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Drops fully covered by particles, so called Pickering emulsion
drops, are used to stabilize emulsions and are ideal templates for
producing particles and advanced capsules. Recent studies show
how electrohydrodynamic circulation flows in drops can structure
free particles on their surfaces. In this article, we study the structure
of Pickering drops subjected to DC E-fields. Due to its effects, we
observe plastic (irreversible) deformation of the two-dimensional
granuar solid covering the droplet, including particle reorganisation
similar to the “grain layer gliding” and “block gliding” typical of
jammed granular matter.

Las gotas cubiertas por particulas, llamadas gotas en emulsién
de Pickering, se usan para estabilizar emulsiones, y son ideales
para producir particulas y capsulas avanzadas. Estudios recientes
muestran que los flujos electro-hidrodindmicos circulantes en
gotas pueden estructurar particulas libres sobre la superficie de
las mismas. En este trabajo, estudiamos la estructura de gotas
Pickering sometidas a un campo eléctrico de DC. Debido al mismo,
observamos deformacion plastica (irreversible) en el sélido granular
bi-dimensional que cubre a la gota, incluyendo reorganizaciones
de las particulas similares al “grain layer gliding” y el “block gliding”
tipico de la materia granular en estado de jamming.

PACS: Liquid drops, 47.55.D-, plasticity, 62.20.fq, granular flow - complex fluids, 47.57.Gc

Drops covered by capillary bound particles, known as
armoured drops or Pickering emulsion drops, are ideal
templates for producing particles and advanced capsules
[1-3] and can be adsorbed efficiently at fluid—fluid interfaces
to stabilise emulsions, thus preventing drops from coalescing
[4]. Beyond their technological importance, Pickering drops
are good model systems for understanding ordering and
dynamics in two dimensions [5]. When the interfacial particle
concentration exceeds the maximum packing fraction,
jamming prevents relaxation to spherical geometry and
allows for the existence of nonminimal surfaces [1, 6, 7].
The stability of Pickering drops and their properties in
flow, rheology and adhesion are mainly affected by their
mechanical properties such as their Young moduli, bending
stiffness and Poisson ratios [8]. Pickering drops have been
found to be mechanically robust and able to recover from
large deformations without disintegration [9].

In response to external stress, armoured drops and bubbles
have demonstrated both plastic and elastic behaviour [6—
8], as well as crumpling instabilities (i.e., out-of-plane
deformation) [10, 11]. Similar to granular flow, grain-layer
mechanisms [12], grain boundaries and scars in colloidal
crystals [5], plastic capsule deformation occurs when the
particle monolayer at a capsule’s interface flows, giving
particles space to move relative to one another. The particles
rearrange to accommodate shear deformation as a new
irreversible shape is formed [6].

Pickering drops respond to mechanical forces [6,9, 13]
and shear flows [14,15]. This also includes the behaviour
of clay laden Pickering drops in electric fields (E-fields)
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[16-19] An understanding of the mechanical response of
particle-covered drops in E-fields is important for controlling
Pickering emulsions and microcapsules. In this work, we
have applied uniaxial stress to Pickering drops through
the use of DC E-fields and have investigated the plastic
deformation of Pickering drops. In particular, we have
studied particle rearrangements at the drop interface at the
start of plastic deformation.

The Pickering drops studied in our experiments were made
of 50 ¢St silicone oil (Dow Corning 200/50 cSt, electric
conductivity g;; ~ 0.3 pSm™!, relative permittivity &, =
28, and density p;; = 0961 gem™®) and polyethylene
(PE) particles (purchased from Cospheric LLC with electric
conductivity o < 10720 Sm™!, relative permittivity ey, ~ 2.1,
and density pye = 1.0 gem ™) with diameters ranging between
45 and 53 pm. The amounts of silicone oil and PE particles
were measured by weight, stirred together, shaken and
ultrasonicated to minimise particle aggregation.

Castor oil (Sigma-Aldrich 83912, specific density pe =
0.961 gem™3, electric conductivity o, ~ 56 pSm™, relative
permittivity €., = 4.7, and viscosity p.x ~ 750cSt) was poured
into a sample cell (15 x 15 x 30 mm) consisting of glass and
two indium tin oxide (ITO) walls acting as electrodes.

The experimental set-up is displayed in Figure 1. A silicone
oil drop with PE particles is made and immersed in castor oil
using a regular plastic pipette. We use particle sedimentation
to bring particles to the drop interfaces where they adsorb
to the oil-oil interface as a result of capillary binding
forces [4]. With particles confined to the drop interface, the
application of a DC E-field across the sample cell induce
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electro-hydrodynamic (EHD) liquid flows [20] inside and
outside the drop, which are used to structure the particles
at the interface. Extensive details of the method can be found
in previous work [16,21].
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Silicone oil drop\

PE particles

Castor oil

Computer

Voltage amplifier Sample cell with electrodes

Figure 1. The experimental set-up consists of a sample cell placed on a
mechanical stage, a microscope connected to a camera, a voltage amplifier,
an oscilloscope to monitor signal amplitude, and a computer to control the
applied voltage and record images. The sample cell is made of glass (15 x
15 x 30 mm), and two of the walls are coated with a conductive ITO layer. A
drop containing colloidal particles is formed using a regular plastic pipette.

Videos and pictures were recorded using a digital camera
mounted on a stereoscope, and the observation view was
always in the perpendicular direction of the E-field, which
was horizontal, as illustrated in all figures below.
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Castor oil
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Figure 2. (a) A sketch and experimental images demonstrating the drop
deformation process. (b) The Pickering drop surface in the beginning and
(c) 3 seconds after plastic deformation. Some of the particles are marked
with crosses and small arrows to illustrate how particles move and rotate
relative to one another. The large white arrow illustrates how particles move
collectively in a slip plane. The drop size is 1 mm, and the particle size is
around 50 pm.

Figure 2a shows a sketch and experimental images of the
silicone oil and PE Pickering drop suspended in castor oil.
The application of a DC electric field was used to exert
uniaxial electric stress along the Pickering drop’s major axis.
Since the Pickering drop and surrounding fluids have finite
electric conductivities, charges accumulate at the Pickering
drop interface, creating interfacial electrical shear stress [20].
The polarity of any induced surface charge depends on the
conductivity of the given Pickering drop compared to the
external fluid [20]. In our case, the surrounding castor oil
conduct better than the Pickering drop, so the drop dipole is
oriented antiparallel to the E-field direction and the electric
stresses exert a compressive force on the Pickering drop. The
induced electric stress is balanced by capillary stress (surface
tension), which works to reduce the energy of the system and
make the Pickering drop spherical. Particle jamming at the
interface keep the Pickering drop non-spherical [1] and also
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allows for crumpled shapes [10, 11]. The particle packing
at the Pickering drop surface was hexagonal, though with
many irregularities at least partly due to the polydispersity
of our PE particles. The structure of the particle layer may be
regarded as a two dimensional granular solid. Turning off the
E-field does not bring back the initial Pickering drop shape,
so the deformation is plastic (irreversible).

Shortly before and during the Pickering drop collapse,
we observed particle rearrangements at the Pickering
drop surface (Figure 2(b,c) and Figure 3). In response to
compressive electric stress, the surface particles started to
move relative to one another. At low particle concentrations
or when subjected to strong shear flow, particle monolayers
are observed to flow with strings of particles slipping past
one another, while at higher concentrations or at weak
shear flow, particle domains stretch and rotate. During the
plastic deformation of Pickering drops, we do not observe
rotation of particles’ domains or flow [22], but we do
observe particle reorganisation similar to the ‘grain-layer
gliding” and ‘block gliding” mechanisms of slow granular
flow as described by Drake [12]. As particle domains widen
and compress to accommodate global shear deformation,
particles within domains roll onto their nearest neighbours
as particle rows slide on top of one another (Figure 3).
Subramaniam et. al. observed similar dynamics of colloidal
particle monolayers rearranging in shear bands (localised
sliding) in mechanically and plastically deformed bubbles
covered by colloidal particles [7]. For a short moment, the
particle layer displays fluid-like behaviour as the particles
rearrange, and several slip lines appear at the interface.

Figure 3. (1-10) A close up of particle rearrangements at the drop interface
during plastic deformation. The time between each image is 2/25 seconds
and the particle size is around 50 um. The white arrows illustrate the rotation
of one of the particles in the gliding plane.

These results may provide new insights regarding the
mechanical strength of Pickering drops and their response
to inhomogeneous stress, in particular regarding the role of
slip line dynamics in jammed particle monolayers.
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