,
just above the yielding transition, more than a third of the par-
ticles (34.6%) move less than 0.024 um, the restrained dis-
placement typical of the vast majority of drops below ¥,. Even
at the largest applied strain, ¥ = 12.02%, more than 10% of
the particles remain essentially quiescent. The persistence of
a fraction of immobile droplets is consistent with the quies-
cent patches observed, at all strains, when subtracting pairs
of consecutive images, as in Fig. 4. It is also consistent with
previous experiments by both DWS '® and microscopy. 2*

Figure 5(a) reveals the origin of the continuous growth of
the rms displacement beyond the yielding transition seen in
Fig. 3(a). As ¥ increases, two concomitant mechanisms lead
to a larger average displacement. On the one hand, the typical
displacement of the mobile particles grows, as indicated by the
flattening of the first decay in the pdf’s. On the other hand, the
fraction of supermobile particles increases, while their char-
acteristic displacement remains roughly constant, as indicated
by the fact that the large-|Ay| tails of the distributions have
nearly the same slope but are shifted upwards with increas-
ing 7y. By fitting the tail of the pdf’s to an exponential decay,
P, ~ exp(—|Ay|/As), we find the characteristic displacement
of the supermobile particles to be A; = 0.31 um, where the
quoted value has been obtained by averaging the results for
Y > 7.7%, which exhibit little variation with y. Such a dis-
placement corresponds to about 13% of the average drop size.

Ay| (um)
» 0.0 0.5 1.0 1.5 2.0
IOYTTY{YYTT{TYTT{TTT
E —=—02% —<— 1.58% —o—3.94%
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Fig. 6 (a) Probability distribution function of the drop
displacements over one shear cycle, in the direction orthogonal to
the applied strain, for an emulsion at ¢ = 0.65. Curves are labeled
by the amplitude of the applied strain. Solid (resp., open) symbols
refer to y below (resp., above) the yield strain ¥,. (b) Cumulative
distributions obtained by integrating the probability distributions
shown in the top panel.
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Figure 6 shows the probability (a) and cumulative (b) distri-
butions of the drop displacements for the most diluted sample
(¢ = 0.65), for which the least sharp yielding transition was
observed in Fig. 3. Consistent with a gentler transition, we
find that both P, and Cy, evolve in a more continuous way with
7, as compared to the sample at ¢ = 0.74 shown in Fig. 5: no
clear separation in the two family of curves is observed. For
the sample at ¢ = (.70, the behavior is intermediate between
those shown in Figs. 5 and 6 (data not shown). In spite of the
differences for y < 9, the behavior beyond the yielding tran-
sition is very close for all samples, including the most dilute
one shown in Fig. 6. Again we find that quiescent particles
coexist with two distinct populations of mobile and supermo-
bile droplets. Similarly to the case of the sample at ¢ = 0.75,
the typical displacement of the supermobile particles is insen-
sitive to the amplitude of the applied strain, while the fraction
of supermobile particles increases with 7, until the pdf exhibits
almost a single exponential decay, for the largest y. From an
exponential fit to the tail of the pdfs’ at large y, we obtain
As = 0.35 um, comparable to the typical displacement of the
supermobile particles measured at ¢ = 0.74.
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Fig. 7 Solid symbols: fraction fsy, of the “supermobile” drops,
whose displacement falls in the the exponential tail of the
probability distribution Py, as discussed in the text. The abscissa of
the open points correspond to the rheological crossover strain %,
where the sample is fluidized. The dotted lines are guides to the eye,
consistent with the hypothesis that full fluidization may occur when
all drops are supermobile, i.e. for fiy = 100%.

From a similar analysis performed on the pdfs for all in-
vestigated @, we find that the typical displacement of the su-
permobile particles is A; = (0.26 4-0.07) um, where the av-
erage and the uncertainty are calculated over all experiments
at large strain, regardless of ¢. Quite intriguingly, the aver-
age A is about 11% of the drop size, close to the amplitude
of particle motion leading to the melting of a crystalline solid
according to Lindemann’s criterion®3, for which the typical

threshold is around 15% of the particle spacing. Although the
supermobile particles are just a small fraction of all drops at
the yielding transition, their relative number increases rapidly
as ¥ exceeds ¥ (see the raise of the tails of P, in Figs. 5(a)
and 6(a)). The question naturally arises as whether the full
fluidization of a sheared emulsions occurs when all (or at least
the majority of) the particles are supermobile, which would
constitute an analogous of the Lindemann’s criterion for an
amorphous solid. To test this idea, we plot as solid symbols
in Fig. 7 the fraction of supermobile particles, as a function of
the amplitude of the applied strain, where a particle is taken
to be supermobile if its displacement over one shear cycle ex-
ceeds A;. We add to the plot the points that would correspond
to a full fluidization when all particles are supermobile (open
symbols): by definition, their ordinate is 100%, while their ab-
scissa is ¥, the fluidization strain beyond which G” > G’. The
dotted lines are a guide to the eye, connecting the solid and
open symbols. While our experiments do not allow this exten-
sion of Lindemann’s criterion to be definitively confirmed, the
data are sufficiently compelling to call for more experiments
in a wider range of applied strains.
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Fig. 8 Temporal evolution of Ay, measured for 30 ROIs aligned
along a vertical line spanning the whole height of the microscopy
images. Data for ¢ = 0.7 and y = 6.25%, just below the yielding
transition. Each curve has been offset by 0.04 um with respect to
the previous one for visibility.

We now turn to the spatio-temporal organization of the
droplet motion. Figure 8 shows a set of time series of the
drop displacement, Ay(z,R), measured in 30 ROIs whose cen-
ter R is aligned along a vertical line spanning the whole height
of the microscopy images, for a sample at ¢ = 0.7 and for
Y = 6.25%, just below the yielding transition. Two features
strike the eyes: on the one hand droplet motion is not continu-
ous in time, but rather proceeds by intermittent bursts of activ-
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ity followed by quiescent periods. On the other hand, regions
with correlated dynamical activity extend over several ROIs,
since the time series for nearby ROIs exhibit a similar behav-
ior. We go beyond this qualitative observations by measuring
both the temporal and spatial correlations of the dynamics.
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Fig. 9 (a) Time autocorrelation function of |Ay(z)|, for a sample at
¢ = 0.74 and for the three strain amplitudes shown in the label. ¥ is
well below, just below and well above the microscopic yield strain
Y, respectively. (b) Strain dependence of the characteristic time of
¢(1), for samples at ¢ < 0.82, as indicated by the label. The
autocorrelation functions for ¢ = 0.88 are too noisy for a relaxation
time to be extracted reliably. The arrows indicate the location of the
microscopic yielding transition.

Temporal correlations are quantified by calculating

c(7) = ((|ay(t, R)[|Ay(z + 7, R)[), ) g 2

where (---), and (- - -)x indicate averages over the experiment
duration and the ROI location, respectively. Note that we cal-
culate the autcorrelation of the absolute y displacement, rather
than that of Ay itself. This is because we aim at capturing
the duration of the activity bursts, better seen when the rapid
and chaotic fluctuations around 0 of the displacement are sup-
pressed. We find that ¢(7) still contains significant noise con-
tributions at time lags T = 0 and 7 = 1. We thus neglect the

first two points of ¢(7) and study the normalized time auto-
correlation function, defined as ¢(t) = ¢(7)/c(2), for T > 2.
Typical examples of ¢ are shown in Fig. 9(a), for ¢ =0.74 and
three strain amplitudes, well below, near to, and well above the
yielding transition, respectively. We extract the characteristic
decay time of the autocorrelation function, which we identify
with the typical burst duration 7, from

1T
Ty = ﬁ/z c(t)dr, 3)

where T is the smallest delay for which ¢ has decayed below
0.1. The strain dependence of 17y, is shown in Fig. 9(b), for
various ¢. For the largest volume fraction, ¢ = 0.88, ¢ decays
very rapidly to a noisy base line, thus making our normaliza-
tion procedure difficult to apply and preventing 7, for being
calculated. Overall, 7, is quite large, from several cycles to
more than 100 cycles: this highlights the need of performing
long experiments in order to fully capture the temporal be-
havior of the rearrangements. On the other hand, the burst
duration remains finite: this rules out the hypothesis that a
given fraction of the drops are always immobile, while some
of them are always rearranged, as proposed in the DWS ex-
periments of [19]. It should be noted however that in Ref. [19]
the average dynamics could only be measured over a period
of 16 cycles: in most cases such a reduced time span is com-
parable to or shorter than 7,, which would explain why the
populations of mobile and immobile particles did not seem to
be exchanged over time in the DWS experiments.

Spatial correlations of the dynamics are investigated by in-
specting how similar are the displacement time series recorded
in two locations of the sample, as a function of the location
separation Ar. We introduce the un-normalized spatial corre-
lation G4(Ar), similar to those used to analyze heterogeneous
dynamics in glass formers and granular media>®, and defined
by

Gs(Ar) = {(AYRDAYRFALD), ). (@)

Note that G4 compares not only the magnitude of the displace-
ment, but also the direction along which it occurs, since the
correlation is calculated for the y component, rather than for
the modulus of the displacement. Thus, G4 quantifies spatial
correlations in a rather stringent sense, rather than just dynam-
ical activity. We find that G4 does not depend on the orienta-
tion of Ar, i.e. that spatial correlations are isotropic, consistent
with the observation that the plastic dynamics observed in our
experiments are independent of the shear orientation. In the
following we thus report the azimuthally-averaged G4, which
we normalize by calculating

84(Ar) = a[Ga(Ar) —b]. (5)

The coefficients a and b are chosen such that g4(Ar — 0) =1,
g4(Ar — ) = 0. In practice, b is obtained as the mean value
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of G4 for Ar > 96 um, while a is obtained as the 0-th order
term in a cumulant fit37 to G4 — b:

In[G4(Ar) — b] = Ina— EAr + T (Ar)?. (6)

10 UL

At larger @, by contrast, &, grows significantly as the applied
strain approaches the yield value, where spatial correlations
may extend up to 20 particle sizes. At even larger strain, &,
decreases. Inspection of movies of the strobed images reveal
the origin of this non-monotonic behavior. As 7 is increased,
coordinated motion of increasingly large patches of particles
is observed, until essentially all the sample moves, but in an
increasingly disordered way at very high .

[
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4 Discussion and conclusions
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Fig. 10 (a) Spatial correlation of the dynamics (y component), for a
sample at @ = 0.88 and for the three strain amplitudes shown by
labels. 7y is well below, nearly at and well above the microscopic
yield strain }, respectively. (b) Strain dependence of the correlation
length of the dynamics, obtained from fits to g4. Data are labeled by
¢. The arrows indicate the location of the microscopic yielding
transition.

Figure 10(a) shows g4 for the most concentrated sample
(@ = 0.88), for three strain amplitudes well below, nearly at,
and well above the yielding transition, respectively. At both
small and large applied strain, the dynamics are correlated
over a few microns, a distance comparable to a couple of drop
sizes. By contrast, much long range spatial correlations of the
dynamics are observed close to the microscopic yield strain.
To test the generality of this behavior, we show in Fig. 10(b)
for all samples the y dependence of &, the characteristic range
of the spatial correlations obtained from cumulant fits, Eq. (6).
For ¢ < 0.74, the behavior of éy is very different from that
inferred from Fig. 10(a): at the lowest volume fractions, the
range of correlated motion remains modest and quite insen-
sitive to ¥ over the full range of applied strain amplitudes.

The first important finding of our experiments is the steep
increase of the drop mobility over a restricted range of ap-
plied strains, shown in Fig. 3(a), which contrasts with the
very smooth yielding transition observed by rheology (Fig. 2).
This behavior likely depends on the fact that, in a compressed
emulsion, local motion of a few drops is inevitably propagated
elastically to a large number of neighbors. This would favor
a nearly on-off behavior, where either the sample is (almost)
quiescent everywhere, or it is significantly rearranged (almost)
everywhere. Two observations support this view. First, as ¢
decreases, the transition become less sharp, presumably be-
cause this mechanism is less efficient just above random close
packing, where elastic propagation of a local rearrangement
is screened. Second, a similar trend was reported for sheared
colloidal glasses. ! It should be noted that the colloidal glasses
of Ref. [21] were prepared at lower volume fractions than our
emulsions. Consistent with the proposed scenario, the yield-
ing transition is found to be overall smoother for colloidal
glasses than in the experiments reported here. In spite of the
differences in the sharpness of the microscopic and rheologi-
cal yielding transitions, the two critical strains, %, and %, ob-
tained from the two techniques agree remarkably well. This
result appears to be robust with respect to the criterion used to
define the microscopic yield strain, since a similar conclusion
was also reached by analyzing the DWS intensity correlation
functions in Ref. [19]. It should be emphasized that ¥, is much
smaller than the fluidization strain ¥%: substantial plastic rear-
rangements occur well before the sample flows.

Another important finding is the fact that the dynamics are
heterogenous, with almost quiescent particles coexisting with
mobile particles. Indeed, as discussed in reference to Figs. 5
and 6, a significant fraction of drops undergo very restricted
motion even around or above the yield strain. This is con-
sistent with the interpretation of the DWS measurements pro-
posed in Ref. [19]. However, the microscopy experiments al-
low a more refined picture of the drop dynamics to be drawn.
A very peculiar distribution of the amplitude of the drop mo-
tion is seen, as evidenced by the exponential tails of P, in
Figs. 5(b) and 6(b). We recall that for diffusive motion P,
should be Gaussian, a behavior clearly incompatible with our
data. Exponential tails in the pdf’s of the displacement have

This journal is © The Royal Society of Chemistry [year]
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been consistently observed in glassy and jammed systems, e.g.
in sheared foams, 38 grains, 39 and colloids, 23 and even in sim-
ulations of molecular glass formers.*? A general mechanism
has been proposed to explain these exponential tails,*? based
on the idea that particles undergo discontinuous jumps. This
picture seems compatible with the nature of the rearrange-
ments in our emulsions. However, the double exponential tail
measured here points to a more complex behavior, which will
need further experiments to be fully understood, for example
by studying systematically the spatial and temporal distribu-
tion of the supermobile particles.

The droplet dynamics show complex spatio-temporal orga-
nization. While such heterogenous behavior is overall consis-
tent with what inferred in Ref. [19], an important difference
concerns the life time of the active regions, which in the op-
tical microscope experiments is found to be finite, albeit very
long: 7, can be as long as hundreds of cycles, which high-
lights the necessity of performing experiments over a very
large number of cycles. Both the time scale and the spatial
range of dynamical correlations have a non-monotonic behav-
ior with ¥, reaching a maximum at a strain comparable to the
yield strain, except for the lowest @, for which little varia-
tion of 7, and &, is observed when varying 7. In recent sim-
ulations of a sheared Lennard-Jones glass,22 a monotonic in-
crease of the range of spatial correlations with y was reported.
Unfortunately, the largest tested strain, Y = 6%, was relatively
limited, so that it is difficult to conclude as whether or not
a non-monotonic behavior would be observed at even larger
strains. Non-monotonic spatial correlations as a function of
¢ have been also reported for the spontaneous dynamics of
colloids close to jamming*!'. Close to random close packing,
spatial correlations of the dynamics extend over a few parti-
cles at most, similarly to Ref. [22] and in analogy to the dy-
namics of other glassy or jammed systems, both driven and at
rest.’® As ¢ grows, the range of spatial correlations signifi-
cantly grows, as seen in Fig. 10(b). The same trend, with sim-
ilar values of & (expressed in numbers of drops) was observed
in Ref. [16]. This analogy is remarkable, given that the exper-
iments of Goyon et al. are performed in a steady flow regime,
where in our case the largest &, are measured around %, when
the sample has still a predominantly solid-like behavior.

Finally, it is interesting to consider the experiments pre-
sented here from the perspective of the ongoing debate on the
transition from reversibility to irreversibility in driven com-
plex fluids.?>—3%42 A first point to keep in mind is that no
fully reversible state is actually observed here, since even at
the lowest applied strains some dynamics are observed. This
is also true, at least on a finite time scale, for most of the work
on systems of interacting particles where the existence of a re-
versible regime was advocated.?’-3? This has to be contrasted
with the experiments on dilute, non-interacting particles, >>-2°
where a genuine fully reversible state was observed. Concern-

ing the nature of the transition, for our system we find con-
trasting results according to ¢. Close to random close packing,
the smooth increase of the average drop displacement and the
continuous evolution of P, with y are suggestive of a second
order-transition, but no strong growth of temporal and spa-
tial quantities is seen around the transition, in contrast to the
findings of Refs. [25, 26]. At higher volume fraction, both 7,
and &, grow significantly when approaching the yielding tran-
sition, but the partitioning between mobile and (almost) im-
mobile particles and the sharpness of the transition are rather
suggestive of a first-order transition, as in Ref. [30]. Overall,
it seems that the nature of the yielding transition depends on
the distance from the jamming transition and that the analogy
with the transition to irreversibility discussed for diluted sus-
pensions 2>2% may be of limited relevance.

Several questions are left open by the work presented here
and will deserve further investigation. The existence of a Lin-
demann’s criterion for amorphous solids discussed in relation
to Fig. 7 is appealing, but certainly needs additional exper-
iments at larger ¥ to be fully assessed. A second research
direction would be exploring the dependence of the dynam-
ics on time delay, 7. While exploring motion after one full
shear cycle, as discussed here, is an essential starting point,
particularly relevant for the comparison with rheology data, it
is clear that much is to be learned by analyzing how particle
displacement grows with time. A related question concerns
the length scale dependence of the dynamics. While numer-
ical works generally suggest that plastic rearrangements lead
to diffusive dynamics, very recent experiments on a sheared
colloidal polycrystal have shown that the network of defects
relaxes ballistically under an oscillatory shear.*3 It would be
interesting to investigate the nature of the dynamics in con-
centrated emulsions, for which ballistic dynamics have been
reported in the past for a sample submitted to compressional
stress in a centrifuge. **
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A microscopic investigation of the yielding
transition of concentrated emulsions

unveils a rich scenario as drop concentration and
shear amplitude are varied.



