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of pendular gels and
morphological developments in paste-like ternary
systems based on capillary attraction†

Trystan Domenech and Sachin S. Velankar*

We investigate capillary bridging-induced gelation phenomena in silica particle suspensions and pastes,

where a particle-wetting fluid is added as the third component. Increasing the wetting fluid loading in

the ternary system induces a morphological transition from a pendular network to compact capillary

aggregates network, with an intermediate funicular state. To our knowledge, the formation of percolated

structures from compact capillary aggregates when the volume fraction of a wetting fluid approaches

that of the particles is unprecedented. Such structures appear to result from the arrested coalescence of

compact capillary aggregates due to the balance between the Laplace pressure and solid-like properties

(yield stress, elasticity) of the aggregates. Shear-induced yielding of the ternary systems, linked to their

percolating nature, is strongly influenced by the amount of wetting fluid phase. A non-monotonic

dependence of the yield stress on the amount of wetting fluid is found, with the maximum yield stress

obtained for a wetting fluid-to-particle volume fraction ratio of 0.2–0.3. For pendular systems, linear

viscoelastic properties display a soft glassy rheological behavior above the percolation threshold (around

4 vol% particles), and complex viscosity data can be scaled using the high frequency plateau value, as

well as a single characteristic relaxation time, which decreases when the particle concentration is

increased. In addition, the particle concentration dependence of the yielding transition in the pendular

regime appears to be efficiently described by two parameters extracted from the steady state flow

curves: the yield stress and the limiting viscosity at a high shear rate. Although these non-colloidal

networks result from flow-driven assembly, the scaling laws for our pendular gels are reminiscent of

colloidal gels with a fractal geometry. Our studies pinpoint new pathways to create physical gels where

the interparticle attraction strength is determined by capillary interactions.
1. Introduction

The complex ow behaviors of many so materials, such as
suspensions, emulsions and colloids, have attracted consider-
able attention in the scientic literature. Such materials are
ubiquitous in various industrial applications, such as food,
cosmetic, care products and paints, where their processing
strongly depends on their ow behavior. These systems can
undergo gelation via physical or chemical routes1 and the
resulting arrested state exhibits typical solid-like ow dynamics,
which strongly depend on the interparticle attractive energy and
the volume fraction of the dispersed phase.2 However, the
application of a shear ow can lead to a liquid-like behavior,
and the concept of yield stress3 is oen used to describe the
solid-to-uid transition. Recently, the use of capillary forces in
near hard-sphere particle suspensions has shown a tremendous
rsity of Pittsburgh, Pittsburgh, PA 15261,

tion (ESI) available. See DOI:

Chemistry 2015
impact on the resulting rheological properties,4,5 where quasi-
Newtonian simple suspensions turn into yielding viscoelastic
materials due to their newfound percolating microstructure.
The latter effect is observed when a small quantity of a second
liquid phase, immiscible with the continuous phase, is added to
the suspension. This phenomenon arises from the formation of
small capillary bridges, which induces strong cohesive forces
between the particles, and was reported for small-molecule
liquids4,6–8 and immiscible polymer5 systems. A similar situa-
tion is well-known in granular media, where the addition of a
wetting liquid in small proportions confers great strength and
stability to a granular pile.9,10 The physical binding of solid
bodies is primarily driven by the surface tension of interstitial
liquid bridges11 and greatly affects the typical properties of the
granular pile such as surface angle of repose and size segrega-
tion.12 However, the variation in material strength is not
monotonic with that of the liquid content:9,13 while the cohesion
of the granular media is substantially increased up to a certain
amount of added liquid, higher liquid contents will soen the
material and decrease its stability, which can lead to spectacular
phenomena like landslides.9,12 The goal of this study is to
Soft Matter
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examine physical gelation and the morphological transitions
involved in ternary uid–uid–particle systems.

Capillary interactions have played a central role in industrial
processes, such as spherical agglomeration14 and wet granula-
tion,15 for several decades. Lately, capillary forces have
contributed to the development of modern processes such as
the design of complex folding patterns,16 the assembly of
nanoparticles into colloidal molecules via capillary condensa-
tion17,18 or the formation of thermal underlls in microelec-
tronics,19 and in the eld of nanolithography.20 Understanding
how capillary forces can be used to tune the microstructure and
ow properties of uid–uid–particle three-phase systems is of
great practical interest,21 yet such knowledge relies on the
complex interplay between formulation, processing and inter-
facial phenomena. Indeed, the interfacial phenomena in uid–
uid–particle ternary systems have been heavily studied in the
case of partially wetting particles since the emergence of
Ramsden–Pickering emulsions,22,23 where particles exhibit a
surfactant-like effect by crowding at the uid–uid interface,
and thus can lead to the stabilization of the emulsion
morphology due to severely restricted coalescence.24–29 In addi-
tion, recent research has explored the formation of percolated
structures and clustering in such systems,29,30 revealing that
emulsion drops can assemble into a sample-spanning network
due to their bridging by the particle monolayer present at the
uid–uid interface (Pickering gels). Stable bicontinuous struc-
tures, resulting from arrested spinodal decomposition and
dubbed bicontinuous interfacially jammed emulsion gels31–34

(bijels), constitute another example of the rich structural
possibilities of uid–uid–particle ternary systems.

All the abovementioned cases require that the particles
should be partially-wetted by both the uids. In contrast, here
we consider situations in which the particles are almost fully
wetted by one of the uid phases. We examine the importance
of ternary blend composition on the resulting microstructure
and rheological properties by exploring a broad region of the
compositional space. More specically, we investigate the
inuence of the minority uid phase content on capillary
interactions between the solid particles, and how strong gels
can be formed for a broad range of particle volume fractions in
the case of pendular structures, i.e. when particles are bridged
by small capillary menisci. For this investigation, we employ a
pair of immiscible polymers as the two liquid phases and solid
spherical particles as the third phase. The continuous polymer
phase is a viscous uid and the minority phase is a semi-crys-
talline solid at room temperature with a melting point around
60 �C. The ternary blends are prepared by melt mixing using a
small-scale device. Importantly, we focus on the situation where
the particles are almost fully wetted by the minority uid phase.
Therefore, we refer to the latter as the wetting phase, which can
be easily solidied by cooling. This approach permits the
preservation of the native aggregated structure by quenching
the samples for ex situ characterizations. Notably, the solid
aggregates can be extracted from the continuous liquid polymer
phase by selective dissolution, which allows morphological
observations to be performed using electron microscopy,
without resorting to a cryogenic or vitrication chamber.
Soft Matter
Capillary-induced aggregation phenomena can thus be char-
acterized at several length scales via optical and electron
microscopy. Using this approach, we can establish a micro-
structural basis for the various rheological transitions observed.

In parallel, the ow properties are examined under molten
conditions using rotational rheometry. In particular, we inves-
tigate the linear and nonlinear viscoelastic behavior of capillary-
bridged particle network systems, which are denoted as
pendular gels, for a particle volume fraction that ranges from the
dilute to the concentrated regime. Such a scenario is particu-
larly relevant when the typical particle size widely exceeds that
of the dispersed wetting phase, where the high wettability of the
particles by the wetting phase promotes strong capillary
attraction.4,5 Like many attractively-driven so materials, the
microstructure of pendular gels features a volume-spanning
backbone, which leads to a yield stress behavior. Unlike the case
of concentrated systems, such as hard particle pastes35 or jam-
med emulsions,36,37 these solid-like properties arise at low
particle volume fractions due to a low percolation threshold.
Regardless of the nature of the components (i.e., so or hard),
the solid–uid transition observed in these systems is driven by
the interactions between their components, where the particle
volume fraction highly contributes to structural jamming.2,38

Despite the complex pathway to a steady state ow, we nd that
the yielding transition observed under steady state conditions
permits simple rescaling of the ow curves by taking into
account the effect of volume fraction using relevant physical
parameters. Similar scaling approaches have proven successful
for other yielding so materials systems like clay–water
suspensions,39,40 and more recently for concentrated emulsions
and microgel pastes.41,42

Our study addresses the ow-structure relationships in
ternary systems presenting strong capillary attraction. We focus
on identifying the relevant parameters controlling the yield
stress for this recent class of somaterials, and we build a state
diagram based on thorough investigations on the wetting phase
and particle concentration dependence. In parallel, we report
on the morphological transitions due to changes in ternary
composition and show for the rst time that hierarchical
aggregation is present in these ternary systems for some regions
of compositional space.

2. Experimental section
2.1 Materials

Polyisobutylene (PIB, r z 0.908 g mL�1, �Mw z 2200 g mol�1)
was purchased from Soltex and used as the continuous phase.
Polyethylene oxide (PEO, rz 1.1 g mL�1, �Mw z 20 000 g mol�1,
melting point z 60 �C) was purchased from Fluka and used as
the minority wetting phase. Both polymers are Newtonian
viscous uids with a weak viscosity mismatch (h0-PEO/h0-PIB z
1.6 at 80 �C). Fluorescein sodium salt (F63377 from Sigma
Aldrich) was dissolved in PEO for confocal imaging, following a
procedure described elsewhere.5 Spherical silica particles (SP)
with a unimodal size distribution (average diameter of 2 mm)
were purchased from Industrial Powders under the reference
SS1205.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Ternary composition diagram of the experimental system
investigated. Red line represents the influence of the PEO content
(dilute regime) for a fixed SP volume fraction (fSP ¼ 0.1). Blue line
corresponds to a wide variation in SP content for a fixed PEO-to-SP
volume fraction ratio (9 ¼ fPEO/fSP ¼ 0.16).
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2.2 Sample preparation

Blends were prepared using a mini-mixer, which is designed
similarly to a Minimax cup and rotor mixer.5,29,43 Briey, the
rotation of the top plate induces a Couette ow, while the
addition of three brass spheres in the mixer gap improves the
dispersive and distributive mixing qualities due to the associ-
ated secondary ows.43 For PIB–PEO–SP ternary blends, a two-
step procedure was followed. First, the PEO phase was
dispersed in PIB at a rotational speed of 1200 rpm for 2 min,
which leads to drop sizes close to the SP sizes. Then, SP were
added and the three components were mixed together at 1000
rpm for 5min. These twomixing steps were always performed at
80 �C to ensure that the PEO phase was in the melt state. This
approach was specically designed to prevent the poor disper-
sion of the PEO phase, which would eventually lead to partial
compact capillary aggregation as detailed in a previous study.5

Ternary blends were sealed in plastic bottles with Paralm and
cooled to 5 �C for 30 minutes to rapidly solidify the PEO phase.
Binary PIB–SP blends, used for comparison, were prepared in a
single mixing step at 1000 rpm for 5 min at room temperature.
For each batch, the amount of recoverable material at the end of
the mixing process was approximately 4 g. All the blends were
placed under vacuum overnight to remove the air bubbles that
were entrapped in the bulk material during the mixing process.
The compositions of the ternary blends studied here are
detailed in Table 1 and represented on a ternary diagram in
Fig. 1. A similar range of SP volume fraction was explored for the
binary PIB–SP blends. In addition, some ternary blends were
prepared with uorescent PEO for confocal microscopy; the
presence of a uorophore in the PEO phase was not found to
alter the structure and rheology of the blends.
Table 1 Compositions of the ternary blends

Blend fPIB fPEO fSP 9 ¼ fPEO/fSP

Inuence of PEO concentration (red line in Fig. 1)
90/0/10 0.9 0 0.1 0
89.84/0.16/10 0.8984 0.0016 0.1 0.016
89.75/0.25/10 0.8975 0.0025 0.1 0.025
89.6/0.4/10 0.896 0.004 0.1 0.04
89.37/0.63/10 0.8937 0.0063 0.1 0.063
89/1/10 0.89 0.01 0.1 0.1
88.4/1.6/10 0.884 0.016 0.1 0.16
87.5/2.5/10 0.875 0.025 0.1 0.25
86/4/10 0.86 0.04 0.1 0.4
83.7/6.3/10 0.837 0.063 0.1 0.63
80/10/10 0.8 0.1 0.1 1

Inuence of SP concentration (blue line in Fig. 1)
98.84/0.16/1 0.9884 0.0016 0.01 0.16
97.45/0.35/2.2 0.97448 0.00352 0.022 0.16
94.66/0.74/4.6 0.94664 0.00736 0.046 0.16
84.92/2.08/13 0.8492 0.0208 0.13 0.16
81.44/2.56/16 0.8144 0.0256 0.16 0.16
76.8/3.2/20 0.768 0.032 0.2 0.16
71/4/25 0.71 0.04 0.25 0.16
65.2/4.8/30 0.652 0.048 0.3 0.16
59.4/5.6/35 0.594 0.056 0.35 0.16
53.6/6.4/40 0.536 0.064 0.4 0.16

This journal is © The Royal Society of Chemistry 2015
2.3 Confocal microscopy

The blend morphology was observed with an Olympus Fluoview
1000 inverted confocal laser scanning microscope (CLSM),
using a 40� (NA ¼ 1.30) and a 100� (NA ¼ 1.35) oil-immersion
objectives. Micrographs were acquired in both the uorescence
and differential interference contrast (DIC) imaging modes.

2.4 Electron microscopy

Aggregate structures formed by the silica particles and poly-
ethylene oxide were observed over a wide range of length scales
using electronmicroscopy, including highermagnication details
at the particles/capillary bridges scales that cannot be resolved by
optical microscopy. Small quantities of the ternary blends were
transferred into sample vials and subsequently immersed in n-
octane for at least 24 hours to dissolve the PIB matrix. The
resulting solid sediment, composed of silica particles and crys-
tallized PEO, was then placed on a lter paper (Millipore, 0.1 mm
pore size) using a pipette and washed with n-octane. The extracted
sample was le to dry and placed on a carbon-taped SEM stub,
followed by metal coating using a Au/Pd sputtering target (Cres-
sington) for 90 s at 40 mA. Morphological observations were
carried out with a Philips XL30 eld emission gun scanning
electron microscope (FEG SEM) using a secondary electron
detector. In addition, the extracted samples were placed on a
formvar/carbon coated 200mesh copper TEM grid (Ted Pella) and
observed with a JEOL JEM-2100F high-resolution transmission
electron microscope (HR-TEM) in the bright eld mode.

2.5 Rheology

Rheological experiments were carried out using a TA Instru-
ments AR-2000 stress-controlled rheometer featuring an air
convection oven that ensures homogeneous sample tempera-
ture. All the experiments were conducted at 80 �C to ensure that
both the polymers were in the melt-state. The ternary systems
investigated here tend to exhibit signicant wall slip under large
shear deformations when a smooth geometry is used, as
Soft Matter
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detailed in a previous study on similar systems.5 Custom-made
serrated parallel plates (25 mm diameter, 500 mm roughness)
were thus used to impose rough boundary conditions and
prevent wall slip effects.5 A larger cone and plate geometry (40
mm diameter, 1� cone angle, 49 mm cone truncation gap) with
smooth surfaces was also used, only for linear measurements of
low viscosity samples (i.e. blends with low SP volume fractions).

Dynamic shear ow properties were examined by imposing
an oscillatory strain g* ¼ g0e

iut, where the strain amplitude g0

and the angular frequency u are the input parameters. The
stress amplitude s0 and phase angle d are extracted from the
resulting stress waveform s* ¼ s0e

iut+d in the harmonic regime.
Oscillatory strain sweeps were performed at a constant angular
frequency of u ¼ 10 rad s�1 to determine the linear viscoelastic
domain and probe the non-linear dynamic response of the
blends. Angular frequency sweeps were applied from 102 to 10�1

rad s�1 within the linear viscoelastic domain. Steady state
continuous shear experiments were carried out to probe the
nonlinear viscoelastic behavior of the blends, using step rates
with _g spanning from 10�2 to 102 s�1. Each step rate was
maintained until the steady regime (dened as less than 3%
deviation in torque for 5 minutes) was reached. Finally, the
transient behavior and stress-induced yielding were explored
through creep tests for the selected samples.

3. Results
3.1 Effect of wetting phase content

The addition of PEO to the PIB–SP suspension greatly affects the
ow behavior, as shown by the steady-state ow curves in Fig. 2a
for blends with a xed SP volume fraction of 10%. The PEO-free
blend has a nearly Newtonian behavior—viscosity varies very
weakly with the shear rate or stress—whereas ternary blends
exhibit strong shear thinning typical of a yield stress uid
behavior, even for a PEO volume fraction as low as 0.2%. A key
point here is that the viscosity measured at low rates (or stress)
varies signicantly with PEO concentration, whereas it tends to
converge at higher rates (or stress), i.e., the yield stress depends on
the PEO loading, but the high shear viscosity does not. For each
ternary blend, one can estimate the yield stress as the stress at
which the viscosity shows a steep decrease in Fig. 2a. For greater
consistency we used the Herschel–Bulkley model to t our data
and determine the yield stress. At rst, the yielding transition
moves towards higher stress values when PEO concentration
increases, but eventually shis to lower stress values with a further
increase in PEO concentration. This non-monotonic evolution is
shownmore clearly in Fig. 2b, where the yield stress is plotted as a
function of PEO-to-SP volume fractions ratio 9 ¼ fPEO/fSP.

As 9 increases from �0.01 to �0.2, the yield stress approxi-
mately quadruples and reaches the maximum value for 9 z
0.25. The yield stress varies only weakly in the range of 0.2 ( 9

( 0.4 and eventually drops for 9 > 0.4. Each of these three
distinct zones (rise, plateau and decay of the yield stress with
increasing PEO content) is associated with a specic structure
of the ternary blend, which will be described next. Interestingly,
these morphological changes present strong analogies with
those observed in wet granular materials.
Soft Matter
Pendular regime. This regime corresponds to the increase in
yield stress shown in Fig. 2b. A typical DIC micrograph for 9 ¼
0.16 is presented in Fig. 2c, revealing that the silica particles
form a connected path throughout the sample. The three-
dimensional connectivity is conrmed when scanning the
neighboring planes of observation in confocal microscopy, i.e.,
the particles observed in Fig. 2c are connected to other branches
of particles belonging to the neighboring out-of-focus regions.
This heterogeneous network structure results from loose
particle aggregation due to the formation of PEO capillary
bridges between the particles, linking them together. Due to
their mesoscopic dimensions, these capillary bridges cannot be
observed in great detail by optical microscopy. Fig. 3 shows an
HR-TEM image of a capillary bridge holding two particles in
contact, revealing a concave meniscus-shaped bridge with a
contact angle q nearly equal to zero. Moreover, the PEO is seen
to spread as a thin lm (few nanometers in thickness) on a
small portion of the particles surface at the extremities of the
meniscus. These details conrm that the silica particles are
highly wetted by PEO. This type of capillary-induced particle
bridging is typical of wet granular materials and is referred to as
the pendular state of saturation.44 It is noteworthy that a
pendular percolating network appears at a particle packing
fraction comparable to that of wet granular gases,45 i.e., much
lower packing fraction than that of wet granular solids. This
class of network structure is observed for 9 z 0.01–0.25 and
might even be achievable at lower PEO concentrations,
although we presume that a critical PEO concentration, however
small, has to be exceeded to allow percolation. The structure
presumably reaches full pendular bridging (i.e. all particles
contribute to the pendular network) at the onset of the plateau.
This transition will be discussed later in this paper.

Funicular regime. In the 0.25 ( 9 ( 0.5 range, the yield
stress shows little variation but eventually starts to drop as the
PEO amount increases. Concomitantly, the PEO bridges
increase in size and become detectable in optical microscopy, as
can be seen from the confocal uorescence micrograph in
Fig. 2d. The particles still form a percolated network structure,
as shown by the SEM image in Fig. 2g. However, closer obser-
vations at the particle length scale reveal that the particle-
bridging menisci are large enough to coalesce (see Fig. 2j). The
morphology is thus partially pendular-like, i.e. particles are
connected by single menisci; however, the excess of the wetting
phase leads to the coalescence of neighboring menisci, analo-
gous to the funicular state of saturation of wet granular mate-
rials. We emphasize that the transition between the pendular
and funicular regimes is technically adequate when the parti-
cles and menisci are monodisperse or weakly polydisperse.
Here, menisci coalescence is possible in the pendular regime (at
least occasionally) due to the presence of small particles and
large menisci. In other words, a purely pendular regime might
not exist for polydispersed systems, and the distinction between
pendular and funicular remains somewhat qualitative.

Compact capillary aggregation regime. The next region is
marked by a steep decrease in yield stress for 9 T 0.5 (Fig. 2b),
where the corresponding confocal uorescence micrographs
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/C4SM02053G


Fig. 2 Flow behavior and morphology dependence on the wetting fluid phase (PEO) content for fSP ¼ 0.10. (a) Steady-state flow curves
(viscosity versus shear stress) showing the yield transition of the ternary systems, (b) yield stress as a function of the PEO-to-SP volume fractions
ratio 9. (c) DIC micrograph for 9 ¼ 0.16. Fluorescent (CLSM) micrographs showing the partitioning of the PEO phase in the ternary blends: (d) 9 ¼
0.4, (e) 9 ¼ 0.63, (f) 9 ¼ 1. SEM observations of the SP–PEO aggregates structures after selective dissolution of the PIB matrix are shown at both
the aggregate scale (upper row) and particle scale (lower row): (g and j) 9¼ 0.4, (h and k) 9¼ 0.63, (i and l) 9¼ 1. Red arrows in (j) point towards the
coalesced menisci holding several particles together.
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(Fig. 2e and f) show that the PEO phase tends to form compact
aggregates whose size drastically increase with PEO concentra-
tion. Numerous dark spots appear in the uorescent regions of
Fig. 2e and f, indicating the crowding of the non-uorescent
silica particles in the bulk PEO phase. SEM observations
(Fig. 2h, i, k, l) conrm the presence of compact PEO–SP
aggregates with an ellipsoid-like shape, which feature a rasp-
berry-like morphology. Importantly, these compact aggregates
This journal is © The Royal Society of Chemistry 2015
are not Pickering emulsions (i.e. drops with a particle-jammed
surface) because the silica particles partition into the volume of
the PEO phase as well as to its surface. Instead, this structure is
similar to the capillary state of saturation in wet granular
materials. We recently showed that the formation of capillary
aggregates can result from particle transfer into PEO drops
when the drop size widely exceeds that of the particles.5 This
phenomenon can occur at a much lower 9 than in the present
Soft Matter
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Fig. 3 HR-TEM image of a pendular gel sample (fSP ¼ 0.10, 9 ¼ 0.16)
showing a PEO meniscus bridging two particles. Particles diameters
are 0.686 mm (left) and 1.107 mm (right).
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situation, primarily due to the inuence of the mixing proce-
dure. Here, the two-step mixing procedure was developed
specically to impede such phenomena. Thus, the formation of
compact aggregates is simply due to the large amount of the
wetting phase, which leads to a complete merging of the
menisci. Increasing the PEO concentration gives rise to a
noticeable increase in the capillary aggregate size, from �10–20
mm for 9 ¼ 0.63 to �20–50 mm for 9 ¼ 1. Note that the steady
state ow data are omitted for 9 ¼ 1 because of the large uc-
tuations during the torque measurements, presumably due to
the cluster size (see Fig. 2f), which becomes very large and starts
to approach the gap size. Unexpectedly, the resulting structures
do feature a three-dimensional percolating path, as shown in
Fig. 2e, f, h, i, corroborating the persistence of a yield stress
behavior. However, unlike in the pendular regime, networking
results from the bridging of PEO–SP compact capillary aggre-
gates (see the SEM close-up observations at the junction of the
network components in Fig. 2k and l). These structures appear
to result from an arrested state where compact capillary aggre-
gates appear partially merged together to form a connected
path. At a larger scale, the increase in PEO content accentuates a
two-phase separation between the PIB matrix and the perco-
lating PEO–SP aggregate through the growth of PEO–SP
domains. To our knowledge, such hierarchical clustering
resulting from the percolation of capillary aggregates has not
been reported before.
Fig. 4 Angular frequency dependence of elastic modulus G0 (filled
symbols) and viscous modulus G0 0 (open symbols) in the linear visco-
elastic regime for binary (9 ¼ 0, red diamonds) and ternary (9 ¼ 0.16,
blue circles) systems, both at fSP ¼ 0.20.
3.2 Rheological shi induced by pendular bridging

So far, the addition of PEO has shown a dramatic impact on the
steady-state shear ow properties, where the yield stress is
maximum in the pendular state. In this section, we expand our
study to the rheological changes caused by pendular bridging
through dynamic measurements in both linear and nonlinear
viscoelastic domains. For this purpose, we compare the
behavior of binary PIB–SP (9 ¼ 0) and ternary PIB–PEO–SP (9 ¼
0.16, corresponding to full pendular bridging) systems. Results
are shown for fSP ¼ 0.2 in both the cases (the inuence of
particle concentration will be presented in the next section).
Soft Matter
Linear viscoelasticity. The elastic (G0) and viscous (G0 0)
moduli measured during the frequency sweep experiments in
the linear domain are plotted in Fig. 4. The binary system
exhibits a liquid-like behavior (G0 0 > G0) at high frequencies.
However, both moduli superimpose at intermediate/low
frequencies (0.1 rad s�1 ( u( 1 rad s�1), where G0(u)z G00(u)
� u1/2. The latter relaxation mode mimics the criterion of
Winter and Chambon46 for determining the gel point in poly-
mer networks. This indicates that short-range attractions
between the silica particles in the PIB medium start to affect the
suspension dynamics at this concentration (fSP ¼ 0.2). Similar
viscoelastic scaling was observed close to the physical gelation
of other particle-based systems such as weakly attractive
depletion colloidal gels47 and thermoreversible attractive
nanoparticle dispersions with short-range interactions.48

The ternary system shows an altogether different response,
corresponding to a solid-like behavior. G0 exhibits a very weak
increase with u (plateau region), while G0 0 exhibits a local
minimum around u ¼ 4 rad s�1, with G0 [ G0 0 in this u-range.
Such behavior is reminiscent of many so materials such as
colloidal gels49,50 and glasses51 and concentrated star polymer
solutions.52 Although the accessible timescale window is oen
limited to the plateau region, this peculiar linear viscoelastic
response ts in the framework of glassy dynamics,1,53–55 where
the complete timescale spectrum involves two relaxation
phenomena: a short time (large frequency) relaxation corre-
sponding to limited particles motion due to neighboring
hindrance (b-relaxation), and a long time (small frequency)
relaxation involving larger collective motions (a-relaxation). The
plateau region observed in Fig. 4 lies in between these relaxa-
tion processes, and the local G0 0 minimum denotes the
This journal is © The Royal Society of Chemistry 2015
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transition between a and b relaxation modes. Importantly, this
solid-like behavior supports the formation of a physical gel via
the pendular bridging of silica particles by the PEO phase,
where attractive capillary forces widely exceed van der Waals
interactions, leading to a signicant increase in sample elas-
ticity compared to the binary PIB–SP system.

Nonlinear dynamic response. The results of the oscillatory
strain amplitude sweep experiments are presented in Fig. 5. A
departure from the linear viscoelastic regime is observed at a very
low strain amplitude for the ternary system (around g0 ¼ 3 �
10�4). In contrast, the linear domain of the binary system extends
to higher strain amplitudes (almost a decade higher compared to
the limit of linearity of the ternary system). Moreover, the binary
sample exhibits strain thinning at larger strain amplitudes,
which is typical of polymer melts and suspensions, with the
viscous behavior dominating (G0 0 > G0) across the entire range of
deformation at this angular frequency (u ¼ 10 rad s�1).

In contrast, the ternary systemdisplays aG0 decay concomitantly
to a G0 0 overshoot (corresponding to a weak strain overshoot or type
III LAOS behavior in the terms of Hyun et al.56), directly followed by
a G0–G00 crossover (shear-induced uidization) and strain thinning.
Such nonlinear response is a hallmark of yielding so gels/
glasses57–59 and heterogeneous lled-polymers.60 The local
maximum in G0 0 is related to the dissipation processes induced by
the internal rearrangements of the network structure under shear
strains exceeding the linear domain. It should result from a
competition between the creation and the rupture of network
junctions within the sample, although its interpretation may vary
Fig. 5 Large amplitude oscillatory shear (LAOS) rheology results show
amplitude (u ¼ 10 rad s�1) for binary (9 ¼ 0, red diamonds) and ternary (9
non-linear regime correspond to the first harmonic approximation. The
strain amplitudes marked by dashed lines are shown on the right panel.

This journal is © The Royal Society of Chemistry 2015
because it is still a matter of debate.56 From a theoretical stand-
point, this type of LAOS behavior was well-described using the
mode-coupling theory58,61 and alternatively using amodied Leonov
model taking into account the internal reorganization of the ocs.60

The strain thinning regime observed for 0.04 ( g0 ( 1 in
Fig. 5 is marked by decreasing power laws of the complex
moduli (G0 � g�v 0

0 and G0 0 � g�v00
0 ). The thinning trend is more

pronounced in the case of the ternary system, as indicated by
the larger values of the exponents n0 and n0 0 compared to the
binary system. We note that the values of the power law expo-
nents for the ternary blend (n0 z 1.3 and n0 0 z 0.8) are close to
those found in other so glassy systems,42,61where the n0/n0 0 ratio
is usually close to 2.61–64 At a larger strain, a shouldering is
observed for both the moduli. This phenomenon can be noticed
for the binary and ternary system at a similar strain (around g0

¼ 1). Similar results were found in colloidal gels49,65,66 and
attractive glasses,51 where the inection is regarded as a
secondary yield point reecting the restructuring of large
aggregates for gels and cage breaking of colloidal particles for
attractive glasses. In our investigation, we can only speculate
that such behavior reects the fracture of nite size particle
ocs following the yielding of the network structure. Impor-
tantly, this is not specic to the case of pendular bridging
because it is observed for both binary and ternary samples.

In addition, we must specify that a strong nonlinear visco-
elastic response usually leads to distorted stress waveforms with
the contribution of higher order odd harmonics,56 i.e., the
system oscillates in the anharmonic regime. In this case, the
ing G0 (filled symbols) and G0 0 (open symbols) as a function of strain
¼ 0.16, blue circles) systems, both at fSP ¼ 0.20. Moduli values in the

elastic (s vs. g) and viscous (s vs. _g) Lissajous–Bowditch curves for the

Soft Matter
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Fig. 6 SEM pictures of PEO–SP macroporous structure obtained in a
pendular gel at high particle concentration (fSP ¼ 0.40, 9 ¼ 0.16)
showing large scale heterogeneity. The void regions left after removal
of the PIB appear clearly in (a). The compact particle-rich region is
shown at a lower magnification in (b), with a magnified view high-
lighting the pendular morphology. (a) and (b) represent different
portions of the same sample.
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G0(g0) and G0 0(g0) data extracted from the rheometer soware
correspond to the apparent moduli in the rst harmonic
approximation and do not consider the anharmonic response.
Further analysis, like parametric plots of stress vs. strain and
strain rate (Lissajous–Bowditch curves) or Fourier transform of
the stress waveforms,56 is then required to probe the nonlinear
behavior. We compare the Lissajous–Bowditch curves for the
binary and ternary systems at four levels of g0 in the nonlinear
domain on Fig. 5 (the selected g0 values are indicated by the
dashed lines in the strain sweeps graph). The binary system
shows elliptic shapes regardless of the strain amplitude, indi-
cating that the nonlinear viscoelastic response remains in the
harmonic regime all along the strain sweep. However, the
ternary system already shows deviation from the harmonic
response at the peak of theG0 0 overshoot. This trend accentuates
at the G0–G0 0 crossover and leads to strong higher odd
harmonics contribution aer the uidization of the system (at
g0¼ 1 and 3), marked by an increasingly rectangular shape for s
vs. g (elastic Lissajous–Bowditch curve) and accompanied by an
S-shape in the s vs. _g plot (viscous Lissajous–Bowditch curve)
due to plastic events62 (presumably rearrangements of the gel
structure). Similar in-cycle anharmonic responses are observed
in associative polymer gels,56 concentrated solutions of so star-
like micelles64 and depletion colloidal gels.67

Finally, the yielding of the pendular network structure can
also be inferred from the oscillatory strain–stress amplitudes
plot, where the elastic to plastic transition coincides with the
uidization point (G0–G0 0 crossover), which can be used to
dene the yield stress (see ESI Fig. S1†).
Fig. 7 Linear viscoelasticity of the ternary systems: (a) G0 (closed
symbols) and G0 0 (open symbols), (b) magnitude of the complex
viscosity |h*| vs. angular frequency for fSP ¼ 0.10 (black circles), 0.13
(orange diamonds), 0.16 (blue squares), 0.20 (grey triangles), 0.25 (red
tilted triangles) and 0.30 (blue inverted triangles), all for 9 ¼ 0.16. (c)
Dimensionless plot for the scaling of the linear viscoelastic response
(continuous line represents the best fit using eqn (1)). Inset shows the
characteristic time l ¼ h*

N/G 0
p vs. fSP.
3.3 Particle concentration dependence and scaling
properties in the pendular regime

Pendular ternary systems were prepared across a wide range of
particle concentrations with a xed PEO–SP volume ratio 9 ¼
0.16, which was selected to ensure full pendular bridging based
on the results obtained at fSP ¼ 0.1 (see Fig. 2b). Note that a
higher value of 9 up to 0.25 would yield almost identical results
in terms of structure and rheological behavior, but could
potentially lead to a partial merging of the menisci as both fPEO

and fSP increase. The ternary system thus moves along the blue
line of the compositional space, as shown in Fig. 1.

The optical images of the ternary samples for fSP between
0.01 and 0.25 are presented in ESI Fig. S2.† At low volume
fractions (namely, fSP ¼ 0.01 and 0.022), no volume-spanning
structure is formed, yet we observe the presence of particle
ocs due to pendular bridging, with a characteristic size of
approximately 10 to 20 mm. The increase in particle concen-
tration leads to a three-dimensional connectivity of the ocs.
At fSP ¼ 0.046, the ocs grow into a pendular network, sug-
gesting a percolation threshold slightly below this value. A
further increase in fSP results in a higher network density,
while sustaining an open branched structure. However, a more
compact macroporous structure appears at fSP T 0.35, with
larger scale heterogeneity resulting from the coexistence of
particle-rich and particle-poor regions. This is shown in Fig. 6
for fSP ¼ 0.40, where the particle-poor regions become as large
Soft Matter
as 100 mm. We emphasize that the SP–PEO structure is not
saturated with PEO and remains pendular-like, as can be seen
in the magnied view of Fig. 6b.

Scaling of linear viscoelastic response. Complex moduli and
viscosity measured during frequency sweeps are represented in
Fig. 7a and b respectively. Note that these measurements were
carried out in a fSP range where the pendular percolating
network structure is well established (fSP > 0.10). For fSP < 0.10,
the low viscosities of the samples fall into the resolution limits
This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (a) Steady state flow curves of the ternary systems at various
fSP, all for 9 ¼ 0.16. (b) Dimensionless plot of the same data for fSP $

0.046 (continuous line represents eqn (2)). Inset shows the critical
shear rate _gc ¼ sy/hN vs. fSP.
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of the instrument at low/moderate frequencies. The G0(u)–G0 0(u)
spectra are similar to those previously presented for the ternary
system in Fig. 4. The increase in fSP clearly leads to higher G0, G00

and |h*| values over the entire u-range, while the local G0 0

minimum, as well as the G0–G0 0 crossover, is shied towards
higher u. Notably, the magnitude of the complex viscosity
decreases as u�1 until it tends towards a plateau value h*

N at high
frequencies. The transition between these two regimes corre-
sponds to the high frequency G0–G0 0 crossover, which occurs at
the angular frequency uc ¼ 1/l, where the characteristic time l¼
h*
N/G 0

p is associated with the b-relaxation (see ESI†).
Because a similar linear viscoelastic behavior is observed for the

pendular gels for a wide range of fSP, we show that the data
obtained at various fSP can be scaled using only two physical
parameters: l and G 0

p. We dene the dimensionless angular
frequency as ~u ¼ h*

Nu/G 0
p and the dimensionless magnitude of the

complex viscosity as ~h* ¼ |h*|/h*
N. The elastic modulus at the

plateau G 0
p is dened as the average value of G0 over the u-range

where the plateau is observed. However, the viscosity plateau h*
N

cannot always be directly measured, especially for higher fSP

values, where the viscosity plateau shis towards high frequencies
that are experimentally out of reach. Nevertheless, we presume that
such a high frequency plateau must exist as the rheology becomes
dominated by the viscous contribution of the components.
Accordingly, h*

N (and therefore l) was used as an adjusting
parameter to realize the best overlap of ~h* vs. ~u. The dimensionless
graph |h*|/h*

N vs. h*
Nu/G 0

p is displayed in Fig. 7c. All the data points
collapse on a single curve, suggesting that the viscoelastic prop-
erties can, to a rst approximation, be captured by the network
modulus G 0

p and a single characteristic time l. This characteristic
time is found to scale as fSP

�2.8 (the dependence of G 0
p on particle

volume fraction will be discussed later). The following empirical
constitutive equation can describe this linear viscoelastic behavior:

~h* ¼ 1 + k(~u)�1/2 + (~u)�1 (1)

with k ¼ 0.22.
However, when this simple scaling argument is applied to G0

and G0 0 using their dimensionless counterparts (~G0 ¼ G0/G 0
p and

~G0 0 ¼ G0 0/G 0
p, respectively), a good agreement is still found for the

scaling of G0, but the G0 0 data do not superimpose adequately
(see ESI Fig. S6†). In particular, ~G0 0 appears much closer to ~G0 for
the lowest particle concentration examined (fSP ¼ 0.10) than for
the higher concentrations. It should be noted that the hori-
zontal scaling brings all the local G0 0 minima to the same value
of ~u, conrming that the single timescale approach (using l)
works well for our system. Such discrepancies in the vertical
scaling of G0 0 suggest that the dissipation processes depend on
fSP in a more intricate way than elastic properties.

Alternatively, we also attempted to use the scaling approach
developed by Trappe and Weitz38 for weakly attractive particles,
where a master curve can be obtained using horizontal (for u)
and vertical (for G0 and G0 0) shi factors. Because both the shi
factors can be arbitrarily chosen, we nd that the superposition
of G0 0 can be slightly enhanced, but this also results in a poorer
superimposition of the G0 data and a disparity in the position of
the local G0 0 minimum (see ESI Fig. S7†). Overall, this approach
This journal is © The Royal Society of Chemistry 2015
does not provide a better scaling of the linear viscoelasticity of
the pendular gels.

Scaling of steady state shear ow behavior. The ow curves
in the steady state regime are shown in Fig. 8a. A nearly New-
tonian behavior (s( _g)¼ h0 _g) is observed for the lower fSP values,
while a stress plateau develops at low shear rates when fSP $

0.046. This conrms the existence of a percolation threshold
fper z 0.04 that marks a transition towards the formation of a
three-dimensional stress bearing pendular network structure
for fSP > fper, in agreement with direct observations (Fig. S2†).
Below the threshold, a non-Newtonian region marked by a
succession of shear thickening and shear thinning at a low
shear rate is observed (detailed in ESI†); however, no yield stress
can be detected.

In contrast, the system shows a Herschel–Bulkley behavior68

above the percolation threshold. The asymptotic stress value at
low shear rates corresponds to the yield stress sy, whereas a
Newtonian ow regime is eventually reached at higher shear
rates. The transition between these two regimes is marked by a
critical shear rate value _gc. For _g < _gc, the weak increase in stress
in the plateau region reects slow rearrangements of the
network structure, whereas the Newtonian behavior observed
for _g[ _gc corresponds to the ow of the fragmented gel, which
is associated with the viscosity hNmeasured at high shear rates.
Soft Matter
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Inspired by the approach of Coussot for attractive clay suspen-
sions,39 we surmise that the yielding transition is driven by only
two parameters, namely sy and _gc. We can dene the critical
shear rate as _gc ¼ sy/hN (see ESI Fig. S4† and the corresponding
discussion). The dimensionless stress ~s ¼ s/sy is plotted as a
function of the dimensionless shear rate ~cg ¼ hN cg=sy in Fig. 8b,
where all the data appear to superimpose well. As shown in the
inset, the critical shear rate increases with the particle volume
fraction ( _gc � fSP

2), indicating that the yielding transition
occurs at higher rates when the network density increases.
When ~cg � 1, ~s tends to 1, whereas ~s ¼ ~cg for ~cg[1. The overall
behavior is captured by the following empirical constitutive
equation:

~s ¼ 1þ ð~cgÞ1=2 þ ~cg (2)

where no adjustment parameter is needed. It is noteworthy that
hN could not always be precisely evaluated from the ow curves
because very high shear rates could not be probed in practice by
rotational rheometry. Some adjustment of the hN value was
Fig. 9 Hydrodynamic function for the binary PIB–SP (9 ¼ 0, red
circles) and ternary PIB–PEO–SP (9 ¼ 0.16, blue squares) systems.
Continuous line represents the best fit using eqn (3).

Fig. 10 LAOS behavior for the ternary systems at various fSP, all for 9¼ 0.16:
(u ¼ 10 rad s�1). The results are split in three graphs to enhance clarity. An

Soft Matter
thus required to scale the data in Fig. 8b, especially at high fSP.
However, the consistency of the adjusted values was tested
through the dependence of hN on fSP. The hydrodynamic
function j(fSP), dened as hN(fSP) ¼ j(fSP)hN(0) where hN(0)
is simply the Newtonian viscosity of the continuous phase is
represented in Fig. 9. The data were tted with the Quemada
model:69

jðfSPÞ ¼
�
1� fSP

fM

��2

(3)

where fM is the maximum packing fraction. The best t is
obtained for fM z 0.67 (see continuous line in Fig. 9), which is
suitable for polydisperse spheres.70,71 Furthermore, the data
were compared to those obtained for the binary PIB–SP system,
where hN is experimentally accessible. The differences between
the binary and ternary systems are not signicant (Fig. 9). This
conrms that for the ternary systems, the high shear rate
viscosity, hN, is equivalent to the viscosity of the suspension
without capillary interactions.5

Yielding under LAOS. The results of the strain sweep exper-
iments for fSP ¼ 0.10–0.30 are presented in Fig. 10. Equivalent
experiments for PIB–SP binary samples are presented in ESI (see
Fig. S3b†). Increasing fSP leads to a reduction of the linear
viscoelastic domain. Similar phenomena have been widely
reported for polymer nanocomposites72 and colloidal gels.51,73

Simultaneously, the strain associated to the peak in G0 0

decreases when fSP increases. It should be noted that no G0 0

overshoot can be detected for fSP ¼ 0.10, as opposed to the case
of higher fSP samples. This further corroborates the difference
in the dissipative process for lower fSP pendular gels. In addi-
tion, the limit of linearity appears sensitive to fSP, while the
shouldering observed at large strains shows almost no depen-
dence on the volume fraction of the particles (see ESI, Fig. S8†).

The LAOS results allow three strain values to be dened: the
critical strain gcrit (which marks the limit of linearity, i.e. the
strain below which G0 and G0 0 are strain-independent, as judged
G0 (filled symbols) andG0 0 (open symbols) as a function of strain amplitude
alogous data for the binary system are shown in ESI Fig. S3b.†

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 Characteristic strains as a function of particle volume fraction
for the binary (9 ¼ 0, red circles) and ternary (9 ¼ 0.16, blue squares)
systems: (a) gcrit, (b) gpeak and (c) gfluid.
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visually), the strain at the G0 0 maximum gpeak, and the strain at
the uidization point guid (dened at the G0–G00 crossover). The
evolution of all three strains as a function of fSP are reported
and compared to the results obtained for the PIB–SP binary
samples in Fig. 11. The strongest impact of pendular bridging is
observed on gcrit, for which a signicant reduction is found for
the ternary system in comparison with the binary system at a
xed fSP value up to approximately 0.4. In this region, the limit
of linearity decreases as a power law gcrit � fSP

�3 with an
exponent 3 of 4.3 for the binary system and 1.3 in the case of the
ternary system. The trend of gcrit is less clear at higher fSP

values, but appears to saturate around gcritz 2–4� 10�4, which
can be attributed to a fSP range approaching the glass transition
for near hard spheres. It must be noted that while Fig. 11 plots
the results for the binary and ternary systems on the same
graphs for comparison, there is in fact almost no overlap in the
fSP range in which gpeak and guid can be measured.

Strain thinning and yielding of the ternary samples under
LAOS conditions should rely on menisci elongation and
menisci rupture, respectively. The pairwise interaction due to a
pendular bridge between spherical particles has been widely
investigated and is known to induce an attractive force, which
decreases as the particles separation distance increases74,75 until
the meniscus breaks. This decrease in strength could explain
the strain thinning observed at very low strain amplitudes
because the sharpest decrease in attractive force is observed as
the particles start to separate from each other.74,75 The onset of
nonlinearities is also strongly coupled to the branched structure
of the pendular network, which can deform heterogeneously
and limit particle separation. As a result, the shortening of the
linear viscoelastic domain, which is associated with the
This journal is © The Royal Society of Chemistry 2015
increase of fSP, can be understood as the restrained ability of
the structure to accommodate the deformation due to the
increase in the network density. In addition, when two succes-
sive strain sweeps (with an identical strain amplitude range as
in Fig. 10) are applied to a pendular gel, the linear viscoelastic
moduli measured during the second sweep are lower compared
to those found during the rst sweep (results not shown here),
showing that irreversible yielding occurs during the strain
sweeps. Such microstructural changes may be induced when
particle separation exceeds the meniscus breaking point, which
depends on the meniscus volume.74 We note that meniscus or
particle polydispersity may play a key role, e.g., menisci with
smaller volumes are expected to break at a low strain. However,
as long as the meniscus does not break, the attractive force
tends to bring back the particles in contact when the mechan-
ical load is released. This “capillary recoil” suggests that the
interruption of the nonlinear dynamic shear ow prior to the
yield strain would result in a rheological reset of the pendular
gels due to their structural recovery.

Transient behavior under creep: delayed yielding. When
subjected to creep (i.e. constant stress), yield stress uids
exhibit two distinct regimes: below a critical stress, their
viscosity becomes extremely large with time (the shear rate
tends to zero), while at higher stresses their viscosities decrease
with time and eventually reach a steady state (the shear rate
increases and levels off), a phenomenon known as viscosity
bifurcation.76,77 If the applied stress is in the vicinity of the
critical stress, the transient creep behavior can give way to the
uidization of the system aer a long period of time. Such
behavior is referred to as delayed yielding78,79 and is observed in
pastes,80,81 colloidal gels78–85 and glasses.86

This scenario was tested for pendular gels. The evolutions of
g and _g in time for several values of s are shown in Fig. 12a and
b for a pendular sample with fSP ¼ 0.2. The overall transient
response towards the steady state involves ve main phases,
although all of the phases may not be observable within the
experimental time-window at all stresses. At rst, an elastic
response is observed shortly aer the start-up of the experiment
(t < 0.02 s), followed by the power law decrease of the shear rate
with time (usually referred to as primary creep85,87). The end of
the latter phase is marked by an overshoot in _g(t), directly fol-
lowed by another power law decrease. Finally, the material
undergoes terminal uidization and exhibits a signicant
increase in _g(t) (up to several orders of magnitude) before
reaching a plateau (steady state). We note that this last increase
in _g(t) is not always completely monotonic.

At the lowest applied stress, the primary creep regime
remains uninterrupted at the end of the experiment duration,
and the associated strain exhibits a slight increase with time.
Furthermore, the primary creep regime obeys the power law _g(t)
� t�0.9, leading to extremely low shear rates ( _g(t) < 10�5 s�1).
This is similar to the case of colloidal gels, where the analogy to
Andrade's law for solids ( _g(t) � t�2/3) is oen invoked.81,84,85 As s
increases, the variations in _g(t) become less pronounced and
the uidization process is accelerated. The nal values of _g are
in good agreement with the steady state ow curve obtained in
the rate-controlled mode, as shown in the inset of Fig. 12b,
Soft Matter
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Fig. 12 Transient creep response of pendular gels. Left panel: (a) strain and (b) shear rate vs. creep time for fSP ¼ 0.20, with s ¼ 280, 330, 345,
350, 370 and 400 Pa, from bottom to top. Inset of (b) shows the comparison of the data at the end of creep tests (red symbols) with the rate-
controlled steady state flow curve (blue line). Right panel: apparent fluidization strain (c and e) and fluidization time (d and f) vs. s and s � sc for
fSP ¼ 0.20 (blue diamonds) and 0.30 (red circles). The dashed lines in (c) and (d) represent sc.

Fig. 13 Cross section schematic of a concave meniscus-shaped
capillary bridge keeping two equally sized particles in contact.
Meniscus curvature is defined by a circle of radius r1 and the contact
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although the steady state plateau values may not be fully
reached at the end of the creep test. The reason why the shear
rate re-enters a power law decrease regime aer the overshoot is
unclear at this point. However, the two-step uidization
observed for pendular gels must involve microstructural
processes, in which the rupture of capillary bridges plays a
central role.

Next, the inuence of s on the terminal uidization was
examined through two observables: the uidization strain gf

and the uidization time sf, dened as the corresponding strain
and time at the local _g minimum that precedes the nal
increase in shear rate. Importantly, macroscopic strains
measured by the rheometer prior to the steady state (such as gf)
should be regarded as apparent strains because the transient
yielding processes are possibly localized along the gap direc-
tion. Indeed, recent studies combining rheometry and ultra-
sonic velocimetry have shown that the route to a steady state
ow under creep conditions include several heterogeneous
strain eld regimes, where plug-like ow and shear banding
occur around the uidization point for yield stress uids such
as carbon black gels83,85 and Carbopol microgels.84 We plot gf
and sf as a function of the applied stress in Fig. 12c and d,
respectively, for fSP ¼ 0.2 and 0.3. Similarly to other particulate
gels,82 gf does not appear as stress-independent. Instead, it
increases sharply with the applied stress above a critical value sc
and tends to level off at higher stresses. This suggests that the
activated yielding dynamics during creep are sensitive to the
macroscopic stress applied to the pendular gels. It is noteworthy
that these uidization strains are up to twenty-fold higher than
the values found in strain-controlled LAOS experiments
(compare with Fig. 11c for fSP ¼ 0.2 and 0.3). Such
Soft Matter
discrepancies point out the difference in the yielding scenario
between strain-controlled and stress-controlled experiments,
where the strain eld can be highly localized at the onset of
solid-uid transition during creep tests. Moreover, sf decreases
signicantly when s starts to exceed sc, whereas a less
pronounced decrease is observed at higher stresses. This
dependence is reminiscent of that observed in recent studies78,79

on various colloidal gels (namely carbon black gels, depletion
gels and thermoreversible gels), where it is interpreted as a
change in the network rupture kinetics. In addition, we nd a
reasonable superposition of the results obtained for fSP ¼ 0.2
and 0.3 when gf and sf are plotted as a function of the reduced
stress s � sc, as shown in Fig. 12e and f, which suggests that a
similar transient creep behavior is experienced by the pendular
gels when s > sc(fSP). Finally, the values obtained for sc are
close to those of the yield stress sy extracted from the rate-
controlled steady state ow curves and oscillatory strain sweeps
experiments as shown in the inset to Fig. 11b.
angle is zero.

This journal is © The Royal Society of Chemistry 2015
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4. Discussion
4.1 Percolation, aggregation and arrested coalescence

Our results on the inuence of the wetting phase content indicate
structural and rheological transitions which are analogous to
those observed in wet granular materials at much higher packing
fractions.9,13 Similar changes have also been noted in a very recent
work on macroporous ceramics based on capillary suspensions.88

Here, we consider the nature of these transitions based on the
geometric aspects related to the formation of pendular bridges
and merging phenomena due to the increase in the wetting uid
volume. The geometry of pendular bridging is depicted in Fig. 13
for spherical particles of equal size (radius R) maintained in
contact by a fully wetting uid meniscus (contact angle q z 0)
with a circular curvature prole, where h is themeniscus height, x
is the meniscus radius and r1 is the meniscus curvature (a zero
contact angle implies r1 ¼ x2/(2(R � x)) and h ¼ ffiffiffi

3
p

r1). Both
particle and meniscus volumes can be determined with only two
variables (R and h) using the following relations:

Vparticle ¼ 4

3
pR3 (4)

Vmeniscus ¼ ph2
�
7h

12
þ 2Rffiffiffi

3
p

�
� 2ph2

9

�
h2

3
þ 2hRffiffiffi

3
p

�1=2

� ph2

6

�
3R� h

2

�
(5)

The size of pendular bridges is primarily controlled by the
resulting PEO drop size obtained at the end of the rst mixing
step. As can be seen in ESI Fig. S9,† ourmixing process leads to an
average PEO drop diameter of �1.2 mm prior to the addition of
particles. At the lowest PEO concentration probed (9 z 10�2), the
quantity of PEO drops is considerably less than that of particles,
yet the detection of a yield stress (see Fig. 2b) suggests that a
percolated path is already formed. We surmise that such perco-
lated structure does not include all of the particles due to the
limited amount of drops needed to form the bridges, where only a
fraction of silica particles is connected via pendular bridges
resulting from the PEO–SP collisions during mixing. In this
framework, the initial increase in PEO concentration leads to a
greater number of drops, which augments the ow-induced
interparticle connectivity while sustaining a nearly constant
average meniscus volume. This capillary-driven percolation
process continues until all the particles become part of the
pendular network, where the increase in network density results
in higher strength. This state, referred to as full pendular bridging,
coincides with the maximum yield stress observed in Fig. 2b.
Considering the simplied case ofmonodisperse particles bridged
by equally sized menisci, we can write 9 z fPEO/fSP ¼ �zVmeniscus/
(2Vparticle), where �z is the average coordination number, i.e. the
number of bridging menisci per particle. For percolated networks
with a branched structure, �z becomes slightly larger than 2 and the
latter expression can be approximated by 9 z Vmeniscus/Vparticle.
Equating the meniscus volume to the average PEO drop volume
(�Vdrop ¼ 4p�Rdrop

3/3) leads to 9 z 0.22. Although this simple
This journal is © The Royal Society of Chemistry 2015
approach does not consider particles and menisci poly-
dispersities, this 9 value is consistent with the results presented in
Fig. 2b, where the maximum yield stress is observed for 9z 0.25.

At a higher PEO content (9 > 0.25), the excess of the wetting
phase volume contributes to the increase of menisci size and
eventually leads to the merging of neighboring menisci. This
phenomenon starts locally and induces a transition from the
pendular to funicular network morphology, until signicant
bridge coalescence leads to the formation of compact capillary
aggregates as 9 increases. Importantly, the surface tension at the
PIB–PEO–SP contact line, the Laplace pressure associated with
the curvature of the PIB–PEO interface and viscous forces of the
PEO bridge all contribute to the dynamic strength of the pendular
bridges.44 Menisci coalescence tends to reduce the contribution
of surface tension, especially in the capillary state,44 while the
Laplace pressure contribution remains important. The decrease
in yield stress shown in Fig. 2b can thus be attributed to the
lowered capillary interactions of the particulate network due to
the merging of the binding PEO bridges, similar to wet granular
systems.9,13 In terms of PEO–SP volume ratio, capillary aggrega-
tion can start occurring when the meniscus holding two particles
in contact becomes large enough so that surrounding particles
can join the meniscus periphery (as shown in ESI Fig. S10†).
Considering the case of monodisperse particles, the critical
meniscus volume Vcrit corresponding to the onset of capillary
aggregation can be calculated using eqn (5) for r1¼ R (see Fig. 13),
which results in Vcrit ¼ pð20 ffiffiffi

3
p � 9ÞR3=6. Small compact capil-

lary aggregates composed of six equally sized particles and one
meniscus of volume Vcrit can thus be formed when 9 ¼ P

Vcrit/
(6Vparticle), which gives 9z 0.53 (see dashed line in Fig. 2b). This 9
value agrees well with the formation of compact capillary aggre-
gates observed experimentally and with the decrease in yield
stress evidenced in Fig. 2b, although the effects of particles and
menisci polydispersities are not included in this calculation.

The percolated structures observed in the capillary regime (9
T 0.5) appear to result from two ow-induced processes: the
formation of compact capillary aggregates (primary aggregation),
followed by their percolation (secondary aggregation). The latter
process involves partial merging of the capillary aggregates,
where their raspberry-like drop shape is sustained due to the
incomplete coalescence at their interface. Moreover, a more
advanced (although still incomplete) merging of the primary
aggregates is found when 9 increases (compare Fig. 2h–k vs. i–l).
Such morphological features are typical of the arrested coales-
cence phenomena observed for solid-like drops due to the
competition between capillary suction and internal drop elas-
ticity.89,90 This physical phenomenon is particularly consistent
in our case, given the high volume fraction of silica particles in
the PEO–SP aggregated phase, fi, which is dened as:

fi ¼
fSP

fPEO þ fSP

¼ 1

1þ 9
(6)

The binary PEO–SP system is found to develop solid-like
properties (yield stress and a low-frequency plateau) for particle
loadings exceeding 0.40, whereG 0

p� fSP
awith a > 1 (not shown).

This suggests that for fi $ 0.40 (i.e. 9 ( 1.5), a yield stress is
Soft Matter
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developed within the drop, and thus the aggregates are expected
to predominantly behave like an elastic paste. Accordingly, the
low frequency plateau modulus within the aggregates is expec-
ted to follow G 0

p � fi
a, and thus G 0

p � (1 + 9)�a using eqn (6). As a
result, the increase in 9 leads to a lowering of the capillary
aggregates elasticity, and thus favors their coalescence, but still
leads to an arrested state as long as the elastic energy is high
enough to balance the interfacial energy.89

4.2 Power-law scalings: effect of interparticular pendular
bonding

We now turn to the signicant impact of pendular bridging on
the elastic modulus plateau and yield stress over the wide range
of particle concentrations investigated. The dependence of G 0

p

and sy on the particle volume fraction fSP for the PIB–SP binary
system (9 ¼ 0) and the PIB–PEO–SP ternary system at full
pendular bridging (9 ¼ 0.16) is presented in Fig. 14. Power-law
scalings are found for both the systems above critical values of
fSP:

G 0
p � (fSP)

m (7)

sy � (fSP)
v (8)

Such laws are ubiquitous in gel-like complex uid systems.72

In our case, these solid-like properties appear around fSP¼ 0.25
in the absence of PEO (which may be regarded as a PIB–SP
suspension-to-paste transition, i.e. the suspension becomes
Fig. 14 Scaling laws of G 0
p and sy for binary (9 ¼ 0, red open squares)

and ternary systems (9 ¼ 0.16, blue filled squares).

Soft Matter
solid-like at rest due to increased particle interactions when the
particle volume fraction gets closer to the concentrated regime,
but can behave like a liquid under deformation37), and around
fSP ¼ 0.04 in the case of the ternary system (corresponding to
the pendular percolation threshold). The scaling exponents
found for the pendular gels (m ¼ 4.9 and v ¼ 3.3) are close to
those found for colloidal silica gels,91–95 and strongly differ from
the values obtained for the PIB–SP pastes (m ¼ 9.4 and v ¼ 6.1).
For both systems, the values of G 0

p (as well as those of sy)
approach each other at very high fSP, although a signicant gap
is observed at xed fSP values over the investigated range (G 0

p

and sy are typically ten- to twenty-fold higher for pendular gels
compared to PIB–SP pastes at the same fSP). This great increase
in elasticity and yield stress denotes an increase in interparticle
attractive energy2 due to the pendular bonds. We also note that
the transition from an open branched gel morphology to a
macroporous structure (Fig. 6) observed for the ternary system
for fSP T 0.35 does not affect the scaling of G 0

p and sy.
Other parameters, like the contact angle q, the interfacial

tension between the two immiscible liquids G, the particle
radius R and the viscosity of the binding liquid hb, should also
have a signicant inuence on the yield stress of pendular
systems. Indeed, the particle size is already known to have a
great effect on the strength of wet granular materials, where the
yield stress increases when the particle size decreases or when
the polydispersity of particle increases.44 For oil/water/glass
particle pendular systems, Koos et al.7 have shown that sy� R�1.

4.3 Analogy of pendular networks to attractive colloidal gels

The robust gel-like dynamics and yielding behavior found for
our pendular gels result from the ow-induced network struc-
ture based on adhesive capillary interactions. However, very
similar properties have been widely reported for attractive
colloidal gels, where self-assembly of the colloidal phase occurs
when the attractive energy exceeds the thermal energy.

Fractal scaling theories73,95 have been introduced to link the
solid-like rheology of attractive colloidal gels to their network
geometry. Piau et al.95 proposed a scaling approach that proved
successful for colloidal silica gels95 and colloidal disk gels.96

Their concept for the network elasticity relies on the free-energy
associated with the fractal domains of size x. Using de Gennes'
scaling concept for polymer gels, the average oc size is related
to the particle volume fraction f by x � f1/(df�3), which leads to
the following scaling laws:

G 0
p � f5/(3�df) (9)

sy � f4/(3�df) (10)

In this framework, the measured exponents m and v (from
eqn (7) and (8)) are expected to satisfym/v¼ 5/4. The actual ratio
found in our case is 1.48, which is somewhat higher than
expected. Nevertheless, applying this scaling theory to our
pendular gels, we nd df z 1.98 (from eqn (9)) and df z 1.79
(from eqn (10)). These values lie between those associated with
the cluster–cluster aggregation model and the reaction-limited
aggregation model.73 This fractal dimension is also close to that
This journal is © The Royal Society of Chemistry 2015
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found for wet granular gases45 (df z 2.0). Although the fractal
nature of pendular gels is peripheral to our study, it should
certainly be considered in greater details for future investiga-
tions using complementary approaches.
4.4 Compositional state diagram

A schematic diagram representing the main structures associ-
ated with the changes in the two composition parameters, i.e.
the volume fractions of silica particles and PEO, is shown in
Fig. 15a. In the case of PIB–SP binary systems (bottom row in
Fig. 15a), particles start to interact when fSP is high enough to
signicantly reduce interparticle separation. At low 9 (middle
row in Fig. 15a), the PEO menisci behave like gelators by
bridging the particles through strong capillary attractions. The
ternary structures start as isolated particle ocs for low fSP,
Fig. 15 (a) Schematic overview of the structural transitions resulting
from variations in the particle volume fraction fSP and wetting phase-
particle volume ratio 9 ¼ fPEO/fSP. (b) Compositional state diagram.
The textured area in the upper-right corner of (b) represents an
unphysical composition region of the ternary system (the sum of the
three volume fractions cannot exceed 1), while the vertical dashed line
marks the random close packing fraction for monodisperse spheres
(fRCP z 0.639).

This journal is © The Royal Society of Chemistry 2015
which can grow into sample-spanning structures as fSP

increases, eventually leading to the formation of heterogeneous
macroporous pendular structures. At higher 9 (top row in
Fig. 15a), the menisci coalesce and compact capillary aggregates
are formed. Hierarchical clustering is then observed due to
partial coalescence of the capillary aggregates, which can form a
percolated path throughout the sample.

We aim to delineate how these structural changes result in a
transition from a uid-like ow behavior to the solid-like state
by plotting a compositional state diagram (9 vs. fSP) in Fig. 15b.
Note that the limiting case of random close packing for
monodisperse spheres is employed (fRCP z 0.639), although a
higher value should be expected due to the particle poly-
dispersity. The uid-gel frontier in Fig. 15b represents the
rheological percolation threshold for a xed 9 value. For 9¼ 0, a
suspension-to-paste transition occurs around fSP ¼ 0.25. As 9

starts to increase, a very sharp decrease in the percolation
threshold is found (down to fSP ¼ 0.04 for 9 ¼ 0.16), corre-
sponding to the formation of a pendular network. Further
increase of 9 successively leads to funicular and capillary
aggregate morphologies (these transitions are indicated at xed
9 values regardless of fSP in Fig. 15b, based on experimental
observations at fSP ¼ 0.1, which is a conjectural assumption).
Given that the network is formed by compact capillary aggre-
gates rather than particles themselves when 9 T 0.4, we spec-
ulate that the percolation threshold tends to increase with 9 in
this region of the diagram. It should also be noted that our
study is restrained to 0 # 9 # 1, although the ternary system
might return to a uid-like behavior for 9 > 1, especially aer
phase inversion occurs.

5. Conclusions and outlook

We have reported on the ow-induced assembly phenomena in
ternary blends composed of two immiscible polymers and silica
particles over a wide region of the compositional space, where
the particles are almost completely wetted by one of the polymer
phases. Even at volume fractions as low as 0.002, the wetting
polymer phase enables the formation of a percolated path via
the capillary bridging of particles, giving way to the solid-like
behavior of the ternary blends. Further increase of the wetting
phase content extends the connectivity of the pendular network
until the particle-bridging menisci start to coalesce, eventually
resulting in the formation of compact capillary aggregates.
Merging of the menisci primarily depends on the mixing ow
conditions and geometrical aspects, and is triggered above a
critical value of the wetting phase to the particle volume ratio 9.
Interestingly, our results reveal that two types of percolation are
distinguishable depending on 9: silica particles are bridged
through pendular percolation for low 9 values, whereas compact
capillary aggregates serve as building blocks for the formation
of a sample-spanning network through their arrested coales-
cence in the higher 9 regime. These morphological transitions
are accompanied by a rise and fall of the yield stress, analogous
to wet granular media, due to the decreased capillary interac-
tions and change in percolating structure. The yield stress rea-
ches the maximum at full pendular bridging for 9 close to 0.25.
Soft Matter
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This value should arguably depend on the relative meniscus/
particle size and particle size distribution. Our study also
includes the rst detailed investigation on the linear/nonlinear
viscoelasticity and yielding of pendular gels. Such systems
exhibit a signicant increase in elasticity and yield stress, as
well as a shortening of the linear viscoelastic domain and a
lower percolation threshold compared to the non-bridged
particle suspensions and pastes. All of these effects result from
an increase in attractive interactions between the particles,
where the dispersed drops of the wetting phase act as gelators
via the meniscus bridging of the particles during mixing.

Finally, we summarize some open questions concerning this
class of so materials. Our investigations on nonlinear visco-
elasticity require more detailed studies on strain thinning and
yielding dynamics of pendular systems. In particular, the
questions of ow-induced restructuration and heterogeneous
ow during strain-induced and stress-induced transients
remain crucial. In terms of capillary attractions, how does the
uid–solid transition change with the contact angle, and can it
be unied on a jamming phase diagram? In addition, the
apparent similarities of these ternary systems with wet granular
materials raises the possibility of a theoretical framework that
could unify the ow behavior of uid–uid–solid particle
ternary systems and wet granular media. Further exploration of
the ternary composition diagram promises new progress on
ow-induced ternary structures, such as the formation of
bicontinuous networks and phase inversion phenomena, and
warrants future studies beyond the scope of the present work.
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