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Abstract

We report x-ray photon correlation spectroscopy (XPCS) experiments on a series of concentrated
oil-in-water nanoemulsions with varying droplet volume fraction subjected to in situ steady-state
large-amplitude oscillatory shear (LAOS). The shear strain causes periodic echoes in the x-ray
speckle patterns that lead to peaks in the intensity autocorrelation function. Above an onset strain
amplitude that depends on nanoemulsion concentration, the peaks become attenuated, signaling
spatially heterogeneous, shear-induced droplet dynamics. These dynamics include irreversible re-
arrangements among the droplets that occur in some regions of the nanoemulsions during a given
shear cycle and residual strain-like displacements in those regions that do not re-arrange. The
wave-vector dependence of the peak attenuation indicates a power-law distribution in the size
of regions undergoing shear-induced rearrangement that is similar to that observed previously in
LAOS-XPCS measurements on concentrated nanocolloidal gels. The values of the onset strains for
re-arrangement correlate with the concentration-dependent macroscopic yielding behavior of the
nanoemulsions. Specifically, they occur below the strains at which the nanoemulsions become ef-
fectively fluidized and, except for the lowest concentration nanoemulsion in the study, significantly

above the threshold strain for nonlinear rheological response.



I. INTRODUCTION

Emulsions are part of a broad class of multiphase colloidal dispersions. Oil-in-water na-
noemulsions consist of nanoscale oil droplets dispersed in water along with surfactant to
prevent droplet coalescence. At low droplet volume fractions ¢, the droplets freely diffuse,
and the nanoemulsions are viscous fluids. At high ¢, the droplets can become jammed in an
arrested amorphous packing. Such concentrated nanoemulsions possess viscoelastic proper-
ties in which they display an elastic limit beyond which applied stress causes yielding!. While
conventional rheological measurements can characterize the bulk mechanical signatures of
yielding, they give no direct information about the droplet rearrangements that underlie
yielding. Such experimental information connecting microscopic structural dynamics and
macroscopic mechanical deformation is crucial to understanding the process of yielding?
and particularly its dependence on ¢. In this paper we address this need by using in situ x-
ray speckle measurements to characterize shear-induced droplet dynamics that occur under

large amplitude oscillatory shear (LAOS) in a set of concentrated nanoemulsions.

Stress-driven and flow-driven modifications of soft material microstructure have been
investigated extensively using in situ x-ray and neutron scattering® . The associated mi-
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crostructural dynamics, however, are less well studied experimentally
have been measured in concentrated emulsions with micrometer-sized droplets under LAOS
using diffusing wave spectroscopy (DWS)?!. In this study, peaks in the time autocorrelation
of the intensity of scattered coherent visible light were used to determine the fraction of
irreversibly displaced droplets during cycles of the oscillatory shear. The multiple scatter-
ing intrinsic in DWS rendered the technique sensitive to motion over effectively a single
length, and hence length-scale dependence of droplet rearrangements was inaccessible using
this measurement technique. Different than DWS-LAOS experiments, Huang and Mason
used time-resolved 2D-array detected angle-dependent laser light scattering to probe irre-
versible changes in the structure of concentrated emulsions of microscale droplets during
and after imposed LAOS flows, revealing memory effects and differing degrees of disorder

24,25 Microscopy has also been employed to track droplet

and order in droplet structures
motion in emulsions of micrometer-scale droplets under LAOS. In one such experiment,
Clara-Rohala et al. observed how large polydispersity in emulsions can promote non-affine

droplet displacements®®, while in another experiment Knowlton et al. tracked the shear-



induced heterogeneous dynamics and rapid increase in irreversible droplet displacements

associated with rheological yielding?”.

While these studies have provided insight into the microscopic dynamics underlying de-
formation and yielding of emulsions composed of micrometer-scale droplets, the relevance
of their findings to nanoemulsions is unclear. Indeed, nanoemulsions differ from emulsions
formed from micrometer or larger droplets in the relative importance of entropic, electro-

2830 To study the yielding of soft

static, and interfacial contributions to their elasticity
materials composed of nanoscale particles, optical techniques like DWS and microscopy are
insufficient. However, coherent x-ray scattering, which accesses the nanoscale structural dy-
namics, has recently been employed in measurements of yielding soft materials composed of
nanoscale particles subjected to LAOS3"32. This technique, which we call “LAOS-XPCS”,
is an extension of the coherent scattering method x-ray photon correlation spectroscopy
(XPCS), which in general is a powerful approach for measuring the dynamical evolution of
material microstructure relevant to rheology®3. XPCS is the x-ray analog of dynamic light
scattering (DLS), and it can characterize collective particle dynamics in a thermodynami-
cally large ensemble over a range of nanometer-scale lengths determined by the wave-vector
range of the measurement. In tandem with LAOS, XPCS measurements are therefore ca-

pable of extracting the length-scale dependence of shear-induced rearrangements during the

yielding process.

The principle of LAOS-XPCS was demonstrated recently in a study of the irreversible
microscopic restructuring of nanocolloidal gels under oscillatory shear®'. The idea of the
approach is the following: If a nominally static amorphous sample is subject to an oscillatory
shear strain in an XPCS measurement, the motion of the particles due to the strain will
change the speckle pattern and hence cause a decay in the intensity autocorrelation function
g2(q,t), where q is the scattering wave vector. However, after a complete cycle of an
oscillatory strain, the scatterers will return to their original positions if the deformation is
reversible, causing the speckle pattern to return to its original configuration. These echoes in
the speckle pattern will thus cause g2(q, t) to return to g»(q, 0), and the correlation function
will display peaks at integer multiples of the oscillation period (and minima at odd numbers
of half cycles). On the other hand, if the shear induces irreversible rearrangements so that
some particles do not return to their original positions, the peaks will be attenuated, and

the reduction in amplitude will provide a measure of the microscopic irreversibility. This
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FIG. 1. (color online) (a) Schematic of the strain profile and microstructural response during
XPCS measurements with LAOS. The strain follows a sinusoidal form between extrema (green).
At each extremum the strain is held constant (red) for a short period during which a coherent
x-ray exposure is obtained. Details from example speckle patterns are shown. The cartoons of the
nanoemulsion illustrate the change in strain each half-period and the recovery of the microstructure
each full period. The circled particles highlight a region that undergoes irreversible rearrangement
during the cycle. (b) Schematic of correlation function resulting from such a measurement, where

b is the Siegert factor.

measurement protocol is depicted schematically in Fig. 1(a). The strain follows a sinusoidal
time dependence between extrema in its value. Upon arriving at each extremum, the strain
is held constant while a scattering image is obtained. Periodically holding the strain fixed in
this way eliminates “smearing” of the speckle pattern due to shearing of the sample during
the x-ray exposures. The intensity autocorrelation function calculated for pairs of images
separated by increasing numbers of cycles, depicted schematically in Fig. 1(b), reveals the
wave-vector dependent attenuation in the echo peaks that characterizes the shear-induced

structural dynamics associated with the irreversible displacements.

In the case of the nanocolloidal gels®!, this attenuation of the echo peaks had a sharp
onset as a function of strain amplitude at a threshold strain v. &~ 7%, indicating a transition
to irreversible, nanoplastic deformation. The location of 7, was near the yield point of the

gels identified in macroscopic rheology. However, the gel rheology also displayed pronounced



deviations from linear elastic behavior at significantly lower strain amplitudes, indicating a
range of strains where the response was nonlinear but the microscopic deformations were fully
reversible. Further, analysis of the wave-vector dependence of the echo-peak attenuation
above 7, indicated that the irreversibility was associated with rearranging regions in the gels
that had a power-law size distribution characteristic of a nonequilibrium critical transition

at yielding.

In this paper we report a similar study on a set of concentrated nanoemulsions at dif-
ferent droplet volume fractions ¢. This nanoemulsion series is an appealing system on
which to apply LAOS-XPCS for several reasons. First, it offers a point of comparison with
the nanocolloidal gels between soft disordered solids whose elasticity is a consequence of
dominantly repulsive or dominantly attractive interactions. Second, as described below, by
varying ¢ one can tune the nonlinear rheology and yielding behavior of the concentrated
nanoemulsions, thus enabling a systematic comparison of macroscopic and microscopic sig-
natures of yielding. Finally, the experiments allow us to compare the observed behavior

with that seen in emulsions comprised of micrometer-scale droplets.

Section II below describes the set of nanoemulsions used in the study and the procedures
employed in the LAOS-XPCS experiments, while Section III describes the results. In Section
IV, we provide an interpretation for the shear-induced dynamics seen in the experiments,
and Section V includes some concluding remarks. Briefly, we observe signatures of micro-
scopic irreversibility in the XPCS measurements that increases at higher strain amplitudes
in a way that correlates with the concentration-dependent rheological yielding of the na-
noemulsions. The microscopic behavior near yielding shares features similar to those seen
in the nanocolloidal gels including re-arrangement events with a power-law size distribution.
Further, for lower-concentration nanoemulsions these events reveal evidence of memory un-
der steady-state shear, wherein the locations of these events in a given cycle of strain are

anti-correlated with those in recent previous cycles.



II. NANOEMULSION CHARACTERIZATION AND EXPERIMENTAL PROCE-
DURES

A. Synthesis and Structure

The nanoemulsions were composed of silicone oil droplets in water stabilized by sodium-
dodecyl-sulfate (SDS). A nanoemulsion sample was prepared by forcing a pre-mixed oil-in-
water emulsion composed of micrometer-scale droplets through a microfluidic Y-type channel
at high pressures, leading to extensional and shear flows with peak strain rates as high as
about 108 s34, These extreme flow-driven excitations caused the larger droplets to rupture
into nanoscale droplets. The nanoemulsion was then concentrated and its polydispersity
was reduced through ultracentrifugal fractionation'. Through an evaporative gravimetric
method, we measured ¢ = 0.653 for this fractionated nanoemulsion. The average droplet
radius and polydispersity were determined from measurements of the x-ray scattering form
factor on a highly diluted suspension of the droplets, as shown in the inset to Fig. 2(a).
The solid line through the data displays the result of a fit to the form factor based on
a gaussian distribution of droplet sizes, which gave an average radius of 25.3 nm with a

standard deviation of 12.2 nm.

Portions of this concentrated sample were diluted with appropriate amounts of aqueous
SDS solution to create a series of four nanoemulsions with varying droplet volume fractions,
¢ = 0.439, 0.500, 0.562, and 0.653, while keeping the bulk concentration of SDS fixed at
10 mM. Due to the ionic nature of SDS, the surfaces of the oil droplets were negatively
charged, and the droplets interacted through a Coulombic repulsion with a Debye screening
length of about A\p ~ 3.1 nm, based on an approximation of a 10 mM monovalent salt
concentration in the bulk. Because the Debye screening length was a non-negligible fraction
of the average droplet radius, the nanoemulsion underwent a transition between fluid and
elastic solid at a volume fraction below that expected for hard spheres, and at all four
values of ¢ studied, the nanoemulsion was dominantly an elastic soft solid. In general,
concentrated nanoemulsions pass through a series of regimes with increasing ¢ in which
entropy, electrostatics, and interfacial forces in turn become the dominant contributor in
imparting elasticity®’. Based on the low-strain values of the nanoemulsions’ elastic moduli,

shown in Fig. 3 below, and the entropic-electrostatic-interfacial (EEI) model for the elasticity
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FIG. 2. (color online) (a) The normalized x-ray scattering intensity as a function of wave vector
q for the four nanoemulsion concentrations in the study, as indicated in the legend. Inset: The
normalized scattering intensity for a highly diluted nanoemulsion. The solid line in the inset
displays a fit for the droplet form factor. (b) A CCD image of the coherent x-ray scattering
intensity for the ¢ = 0.500 nanoemulsion. The incident beam position, corresponding to g = 0,
is obscured by the shadow of the beamstop in the center. The wave-vector directions parallel to
the flow direction ¢, and parallel to the vorticity direction ¢, are indicated by white arrows. Two
examples of partitions along the vorticity direction that delineate the pixels included in the analysis
of g2(q, t) at fixed wave-vector magnitude and direction are shown by areas enclosed in blue. These

two partitions span 0.084 nm™! < ¢ < 0.094 nm~! and an azimuthal range of 10°.

of concentrated nanoemulsions®’, while also taking into account polydispersity, we infer
that the nanoemulsions used in this study were in the interfacial regime, with the lowest
concentration, ¢ = 0.439, being near the border between the interfacial and electrostatic

regimes.



B. LAOS-XPCS

LAOS-XPCS experiments were performed at beamline 8-ID-I of the Advanced Photon
Source using 11 keV x-rays. During the measurements, the nanoemulsions were confined
between two parallel plates of a custom shear cell. The spacing between the plates was 1.5
mm. Each plate was constructed using polycarbonate windows to allow for transmission
small-angle scattering measurements. With the exception of a small area of the windows
through which the x-rays passed, the windows in contact with the sample were abraded
with sandpaper to prevent wall slip. The window downstream of the sample (relative to
the x-ray beam) was held fixed, while the window upstream of the sample was attached
to a translation stage driven by a voice-coil linear actuator. The software controlling the
stage motion employed a PID feedback loop that monitored the stage position using an
optical encoder with 50 nm precision and a 32 kHz refresh rate. The partially coherent
x-ray beam incident on the samples was 20 x 20 pm? and was oriented normal to the
windows and hence parallel to the shear-gradient direction. The small-angle-scattering wave
vectors q therefore lay in the flow-vorticity plane. The scattering patterns were collected
using a charge coupled device (CCD) area detector (ANL-BNL FastCCD) with a 960 x 962
pixel array located 4.91 m from the sample to span the range of wave-vector magnitudes
0.03 nm™! < ¢ < 0.19 nm~!. Figure 2(b) depicts a typical scattering image with wave
vectors parallel to the flow direction, ¢, and parallel to the vorticity direction, q,,, indicated.
Figure 2(a) displays the normalized x-ray scattering intensity /(q) of the four concentrated
nanoemulsions obtained from averaging sequences of such images over wave-vector direction.
The main change in I(g) with droplet volume fraction is a shift to higher ¢ of the structure
factor peak near ¢ = 0.1 nm™!, indicating a decrease in nearest neighbor spacing with
increasing ¢. No measurable changes to I(q) were observed due to the application of shear
over the range of strain amplitudes covered in the LAOS-XPCS measurements.

Conventional XPCS measurements involve collecting sequences of images like that in
Fig. 2(b) to obtain the coherent scattering intensity I(q,7) at times 7 and calculating the

intensity time autocorrelation function

(g, 7)I(q, T +1))
92(q,t) = I (1)

where the averages are over 7 and over detector pixels subtending a small range of wave vec-

tors centered at q. As depicted schematically in Fig. 1, in the LAOS-XPCS measurements



the nanoemulsions were subjected to oscillatory shear, and images of the coherent scattering
intensity were collected stroboscopically in synchronization with the extrema of the strain.
To prevent the smearing of speckles that would occur if images were captured during shear,
the strain was briefly held constant at each extremum during the image acquisition. Specifi-
cally, the strain profile was composed of a sinusoidal shear at 0.318 Hz with a 0.6 s stoppage
at each extremum, leading to an oscillation period 7' = 4.34 s. An x-ray image with 0.25 s
exposure time was collected starting 0.3 s into each stoppage. Data sets therefore contained
images separated by 7/2 = 2.17 s. Typically, 128 images were obtained in each measure-
ment to determine go(q,t). The XPCS measurements were performed in order of increasing
strain amplitude. At each strain amplitude, the x-rays measurements were initiated several
minutes after the start of the oscillatory shear (i.e., after at least the first 100 cycles of
shear). Thus, the correlations in coherent scattering intensity should be interpreted as a
measure of the shear-induced structural dynamics occurring under steady-state LAOS.

As discussed above, the changes in the speckle pattern due to the shear were such that
pairs of images taken at opposite extrema of the strain, t = (n+1/2)T where n is an integer,
were fully uncorrelated; i.e., g2(q,t) — 1 &= 0. Therefore, we focus on g»(q, t) at delay times
corresponding to integer values of the period, t = nT', which provides information about the
degree of microscopic reversibility as a result of full cycles of LAOS. Furthermore, because
the magnitude of go(q,t) decays especially rapidly with strain deformation at wave vectors
parallel to the flow direction®?, we found that even the small residual differences in strain
on each return of the shear cell to an extremum caused by the 50 nm resolution in plate
position affected the amplitude of the echo peaks along ¢,. Therefore, we focus our analysis
on wave vectors centered around the vorticity direction and hence on the shear-induced
dynamics perpendicular to the direction of affine strain. Specifically, the detector pixels
were partitioned into regions of varying wave-vector magnitude over an angular spread of
+5° about ¢, for averaging to obtain go(g,t). For example, the blue boxes in Fig. 2(b) show

the partition corresponding to ¢ ~ 0.09 nm™!.

C. Rheology

Measurements of the shear rheology of the four nanoemulsions were performed using a

stress-controlled rheometer (Anton-Paar MCR 300) in a cone-and-plate geometry. A varnish
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containing fine-grit sand was applied to the tool surfaces to prevent slip. The temperature,
controlled using a Peltier stage, was held at 27 °C for all measurements. Figure 3(a) shows
the complex shear modulus G*(v) = G'(v) +1G"(v) at frequency v = 0.318 Hz as a function
of strain amplitude ~ for each nanoemulsion. The moduli possess characteristics typical
of disordered soft solids. In the linear viscoelastic region at low strain amplitude, the na-
noemulsions respond as elastic solids, with G’ and G” roughly constant and G' > G”. At
higher amplitude, the response becomes nonlinear and reveals characteristics of yielding.
The storage modulus decreases monotonically, while the loss modulus goes through a max-

t”35. At a strain amplitude above the G”

imum associated with a “weak strain overshoo
maximum, G’ and G” intersect. This intersection point, which we define as ~¢, is where the
viscous response of the material starts to dominate the elastic response and is nominally

where bulk fluidization occurs.

The strain-dependent trends in the effective shear moduli displayed in Fig. 3(a) are com-
mon to many soft glassy systems® including concentrated colloidal gels, as illustrated in
the previous LAOS-XPCS study mentioned above. (Compare Fig. 3 with Fig. 1 in Ref.3!.)
These similarities exist despite the different microscopic mechanisms instilling elasticity to
the materials, e.g., the colloidal gels possess rigid, system-spanning backbones of particles
aggregated through attractive interactions, while the emulsion elasticity derives from the
jammed configuration of the repulsively interacting droplets, and the materials’ differing
microstructures, wherein the gels are characterized by a hierarchical structure of particle-
rich regions and voids, while deformable emulsion droplets can achieve effective densities
exceeding random close packing. A key question we address in the present LAOS-XPCS
study is the extent to which these macroscopic similarities in the yielding and flow behavior

are mirrored by their microscopic signatures.

While vy, defined as the crossing point of G’ and G”, provides a measure of the strain
amplitudes required to induce fluid-like response from the nanoemulsions, yielding is typi-
cally associated with the onset of nonlinear behavior that occurs at lower strain, and several
alternative criteria for identifying the yield strain have been proposed. Figure 3(b) shows
the strain dependence of the product G+, known as the elastic stress, which is a represen-
tation of the strain-dependent rheology that facilitates identification of points of yielding?.
Above a linear regime at low strain, where G+ is proportional to -, the stress-strain re-

lation becomes sublinear, and G’ reaches a maximum. Such maxima are common in the

11



T T
- (a) oooooooo....
4 | 90000000000,, . %
10 Elllll......."“:..
u ] *o,

[ S 08 36
FAAAAAAAAA O 8200
[ O

G, G" (Pa)

10

T T T T

- (b) ............. -
° ®0e,

1000 L ...:“’m"““‘ o0e

00 * ..llllll.......

* AAAAL,L,
o u ) AAAAAAL

100 5= a4 A $=0.439| 3

E A = $=0.500| 3
A @ ¢=0.562
e e $=0.653

G'y (Pa)
.

1 ‘IIO | 100
v (%)
FIG. 3. (color online) (a) Storage (solid symbols) and loss (open symbols) moduli measured at
v = 0.318 Hz as a function of strain amplitude for four droplet volume fractions of the same
concentrated emulsion at ¢ = 0.439 (triangles), 0.500 (squares), 0.562 (diamonds), and 0.653
(circles). (b) Elastic stress at v = 0.318 Hz as a function of strain amplitude for the four droplet

volume fractions.

rheology of disordered soft solids, and their position, which we define as -, is often used to
locate the yield point. Both vy and -, increase systematically with increasing ¢, as shown
in Fig. 4, which displays the values for the four nanoemulsions. This dependence follows
the one expected upon increasing concentration above jamming, the point where the sys-
tem forms a marginally connected solid, to higher volume fractions where droplet motion is
increasingly over-constrained. Indeed, a recent model for emulsion elasticity by Scheffold et
al.®® that takes into account changes in the droplet interactions and the connectivity of the
stress-bearing network above jamming predicts vy, = a(¢/¢; —1)*7, where ¢; is the jamming
volume fraction and a ~ 0.2 ", The solid line in Fig. 4 shows the result of a fit to 7, using

this form, which gives ¢; = 0.35 4+ 0.02 and a = 0.23 + 0.03 in good agreement with the
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model. A major objective of the LAOS-XPCS measurements described below is to track
how the microscopic irreversibility in droplet displacements correlates with these observed

trends in macroscopic yielding and flow behavior as ¢ is varied.
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FIG. 4. (color online) Strain amplitudes at which features of yielding appear as a function of
droplet volume fraction. Included from the macroscopic rheometry are 7y, the strain at which G’
and G” intersect, and y,, the strain at which the elastic stress reaches a maximum. Also plotted
are the strains at which two features in the LAOS-XPCS measurements indicate a sharp rise in
microscopic irreversibility, the strain yr at which I" crosses 0.2 cycles™! and the strain 4 at which

the overall echo peak amplitude A drops below 0.1.

III. RESULTS

Figures 5(a) and (b) display g2(q,n) at ¢ = 0.09 nm~!, which is near the structure factor
peak in I(q), for the nanoemulsions with ¢ = 0.500 and 0.653, respectively, at various strain
amplitudes. Here, the integer n denotes the number of “lag cycles”; that is, the number
of cycles separating the pairs of images employed in calculating g»(¢q,n) and therefore the
effective delay time over which shear-induced dynamics occurs under the steady-state LAOS.
The general features of the correlation functions of the other nanoemulsions were similar to
those in Fig. 5. At sufficiently small strains, go(¢,n) maintained a large, roughly constant
value as a function of n, as illustrated by the results at v = 2% in Fig. 5(a), indicating that

any relative displacement of the droplets during the oscillatory strain at these amplitudes
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was reversible. However, at larger strains, such as at v = 28% in Fig. 5(a), g2(q,n) decayed
appreciably with n, indicating irreversibility in the droplet displacements. To model this

decay we fit the correlations to a compressed exponential function,
galg,n) — 1= Ae” (2)

where A is the amplitude, I' is the decay rate, and [ is the shape parameter. The lines
in Fig. 5 show the results of these fits. In many cases, g2(q,n) was described by a simple
exponential, § = 1, and the dashed lines in Fig. 5 display fit results in which # was held
fixed equal to one. In particular, at the highest concentration, ¢ = 0.653, the decay in
g2(q,n) was described by a simple exponential at all strains and wave vectors. (See, e.g.,
Fig. 5(b).) However, at lower concentrations, deviations from a simple exponential decay
were apparent. These deviations were most obvious at ¢ = 0.500, where g2(q,n) at v < 32%
was significantly compressed. The solid lines in Fig. 5(a) display results of fits using a
compressed exponential line shape, in which the average value of the shape parameter was
£ = 1.53 £ 0.20. To within the certainty with which 8 could be determined, this average
value was independent of wave vector. A similar trend was also observed at low strain
amplitude (v < 16%) in the lowest-concentration nanoemulsion, ¢ = 0.439, although the
rapid decay and small amplitude of go(g,n) at this concentration led to larger uncertainty
in 5. An interpretation for these simple-exponential and compressed-exponential lineshapes
is given in the Discussion section below.

Figure 6(a) displays the decay rate I' obtained from fits to g2(¢,n) as a function of
strain amplitude for each of the four concentrations. At all ¢ the decay rate maintains a
small, approximately constant value at small strains before rising rapidly at larger strain.
We associate the slow decay at low strains with intrinsic dynamics in the nanoemulsions
probed by XPCS under quiescent conditions® and not with any shear-induced dynamics.
The rise in I' at larger strains, however, indicates a pronounced microscopic irreversibility
in the strain response of the nanoemulsions and hence an onset of plastic deformation. A
discussion of the microscopic nature of these dynamics is given in Section IV below. Here,
we note simply that the increase in I' occurs over a range of strain amplitudes that depends
strongly on nanoemulsion concentration, with the increase occurring at larger  for larger ¢.
To identify the strain value at which I' begins to rise and hence the onset of irreversibility,

we define a threshold strain 4p as the strain at which I' = 0.2 cycles~!. While this definition
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FIG. 5. (color online) Echo peaks at ¢ = 0.09 nm~! as a function of lag cycle n for nanoemulsions
with (a) ¢ = 0.500 and (b) ¢ = 0.653. The dashed lines depict the results of fits to the data using
Eq. 2 with g = 1, while the solid lines in (a) are from fits with 3 as a free parameter. Specifically,
for ¢ = 0.500, the fits give = 1.3, 1.7, and 1.6 at v = 16%, 24%, and 28%, respectively.

is admittedly arbitrary, the sharp increase of I' with + that each nanoemulsion displays
indicates that the precise definition is not crucial. The value of A for each ¢ is plotted in
Fig. 4.

Roughly coincident with the increase in I" with -, the amplitude A of the decay in go(g,n)
undergoes a sharp decrease, as seen in Fig. 6(b). In principle, the amplitude of the decay in
g2(q,t) is given by the Siegert factor b, which we determined from separate measurements
on a static sample (aerogel) to be b ~ 0.14. (We note that realignment of the x-ray optics
between measurements on the different samples led to slight variations in b between each
sample, but the value remained close to 0.14.) The suppression of A below the Siegert

factor with increasing ~, which is seen with all the nanoemulsions, indicates a partial decay
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of go(g,t) that results from short-range droplet motion occurring within each oscillation
period. A discussion of the microscopic nature of these dynamics is again given in Section
IV below. To identify the strain amplitude where these dynamics affect go(q, n) appreciably,
we define another threshold strain v, as the strain at which A = 0.10. Again, while this
definition is arbitrary, the sharp decrease of A with ~ indicates that the precise definition is

not crucial.

The values of v4 are included in Fig. 4 along with 7r and the yield strains v, and
flow strains <y, identified from rheology. As a function of ¢, the strain values identified
in the XPCS measurements as marking the onset of microscopic shear-induced dynamics
track the strain values marking features of the nonlinear rheology. At the three largest
¢, the onset of microscopic irreversible dynamics is closer to 7y than to v,, implying a
large range of strains in which the rheological response was nonlinear but the deformations

203941 " Tn contrast, the microscopic onset of irreversibility in the

were essentially reversible
lowest-concentration nanoemulsion, ¢ = 0.439, occurs closer to v,. As mentioned above,
the lowest-concentration sample was at the border between the interfacial and electrostatic
regimes of nanoemulsion elasticity®®, while the higher-concentration samples were deep in
the interfacial regime where the droplets are strongly jammed, indicating that the onset of
microscopic irreversibility could be sensitive to the interparticle interactions. This picture is
complicated, however by the microscopy experiments on concentrated emulsions composed
of micrometer-scale droplets, in which Knowlton et al. observed an onset of irreversible
droplet displacements at a strain that was coincident with the onset of nonlinear rheology
and thus more similar to the behavior of the lowest-concentration nanoemulsion®’. This
difference could be a consequence of the differing microscopic properties of nanoemulsions
versus emulsions of micrometer-scale droplets but could also result from the differing types
of dynamics probed in the microscopy versus XPCS measurements. Specifically, the particle-
tracking methods in the microscopy measured absolute self-displacements of the droplets,

while the XPCS measurements probe collective motion, potentially making the two tech-

niques sensitive to different aspects of irreversibility under LAOS.
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FIG. 6. (color online) The (a) decay rate I' and (b) amplitude A extracted from fits to the echo
peaks using Eq. (2) at different droplet concentrations as indicated in the legend at ¢ = 0.09 nm~!
as a function of strain amplitude. The solid lines are guides to the eye. The dashed lines in (a)

and (b) denote I' = 0.2 and A = 0.10, respectively, the values used to identify the characteristic

strains yr and v4.

IV. DISCUSSION

As described above, two features in the attenuation of the echoes in the LAOS-XPCS
measurements correlate with the macroscopic yielding and fluidization of the nanoemulsions.
The first is the exponential or compressed exponential decay in the correlation function with
decay rate I' that increases rapidly at high strain, and the second is the overall amplitude
A of the correlation function, which decreases at high strain. Here, we discuss interpreta-
tions for the shear-induced microscopic structural dynamics responsible for these features.

While a quasi-exponential decay of the correlation function is suggestive of effective diffusion
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FIG. 7. (color online) Echo-peak decay rate as a function of wave-vector amplitude for the na-
noemulsion with ¢ = 0.500 at various strain amplitudes, as indicated in the legend. The solid lines

are the results of power-law fits that give power-law exponents in the range o = 0.49 to 0.73.

dynamics of the nanoemulsion droplets in response to the shear, and indeed shear-induced
diffusion has been identified in simulations and microscopy experiments of sheared colloidal

glasses??716

, we can discount such an interpretation based on the wave-vector dependence of
I". For diffusion, the decay rate would vary with wave vector as I' ~ ¢2, perhaps modulated
by the structure factor S(¢) in analogy with de Gennes narrowing. Figure 7 displays I" as a
function of ¢ for the nanoemulsion with ¢ = 0.500 at various strain amplitudes. In contrast
with expectations for diffusion, I' follows a much weaker dependence on ¢. At all amplitudes,
the decay rates scale as a weak power law, I'(¢) ~ ¢“. The value of « varies slightly with no
systematic trend, perhaps as a consequence of sample heterogeneity, but is consistently less
than one. The average value for the nanoemulsion with ¢ = 0.500 is @ = 0.60 = 0.10. Weak
power-law behavior with similar values of o was observed with the other nanoemulsions.
The value of o averaged over all ¢ and all v at which the exponent could be confidently
obtained was a = 0.70 £ 0.15.

Notably, this value of the exponent, o = 0.70, is essentially the same as was found in the
previous LAOS-XPCS study of nanocolloidal gels, where the correlation functions displayed
simple exponential decays at all strain amplitudes above yielding®'. To explain these results
in the gels, we developed a model of heterogeneous shear-induced dynamics, described in

detail in Ref.?!, in which some regions of the gel underwent irreversible rearrangements each
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cycle while the rest of the gel deformed reversibly. Within this model, the exponential decay
of g2(q,n) implied the rearranging regions were located randomly, unbiased by the locations
in previous cycles, and the scaling of I' with ¢ implied that the volumes V' of the rearranging
regions had a power-law distribution, N (V) ~ V¢ with £ = (o + 4)/3 = 1.56, indicating a
nonequilibrium critical transition at yielding.3!. (On the other hand, according to the model
if the regions that re-arrange in a given cycle are more likely than average to re-arrange in
a subsequent cycle, go(q,n) would be stretched, while if those regions were less likely than

average, go(q,n) would be compressed.)

The same weak power-law behavior seen in Fig. 7 indicates that the yielding of the
nanoemulsions is characterized microscopically by a similar power-law distribution of rear-
ranging regions. This commonality in the microscopic signatures of yielding in the gels and
nanoemulsions might seem surprising given that the elasticity of the gels derives from a net-
work of attractive colloidal bonds while the repulsive nanoemulsions are in a jammed state;
however, as note above, the two systems display qualitatively similar plastic-like yielding
behavior in their rheology. (Compare Fig. 3 with Fig. 1 in Ref.3!.) Further, similar power-
law distributions have been observed in the nonlinear mechanical response in a range of

disordered systems*" 8.

These power-law distributions of event sizes that are shared by
the nanocolloidal gels and concentrated nanoemulsions further suggest that yielding in the
systems should be considered a nonequilibrium critical transition. We note, however, that
the sharp onset of the irreversibility seen in both systems, as illustrated particularly by the
drop in A seen in Fig. 6(b), also suggests a discontinuous onset of plasticity that would be

consistent with a first-order-like transition as suggested in recent studies of colloidal glasses

under LAQS!819:46

A subtle difference between the results in the nanoemulsions and those in the gels, how-
ever, is the deviations from simple exponential decays of g,(g, n) that are apparent at smaller
¢. In particular, within the model of heterogeneous shear-induced dynamics described above,
non-exponential lineshapes in gs(gq,n) imply spatial correlations among the irreversible rear-
rangements during different cycles. Specifically, a faster-than-exponential decay of the corre-
lations (8 > 1) indicates a bias toward rearrangements during a given cycle of shear occurring
in regions that have not undergone rearrangement in a recent previous cycle. The reason
that such bias is apparently more pronounced in the lower-concentration nanoemulsions is

not immediately clear. As mentioned above, one notable difference between the lower- and
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higher-concentration nanoemulsions is the relative importance of entropy, electrostatics, and
interfacial forces in dictating the elasticity, which could lead to differing nonlinear mechanical
response. Further, we speculate that the bias seen in the lower-concentration nanoemulsions
could be related to the broadening in the distribution of inter-droplet forces in emulsions
that is observed as the concentration is reduced toward the jamming point®®%. Specifically,
if one assumes that the heterogeneity in inter-droplet forces dictates which regions are most
susceptible to yielding, and that the yielding events alter the spatial structure of this het-
erogeneity, one might expect that regions that re-arrange would have reduced probability of
re-arranging again.

Regarding the effect of shear on the overall amplitude A of the correlation functions, as
mentioned above, the decrease in A at high strain amplitudes is a sign of short-range droplet
motion that acts in parallel with the heterogeneous rearrangement events to cause a partial
decay in g2(q,n). Specifically, when the droplets in a re-arranging region alter their relative
positions in a given cycle, they necessitate droplet motion in the surrounding nanoemulsion;
that is, in regions that do not undergo rearrangement during the cycle. One interpretation
for this motion is that it resembles the localized “caged” dynamics seen in glasses, wherein
particles move within the restricted volumes defined by the interactions with their neighbors
in the disordered packing. When this motion occurs on time scales that are too fast to access
in a correlation spectroscopy measurement, it leads to a Debye-Waller-like suppression in
the short-time plateau value of go(q,t) such that A ~ exp(—r3q?/6), where 72 is the mean

6162 " Figure 8 shows A plotted on a

squared displacement of the localized or caged motion
log scale against ¢ from measurements at two strain amplitudes on the nanoemulsions with
¢ = 0.439 and ¢ = 0.500 along with a fit to the results using this form. The observed wave-
vector dependence of A is indeed consistent with such localized displacements. We note
that in the absence of shear no such wave-vector-dependent suppression in the amplitude of
g2(g,t) is observed, indicating that any thermally-driven localized droplet motion is severely

restricted. Within this interpretation, then, the shear strain and the re-arrangement events
that it triggers act like a large effective temperature to drive the caged dynamics.

While this picture of caged dynamics is consistent with the data, it is based on the idea
that the droplets move randomly with respect to their neighbors. An alternative interpre-
tation that we believe is more plausible for the highly elastic nanoemulsions identifies the

short-range dynamics instead with strain displacements. Specifically, when a re-arrangement
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event occurs, it necessitates a redistribution of the stress in the surrounding nanoemulsion.
The strain in response to this change in the stress field can be expressed as an expansion
in moments that on large length scales will be dominated by the lowest-order non-zero
moment. Because the droplets are incompressible, the re-arrangement events should be es-
sentially volume conserving, and hence the monopole term should vanish so that the leading
term is dipolar. Such dipolar strain fields create a distribution of local displacements u that

5

decays as u~°/2, which has a diverging variance and which calculations have shown leads to

63765 Specifically,

anomalous wave-vector dependence in the resulting correlation function
strain displacements that are sufficiently small to cause a partial decay in go(q,t) lead to a
wave-vector dependent plateau value A ~ exp(—(Aq)*/?), where A depends on factors such
as the density and strength of the stress dipoles and the elasticity of the medium. As a
test of whether such motion is also consistent with the partial decays in g2(q,n) of the na-
noemulsions under shear, Fig. 8 displays the result of a second fit to the data using this
form. As the figure indicates, the observed wave-vector dependence of A is consistent with
such strain displacements; however, the scatter in the data is too large for the results to
distinguish between strain and caged dynamics as the microscopic mechanism causing the
suppression of A. Finally, we note that inspection of the echo-peak amplitudes in the LAOS-
XPCS measurements on the nanocolloidal gels®! indicates partial decays were also present
in those results but were smaller than those affecting the correlations in the nanoemulsions.
This difference between the gels and nanoemulsions is presumably a consequence of the dif-
ference in how stress redistributes in response to restructuring in the gel networks (where

stress is exclusively transmitted through strands of bonded particles) versus in the jammed

nanoemulsions (where stress can be communicated between all locally jammed particles).

V. CONCLUSION

In conclusion, LAOS-XPCS measurements on a series of concentrated nanoemulsions
have revealed signatures of microscopic dynamics associated with plastic events that result
in irreversible droplet re-arrangements. The threshold strains for these events correlate with
features in the macroscopic rheology that signal nonlinear mechanical response of the na-
noemulsions. These threshold strains lie below the strains y; at which the nanoemulsions

become effectively fluidized, but, except for the lowest-concentration nanoemulsion, they
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FIG. 8. (color online) The overall correlation amplitude A plotted on a log scale as a function
of wave vector for the nanoemulsion with ¢ = 0.500 at v = 55% (blue squares) and for the
nanoemulsion with ¢ = 0.493 at v = 12% (red circles). The solid lines are the results of fits to the

data using the form A ~ exp(—r2q%/6), and the dashed lines are fits using A ~ exp(—(A\q)*/?).

also lie significantly above the onset strain for nonlinear rheological response. This observed
robustness to irreversible re-arrangements could be a consequence of the experimental pro-
tocol in which the nanoemulsions have been subjected to many cycles of LAOS prior to the
XPCS measurements. Indeed, simulations and experiments on amorphous solids 37:46:66-68
have detected transient behavior at the start-up of LAOS during which the amount of irre-
versible microscopic particle displacement decreases. Our interpretation for the compressed
exponential lineshapes of go(¢,n) in terms of a bias against regions that re-arrange during
a given cycle re-arranging again during a subsequent cycle indicates that the nanoemulsion
microstructure can possess a degree of memory of the mechanical history that would be
consistent with the ability to train the nanoemulsions against plastic failure. This notion
of history-dependent structure and material memory is qualitatively consistent with exper-
iments by Huang and Mason involving time-resolved angle-dependent light scattering from

S24.25 " Further XPCS experiments on

concentrated microscale emulsions subjected to LAO
nanoemulsions and other nanostructured soft solids that focus on transient effects in the
microscopic irreversibility during the start-up of LAOS and that can correlate these effects

with possible history-dependent rheology would provide insight into this aspect of their
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mechanical behavior.
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