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Abstract Rheological measurements were performed to
examine the yielding behavior of capillary suspensions
prepared by mixing cocoa powder as dispersed phase, veg-
etable oil as the continuous primary fluid, and water as the
secondary fluid. Here, we investigated the yielding behav-
ior of solid-fluid-fluid systems with varying particle volume
fraction, φ, spanning the regime from a low volume frac-
tion (φ = 0.25) to a highly filled regime (φ = 0.65) using
dynamic oscillatory measurements. While for φ ≤ 0.4 with
a fixed water volume fraction (φw) of 0.06 as the secondary
fluid, capillary suspensions exhibited a single yield point
due to rupturing of aqueous capillary bridges between the
particles, while capillary suspensions with φ ≥ 0.45 showed
a two-step yielding behavior. On plotting elastic stress (G′γ )
as a function of applied strain (γ ), two distinct peaks, indi-
cating two yield stresses, were observed. Both the yield
stresses and storage modulus at low strains were found to
increase with φ following a power law dependence. With
increasing φw (0 – 0.08) at a fixed φ = 0.65, the system
shifted to a frustrated, jammed state with particles strongly
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held together shown by rapidly increasing first and second
yield stresses. In particular, the first yield stress was found
to increase with φw following a power law dependence,
while the second yield stress was found to increase expo-
nentially with φw. Transient steady shear tests were also
performed. The single stress overshoot for φ ≤ 0.4 with
φw = 0.06 reflected one-step yielding behavior. In con-
trast, for high φ (≥ 0.45) values with φw = 0.06, two stress
overshoots were observed in agreement with the two-step
yielding behavior shown in the dynamic oscillatory mea-
surements. Experiments on the effect of resting time on
microstructure recovery demonstrated that aggregates could
reform after resting under quiescent conditions.
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Introduction

The processes such as mixing, pumping, filling, and pack-
aging involved in the production of many food products are
associated to the complex flow of materials. Processing of
viscoelastic materials with high viscosity and yield stress
is a challenging industrial issue. Examining the impact of
microstructure on the rheological behavior is pivotal for
stability of products, quality control, consumer perceived
properties and also to economically process the products
at manufacturing plants. Recently, the role and usefulness
of capillary interactions in tuning the complex flow behav-
ior of solid particle suspensions have received significant
attention in the literature (Koos and Willenbacher 2011;
Koos et al. 2014; Koos 2014; Bossler and Koos 2016).

http://crossmark.crossref.org/dialog/?doi=10.1007/s00397-017-1040-1&domain=pdf
mailto:amitahuja502@gmail.com
mailto:chaiwutg@mtec.or.th


802 Rheol Acta (2017) 56:801–810

Using the capillary forces, rheological properties, stabil-
ity against sedimentation, and textural properties can be
adjusted extensively to meet the needs of formulation and
processing (Hoffmann et al. 2014; Wollgarten et al. 2016).
Apart from their potential usage in the formulation and pro-
cessing of consumer goods, capillary forces have also been
shown to play an important role in the rheology of hydrate
slurries in the oil industry (Zylyftari et al. 2013; Ahuja et
al. 2014, 2015; Ahuja 2015; Zylyftari et al. 2015; Karan-
jkar et al. 2016). Mixing a small volume of an immiscible
fluid to a particle suspension can induce particle agglomer-
ation as a result of capillary bridging between the particles.
This effect leads to a material transition from a simple sus-
pension to a viscoelastic paste-like material and it has been
shown to impact the resulting rheological behavior tremen-
dously (Koos and Willenbacher 2011). Based on the contact
angle of the secondary phase with the particles, two differ-
ent states of bridges, namely pendular and capillary, can be
obtained. If the secondary fluid preferentially wets the par-
ticles, a meniscus, formed between the particles, leads to a
pendular state. On the other hand, if the secondary fluid does
not wet the particles, clustered particles in the vicinity of
a small volume of secondary fluid results in capillary state
(Koos et al. 2014). The capillary force controls the state of
bridges between the particles and can be used to tune the
rheological behavior of capillary suspensions by modify-
ing the volume of secondary phase, particle size, interfacial
tension between the two fluids. The magnitude of the cap-
illary force between the bridged particles is found to be
inversely proportional to the particle radius and is directly
proportional to the interfacial tension which can in turn be
manipulated by temperature and by the use of surfactant
(Koos et al. 2012).

Understanding the role of capillary bridges in tailoring
the flow behavior of fluid-fluid-solid system is of great
industrial significance. Hoffmann et al. (2014) and Wollgar-
ten et al. (2016) studied two simple model systems, impor-
tant to food industry, where capillary bridging has been
shown as a new route for the formulation of next generation
low-fat food products. Hoffmann et al. (2014) studied the
stability and rheology of two food model systems, namely
corn starch and cocoa particles, with vegetable oil as the pri-
mary fluid and water as the secondary fluid. The formation
of capillary bridges between the cocoa particles were shown
to improve the heat stability, texture, and rheological proper-
ties of the model chocolate system. Wollgarten et al. (2016)
demonstrated that on heating a cocoa particle-based sim-
ple suspension up to a certain temperature, residual cocoa
butter (fat) in semi-crystalline form releases as thin layers
around particles. This subsequently leads to the formation
of bridges between the particles shown by more than two
orders of magnitude increase in viscosity and yield stress.

Above a certain temperature, the cocoa butter separates out
in the continuous phase as a result of which the networked
structure collapses.

Here, we extend the works of Hoffmann et al. (2014)
and Wollgarten et al. (2016) on cocoa capillary suspen-
sions by investigating the role of composition of ternary
admixture on the rheological behavior over a wide range
of composition. Specifically, we focus our attention to the
yielding mechanism of solid-fluid-fluid systems with vary-
ing φ spanning the regime from a low volume fraction (φ =
0.25) to a highly filled regime (φ = 0.65). We observed an
interesting two-step yielding process in the cocoa particle-
based capillary suspensions. We probed this behavior in
detail and proposed plausible mechanisms for the observed
two-step yielding behavior. Previous rheological studies on
capillary suspensions have primarily focused on the mea-
surements of increased rheological response by increasing
wetting fluid loadings, particle size, and interfacial manip-
ulations and have been limited to low to moderate particle
volume fractions (φ ≤ 0.4). Though this two-step yield-
ing mechanism has been observed in a wide variety of
different systems. For example, Koumakis and Petekidis
(2011) used chemically grafted PMMA particle dispersed
in cis-decalin and investigated the yielding behavior of
attractive glassy phase at high particle concentrations and
attractive gel phase at lower particle concentrations while
keeping the attraction strength constant. They noted a two-
step yielding behavior for both the systems. The first
yielding step was ascribed to the event of bond break-
ing while the second step was associated to the breaking
of particle agglomerates into smaller fragments. Recently,
Zhou et al. (2014) investigated the yielding behavior of
a core-shell microgel system synthesized by an emul-
sion polymerization reaction using polystyrene as core
and poly(N-isopropylacrylamide) as shell. By varying the
shell/core ratio in the synthesis, microgels of different shell
thickness were obtained. Different yielding behaviors were
observed; at low and high ratios, one-step yielding was
observed while for an intermediate ratio, a two-step yielding
behavior occurred. The first yielding event was attributed
to the deformation of soft shell, while the second to the
collision of the hard cores.

Shao et al. (2013) carried out the rheology of aqueous
carbopol microgel in which transition from a repulsive glass
to an attractive gel was achieved with the addition of salt.
It was concluded that the system exhibited a single-step
yielding when the interactions are repulsive and a two-step
yielding when interactions are primarily attractive. The two
peaks observed in loss modulus were associated to net-
work rupture and cluster breakup. Shukla et al. (2015) noted
two-step yielding in surfactant pastes containing abrasive
and clay particles, typically used in commercial dishwash
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liquids. The origin of first yielding was attributed to the rup-
ture of network structure formed by the particles and the
second yielding was due to the breaking of particle agglom-
erates. Segovia-Gutiérrez et al. (2012) reported two-step
yielding in a magneto-rheological model fluid of carbonyl
iron particles dispersed in silicone oil. With lower parti-
cle loadings, only one-step yielding was detected while
higher iron particle loadings led to two-step yielding. Above
a critical particle concentration, fractal flocs of particles
come closer and subsequently form networks. These cluster-
cluster bonds break at higher stress amplitudes causing the
second yielding step. Datta et al. (2011) studied attractive
emulsions and reported the occurrence of two-step yielding
above random close packing concentrations. Sentjabrskaja
et al. (2013) performed rheological measurements on binary
colloidal glasses and reported two-step yielding attributing
the two steps to two existing characteristic length scales
corresponding to caging of small and large particulates
of the binary system. Chan and Mohraz (2012) investi-
gated two-step yielding process in a dilute colloidal gel
obtained by sterically stabilized PMMA particles in a mix-
ture of cis-decahydronaphthalene and cyclohexyl bromide.
Interestingly, they showed that the first yielding in dilute
colloidal gels is due to bond rotation and the second yield
point is due to bond rupture unlike dense systems where
bond rupturing is the prime reason for the first yielding and
cage breaking leads to the second yielding.

Clearly, the commonality among all the different sys-
tems, discussed above, exhibiting two-step yielding behav-
ior is the existence of two interaction forces at the par-
ticulate level or two competing characteristic length or
time scales. This paper aims to provide a new insight on
the yielding behavior of capillary suspensions. Particularly,
we report the combined impact of capillary bridging and
networked particulate structures, studied by varying water
fraction and particle loadings, respectively, on the yielding
behavior of the suspensions. We present results obtained
from oscillatory strain sweeps and transient steady shear
experiments and demonstrate two-step yielding, previously
unreported, for capillary suspensions. Though Domenech
and Velankar (2015) briefly mentioned the appearance of a
second shoulder for both storage and loss moduli at larger
strain in their ternary system of capillary suspension consist-
ing of polyisobutylene as a continuous phase, polyethylene
oxide as the secondary phase and silica particles as a
dispersed phase.

Materials and methods

Cocoa powder (Hershey Company) was purchased from the
local supermarket to prepare cocoa suspensions. The cocoa

particles were unsweetened and non-alkalized and had a fat
content of 1%. These particles were used as provided with-
out further purification or chemical treatment. The particle
size was measured using a laser diffraction particle size
distribution analyzer (Horiba, LA-300). The particles were
dispersed in distilled water and sonicated before particle
size measurement. The particle size distribution is shown in
Fig. 1. Cocoa particles have Sauter mean diameter of d3,2 =
16.1 μm. Food grade vegetable oil (100% soybean, Stop &
Shop brand) with a viscosity of 45 mPa.s at 25 ◦C and a den-
sity of 0.88 g/cm3 was purchased from a local supermarket.
Deionized water was used from a Millipore QTM system.
Cocoa particles were mixed into the oil using a mechanical
mixer (IKA, Eurostar 60) at 500 rpm until a homogenous
mixture is obtained. A known amount of water was subse-
quently mixed to the suspension at 1000 rpm for 5 min. The
mixing speed and time were kept fixed to prepare samples
in this study, and this protocol allowed us to do measure-
ments with a good reproducibility (see Fig. S1). Though,
mixing conditions play an important role and has been
shown to influence the rheological properties of the pre-
pared capillary suspensions tremendously by Bossler et al.
(2017) recently. In order to investigate the impact of mix-
ing on the rheological properties of cocoa suspensions, we
performed some additional experiments and results are dis-
cussed in the supplementary information (see Fig. S2a-b).
Rheological measurements were carried out using a rota-
tional rheometer (ARES G2, TA Instruments) equipped with
a cylindrical cup and a four-blade vane rotor. The cup has
a diameter of 30 mm and vane rotor diameter is 15 mm.
A vane-in-cup geometry is used to prevent wall slippage.
Sample was loaded carefully in the cylindrical cup from the
air-tight containers. All measurements were performed at a
fixed temperature of 25 ◦C. Microscopic images were taken
using Olympus BX-51 and GelSight microscopes.

Fig. 1 Particle size distribution of cocoa particles dispersed in dis-
tilled water
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Results

Figure 2 shows storage modulus (G′) plotted as a function of
amplitude of oscillatory strain (γ ) at a frequency (f) of 1 Hz
for different cocoa particle volume fractions (φ) covering a
low φ (= 0.25) to a highly filled regime at high φ (= 0.65)
with a fixed φw = 0.06 (based on total volume), where φw is
the volume fraction of secondary phase (water). Clearly, at
lower strain limits, G′ remains constant showing a linear vis-
coelastic regime for all values of φ. Above a critical strain,
sample begins to yield as indicated by a decrease in G′. For
higher φ (≥ 0.5), G′ continues to decrease and exhibits a
small to wide (depending on the value of φ) second plateau.
When a second critical strain is attained, G′ decreases fur-
ther and the whole curve clearly shows two distinct yield
points indicating yielding through two mechanisms. As φ

is reduced, the second shoulder in G′ becomes less promi-
nent towards the higher magnitudes of strain and completely
disappears for φ ≤ 0.4. The behavior of G′′ along with G′
is shown only for φ = 0.65 in the inset for clarification
purposes.

In Fig. 3a, we show the elastic stress, G′γ , as a func-
tion of applied γ for varying φ by simply recasting the data
from Fig. 2. In this plot, the two yield points can be seen
more clearly indicating two yielding mechanisms in action,
where the elastic stress shows two peaks for all φ ≥ 0.45.
For smaller values of φ (≤ 0.4), there was no second peak
suggesting only one-step yielding. To clearly demonstrate
this transition from one-step to two-step yielding in going
from φ = 0.4 to 0.45, an inset plot with relevant axis scale
is shown in Fig. 3a. A broad maximum is observed for φ ≤
0.4, which suggests a gradual yielding of the material pre-
sumably due to elongation and stretching of bridges in the

Fig. 2 Behavior of G′ is plotted as a function of γ in a dynamic strain
sweep experiment carried out at f = 1 Hz on cocoa suspensions with
varying φ (shown in legend) and with a fixed φw = 0.06. The inset
shows the behavior of both G′ and G′′ for φ = 0.65

agglomerates. Furthermore, in Fig. 3b, we plot G′ as a func-
tion of magnitude of measured oscillatory stress (σ ) for f =
1 Hz. The second yielding step is distinctly seen by a smaller
plateau-like portion of the curve of G′ versus σ . However,
this region becomes progressively less pronounced with the
decrease in φ and completely disappears for φ ≤ 0.4. Plot-
ting the data shown in Fig. 2 in these two different ways
in Fig. 3a, b allows us to view the plateaus before yielding
more explicitly and further confirms the existence of two
yield points. Figure 4a, b show microscopic images of the
cocoa suspension in oil for φ = 0.25 and 0.45 and a fixed φw

= 0.06, respectively. As can be seen in these micrographs
that for φ = 0.25, the large cocoa agglomerates are either
present as discrete structures or weakly connected to each
other, while on the other hand for φ = 0.45, there is a contin-
uous, sample-spanning, tightly-packed networked structure
of agglomerates. These images show very compact struc-
tures along with strand-like (likely pendular) aggregates in
the samples. These large structures are capillary aggregates,
where particles form a raspberry-like structure with the
secondary fluid phase. Some additional microscopy experi-
ments performed at lower particle volume fractions indicate
that these clusters are connected via menisci (see Fig. S3).
There are several possible mechanistic pictures one can
draw to explain the microstructural origins of these distinct
yielding transitions. At this stage, it is difficult to present
an exact mechanistic picture and it warrants further stud-
ies to examine the microstructural origins of these distinct
yielding transitions. The first possibility is that for cocoa
suspensions with low volume fraction of particles (φ < 0.4),
there is not a strong global network structure between the
cocoa particle agglomerates. On applying a strain smaller
than the first yield strain, the capillary bridges between the
particles inside agglomerates will elongate and outstretch
though the agglomerates remain intact. With increasing
amplitude of oscillatory strain (greater than yield strain), the
capillary bridges begin to break apart and agglomerates are
broken which imparts fluidity to the system. In concentrated
suspensions (φ ≥ 0.45), apart from locally formed capillary
bridges within agglomerates, the interconnectivity of sev-
eral agglomerates also becomes more pronounced as seen in
Fig. 4b. The networked structure fragments at the first yield
strain, which results in large agglomerates in a fluidized
state in which individual particles remain in the jammed
or locked state due to liquid capillary bridges between the
particles. When the amplitude of applied oscillatory strain
exceeds the second yield strain, the capillary bridges rupture
and the clusters break into smaller fragments, thus leading to
complete yielding of the material. Some additional images
(Fig. S4a–c) taken using GelSight microscope are provided
in the supplementary information. The second explanation
could be due to a sequence of bond rotation with structural
rearrangements, followed by bond breakage and network
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a b

Fig. 3 a Elastic stress, G′γ , as a function of γ for varying φ (shown
in legend). The red intersecting lines indicate two yield points and the
onset of nonlinear behavior. The inset shows the behavior of suspen-
sion with φ = 0.4 and 0.45 with expanded axis scale, indicating only

one-step and two-step yielding (shown by vertical red arrows). b G′
versus measured σ for varying φ (as shown in legend) with equal con-
tent of aqueous secondary phase. Both (a) and (b) are the same data as
shown in Fig. 2

failure as proposed by Chan and Mohraz (2012). The third
plausible hypothesis is the distribution and polydispersity in
droplet sizes, which could form liquid bridges of varying
sizes between the particles and agglomerates where smaller
bridges possibly rupture at smaller strains resulting in first
yielding before complete yielding of the suspensions at
higher amplitudes of strains. Another possible scenario that
could explain the observed transition from a single to two-
step yielding may be a transition from a capillary dominated
system at high relative secondary fluid volume fraction to a
system at low relative fluid contents. To address this point,
we performed additional experiments with φ = 0.4 and 0.5
and water volume-to-particle volume fraction ratio (ρ) rang-
ing from 0.005 to 0.25 (for φw varying from 0.002 to 0.125)
and the results are shown in Fig. S5 in the supplementary
information. For both values of φ, there was no measure-
able yield stress for 0.005 ≤ ρ < 0.04. For φ = 0.4, there
was only one yield point for 0.04 ≤ ρ ≤ 0.25. While for φ

= 0.5, we noted two yield points in the entire range 0.04 ≤
ρ ≤ 0.25 (φw = 0.02 – 0.125). This demonstrates that the
observed transition from single- to two-step yielding is not
due to a transition from a capillary-dominated water-rich
system to a water-deficient system.

The presence of two plateaus or shoulders in a typical
plot of measured G′ with applied γ in a dynamic oscilla-
tory experiment is a classic hallmark of the presence of wall
slippage in the system. Walls et al. (2003) studied the yield-
ing behavior of colloidal gels containing hydrophobic silica,
polyether, and lithium salts. They observed two plateaus in
storage modulus (or two maxima in elastic stress), which
were attributed to wall slippage (due to particle-lean thin
layer in the vicinity of walls) and yielding of the colloidal
gel. A plausible mechanistic explanation of the observed
two plateaus in our system on plotting G′ with γ could
also be due to the presence of dominant slippage at the
walls and yielding of the material. In order to investigate the

Fig. 4 Microscopic images of
capillary suspensions made from
cocoa powder in oil with a fixed
φw = 0.06 (a) φ = 0.25, (b) φ =
0.45

a b
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Fig. 5 The first and second yield stresses plotted as a function of φ.
The inset shows the average values of storage modulus plateau at low
strains with φ. The lines are power law fits to the data

origin of the observed two plateaus in our system, we per-
formed additional experiments using different geometries
and results are shown in the Fig. S6 in the supplementary
information. To this end, we used a serrated cup with a
vane rotor on a stress-controlled rheometer (AR 2000ex, TA
Instruments). The serrated cup (roughness ∼ 500 μm) has
a diameter of 30 mm and vane rotor diameter is 15 mm.
The results are compared in the Fig. S6(a) for φ = 0.6 and
0.65 with φw = 0.06 obtained using a smooth cup (using
ARES-G2 rheometer) and a serrated cup along with a vane
rotor. A good match between these measurements clearly
indicates the absence of slippage at the cup wall. Addition-
ally, we used serrated parallel plates (40-mm diameter, AR
2000ex) at different gaps for a suspension with φ = 0.65
and φw = 0.06 (Fig. S6b). Both the plates are serrated.

The presence of two-step yielding can be seen very clearly
with serrated geometries, which suggests that the two yield
points are indeed due to two microstructures present in the
system rather than any artifact or anomaly due to slippage.

The yield stresses corresponding to first and second yield
steps from maxima in elastic stress (Fig. 3a) along with low
strain storage modulus plateau (G′

p) values as a function of
φ are plotted in Fig. 5. Both the yield stresses and G′

p val-
ues were found to increase with φ following a power law
dependence with exponents of 8.7, 12.6 and 10.2, respec-
tively, for φ ≥ 0.5. The value of power law exponent is
indicative of the degree of connectivity and packing of the
networked microstructure. Thus, a high value of exponent,
as noted here, is representative of a compact structure. As
discussed earlier in Fig. 3a, the yield stress can be consid-
ered as the product of G′

p and the yield strain (σ = G′
pγ ).

As a result of this, the yield stresses increase rapidly with
increasing φ primarily due to the strong dependence of G′

p

on φ. This type of strong dependence of yield stresses and
G′

p on φ (higher exponents) has been observed in a variety
of other systems as well (Zhao et al. 2014; Zhou et al. 2014;
Domenech and Velankar 2015). For φ < 0.5, the first yield
stress also increases with a power law dependence on φ but
with a much smaller exponent of 2.2.

Figure 6 shows behavior of G′ as a function of increasing
γ for φ = 0.65, φw = 0.06 and f = 0.05, 0.1, and 1 Hz. It
can be observed that the dependence of G′ on γ shows dis-
tinct variation with change in frequency. G′ and G′′ follow
linear viscoelastic behavior in the limit of small strains. The
material yields subsequently with increase in the amplitude
of strain. With increasing frequencies, the two-step yield-
ing behavior with a small increase in G′

p values and a shift
of second yield point towards higher strains was observed
while no significant effects were found on the first yielding

Fig. 6 Dynamic strain sweep of
cocoa suspension with φ = 0.65
and φw = 0.06 at different
frequencies
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event with increasing frequencies. The inset shows the
effects of frequencies on the first and second maxima in
elastic stress.

Figure 7a shows dynamic strain sweep at f = 1 Hz on
cocoa suspensions with a fixed φ = 0.65 and with varying φw

in the range of 0.02 – 0.08. On increasing φw from 0 to 0.08,
G′

p increases dramatically from O(102) to O(105). Figure
7b-d show yield stresses (σ1, σ2) obtained from maxima in
elastic stress along with G′

p with varying φw. While σ1 and
G′

p are found to increase with φw following a power law
dependence, σ2 followed an exponential law dependence on
φw as shown in Fig. 7b-d. This further confirms the forma-
tion of a networked structure which breaks down via two-
step yielding mechanism. The increase in both yield stresses
with increasing φw indicates increased interconnectivity,

stronger networked structure and larger clusters with increased
heterogeneity in the sample, that require higher stresses to
break down. Similar experiments with lower values of φ =
0.55 and φ = 0.5 and varying φw (0 to 0.07) were con-
ducted. As can be seen, even at lower values of φ, there is a
power law dependence of the first yield stress on φw, while
an exponential law dependence of the second yield stress on
φw was still valid.

As pointed out by Koumakis and Petekidis (2011), step
shear tests are comparatively simpler and quicker than
oscillatory experiments to study the nonlinear response of
complex systems. To investigate the nonlinear response of
the cocoa suspensions, steady shear tests were carried out,
in which samples were subjected to a fixed shear rate for
a fixed duration and the stress response was recorded. In

Fig. 7 a Behavior of G′ and G′′ plotted as a function of magnitude
of oscillatory strain in a dynamic strain sweep experiment carried out
at f = 1 Hz on cocoa suspensions with a fixed φ = 0.65 and with
varying φw based on total volume (shown in legend). The total solid
volume fraction was kept fixed while the volume of oil was adjusted

to account for the varying water volume fraction. (G′: solid symbols,
G′′: open symbols). b, c, d The first and second yield stresses obtained
from maxima in elastic stress and G′

p plotted as a function of φw for
three different values of φ (shown in legend)
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Fig. 8 Step rate tests showing stress response as a function of % strain
at a rate of 0.5 s−1 for suspensions at various φ and φw = 0.06

order to further corroborate our findings, we performed step
rate tests on samples with various φ and at a fixed φw

= 0.06 and the results are shown in Fig. 8. At smaller γ

(< 2%), σ increases linearly indicating an elastic response.
This is due to the presence of the capillary bridges between
the particles. Beyond the first stress overshoot, for φ ≤
0.4, the curves attain a plateau, exhibiting a single-step
yielding. The single stress overshoot for φ ≤ 0.4 reflected
the one-step yielding mechanism corresponding to ruptur-
ing of capillary bridges in agglomerates. In contrast, for
high values of φ (≥ 0.45), two stress overshoots were
observed in agreement with the two-step yielding behavior
shown in the dynamic oscillatory measurements. Also as φ

increases, both the yield stresses increase as noted earlier in

Fig. 9 Behavior of G′ is plotted as a function of magnitude of oscil-
latory strain in a dynamic strain sweep experiment carried out at a
frequency of f= 1 Hz for freshly prepared suspensions (open symbols)
at various φ (in legend) and φw = 0.06. Solid symbols represent G′
data measured after a rest time of approximately 2 h on the same sus-
pensions. The inset shows G′ plotted as a function of oscillatory strain
for φ = 0.65 and φw = 0.06 after 40 min of rest time showing partial
recovery of the structure

the dynamic oscillatory measurements. Other experiments
were carried out to investigate the effects of rest time on
the recovery of microstructure and the overall bulk rheolog-
ical properties. Figure 9 shows the effect of rest time on the
recovery of suspensions prepared at φ = 0.45, 0.60, and 0.65
and a fixed φw = 0.06 after undergoing a full strain sweep
from 0.001 to 1000% at a frequency of 1 Hz. The rest time is
defined as the time given to the suspension under no shear-
ing, measured from the cessation of dynamic oscillations
in the experiments performed here. Interestingly, little or
no quantitative changes in both the yield stresses, measured
after a rest period of 2 h, were observed, which suggest
that the original microstructure recovers almost completely
within 2 h after the first strain sweep. The inset shows G′
plotted as a function of oscillatory strain for φ = 0.65 and
φw = 0.06 after 40 min of rest time, demonstrating only
partial recovery of the structure.

Discussion

A systematic design of experiments with a suspension sys-
tem of cocoa particles dispersed in oil with small amount of
water as secondary fluid was conducted to probe the yield-
ing behavior of capillary suspensions in detail. Interestingly,
these capillary suspensions exhibit dual yielding behavior.
Figure 2 shows strain amplitude sweep response of cocoa
suspension at f = 1 Hz for various values of φ. At small γ ,
G′ is greater than G′′ showing that the samples are solid-like,
and G′ and G′′ are constant in this regime which indicates
the linear viscoelastic response. In all cases, G′ decreases at
higher γ until it eventually becomes smaller than G′′ sug-
gesting that the samples have yielded to become flowable.
The samples show a single yielding for φ < 0.4 and exhibit
two shoulders for φ ≥ 0.45. The two shoulders of G′, a clear
signature of dual yielding, become more pronounced with
increasing φ.

The first yield strain is associated to the spacing between
agglomerates when shearing leads neighboring agglomer-
ates to collide. As φ decreases at a fixed φw (Figs. 2 and
3a), the first yield strain values increase indicating that at
lower particle concentrations there is a higher flexibility
(at cluster-cluster level) which permits significant degree of
freedom and elongation before network fracture. This is in
agreement with the works of Koumakis and Petekidis (2011)
and Shukla et al. (2015). Shukla et al. (2015) showed that in
surfactant pastes, for 30 and 45 wt.% abrasive particles the
strain at the first yield event is smaller in comparison to no
particle case. Though the corresponding stresses with higher
particle loadings were higher, attributed to higher values
of storage modulus associated with the gels having higher
particle concentrations. Similarly, Koumakis and Petekidis
(2011) found that the values of strains corresponding to
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first yield point spanned in two regimes of particle volume
fractions; the yield strain is lower for φ > 0.4 and is approx-
imately constant. On the other hand, as φw increases for a
fixed φ, the first yield strain is found to be increasing sig-
nificantly as can be seen in Fig. 7a. As the volume of added
water increases for the same particle loadings, the degree
of percolation increases due to an increase in the number
density of cluster-cluster connections and an increase in
the volume of meniscus at every cluster-cluster connection
which presumably require higher strains to break.

Regarding the second yield strains, there are opposing
trends reported in the literature, which appear to be sys-
tem dependent (Shukla et al. 2015; Koumakis and Petekidis
2011; Shao et al. 2013). Shukla et al. (2015) reported an
increase in the values of second yield strain with an increase
in particle loadings in suspension pastes and Shao et al.
(2013) also observed an increase in the second yield strain
with an increase in attraction force in carbopol gels. While
Koumakis and Petekidis (2011) noted a decrease in the sec-
ond yield strain with increasing PMMA particle fractions in
their system. In our system, for a fixed φ and decreasing φw,
the second yield strain was observed to be increasing, pre-
sumably due to a reduced degree of agglomeration at lower
φw. This could possibly enhance the voidage in the system
rendering it more heterogeneous. As a result of this, the flu-
idized clusters (after the first yield point) attain a higher
degree of movement and rotation with shearing and thus a
higher second yield strain is observed. The observed trends
for the first and second yield strains are shown explicitly as
elastic stress versus γ for φ = 0.55 and varying φw in Fig.
S7. Figure 6 illustrates the effects of increasing frequency
on the dual yielding behavior of the capillary suspensions by
performing strain sweeps. On increasing the frequency from
0.05 to 1 Hz, the first yield strain (corresponding to elas-
tic stress maxima) was found to decrease from 1 to 0.3%.
The first yield stress was also found to decrease slightly
from 38.2 to 35.2 Pa for the same frequency increase. As
can be seen in Fig. 6, G′

p increases slightly with increas-
ing frequency. The net effect of increased G′

p and decreased
first strain is to give a somewhat lower first yield stress.
Although, this cannot be considered a strong dependence of
the first yielding event on frequency as the observed quan-
titative differences are within the experimental uncertainty.
Interestingly, the second yield strain and stress were found
to be increasing prominently with increasing frequency. For
a frequency increase of 0.05 to 1 Hz, the second yield strain
increased from 131.5 to 208%, while the second yield stress
increased by approximately 3 times from 39.6 to 117.7 Pa.
The dependence of the first and second yielding events on
frequency appear to be system specific; there are conflict-
ing observations in the literature. Shukla et al. (2015) noted
that the first yield strain and stress are independent of fre-
quency for the suspension pastes. While the second yielding

event was found to occur at lower strains. Shao et al. (2013)
showed a stronger dependence of loss modulus on frequency
while there was a weak or no dependence of low strain
storage modulus and yield strains on frequency. Koumakis
and Petekidis (2011) found the first yielding strain to be
independent of frequency for the PMMA particles at vol-
ume fractions of 0.4 to 0.6, while the strain associated to
second yielding event was reported to be decreasing with
the increasing frequencies. The exact mechanism behind the
observed trends regarding the dependence of frequency on
second yielding event in our system is unclear and requires
further detailed examination. It should be noted that an
increase in the frequency of oscillations decreases the defor-
mation timescale. In an oscillatory experiment, the product
of strain amplitude (γ ) and frequency (f) can be consid-
ered as a magnitude of deformation rate. Thus, an amplitude
sweep at a fixed frequency exposes samples to increasing
strains as well as increasing deformation rates. It can be
seen clearly that the stress and the strain at the first yield-
ing point is not dependent on frequency. This suggests that
the first yielding does not really depend on the timescale
of deformation. The subsequent shearing of the fluidized
aggregates is anticipated to generate significant stresses.
Additionally, the roughness, irregular shape of the aggre-
gate surface, and higher number density of these structures
as well as the hydrodynamic lubrication may not prevent
the physical contact between these particles/aggregates. The
friction resulting from physical contacts would certainly add
to overall stresses significantly (Shukla et al. 2015). The
amplitude of these stresses is believed to be increasing with
decreasing timescale of deformation field. This results into
higher value of G′ with increasing frequency particularly at
higher strains (close to second yield point). The yield stress
is interpreted as maxima in elastic stress (G′γ ); a higher G′
would result into higher yield stress.

Regarding the effects of rest time on capillary suspen-
sions, Koos et al. (2014) showed that both storage and loss
moduli increase with time and this aging process follows
a power law. Our results indicate that the network recov-
ers almost completely if allowed to rest under no shearing.
In terms of G′

p, 60% of recovery takes place in the first
40 min for this particular case of φ = 0.65 and φw = 0.06.
The first and second yield stresses were also observed to be
smaller after 40 min of rest time in comparison to the origi-
nal structure though full recovery was achieved in 2 h of rest
period. During the first strain sweep, the sample is submit-
ted to a strong oscillatory deformation and the material is in
a completely fluidized state. After the cessation of dynamic
oscillations, due to enhanced mobility the material under-
goes accelerated restructuring and reorganization, which
leads to a rapid increase in both the moduli and the network
evolves and recovers almost completely over the investi-
gated time window. However, further detailed study through
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microscopic observation of the microstructure of suspension
is required to understand the mechanism behind this refor-
mation. Our results are agreeable with the recent work of
Yang and Velankar (2017) which investigated the yielding
behavior and microstructural recovery of pendular network
suspensions using a refractive index matched system of
glass particles as dispersed phase, isoprene as the primary
continuous phase and glycerol as the secondary wetting
fluid. Their work also demonstrated clearly that aggregates
were broken apart via meniscus at higher shear rates but they
reformed promptly under small shearing motion.

Conclusion

We probed the yielding mechanism in capillary suspen-
sions at a fixed volume fraction of secondary phase which
undergo a transition from a simple one-step yielding behav-
ior at low particle volume fractions (φ ≤ 0.4) to a two-step
yielding behavior at higher particle fractions (φ ≥ 0.45) due
to combined interplay of networked structure and capillary
bridges between the particles. Both the yield stresses and
G′

p values were found to increase with φ following a power
law dependence for φ ≥ 0.45. With increasing φ from 0.45
to 0.65 for a fixed φw = 0.06, the second plateau becomes
more prominent. The first yield strains were found to be
decreasing with increasing values of φ at a fixed φw, while
as φw increases for a fixed φ, the first yield strains were
observed to be increasing significantly. On the other hand,
the second yield strain values were observed to be increas-
ing for a fixed φ and decreasing φw. On increasing φw from
0 to 0.06 while keeping φ fixed, the first yield stress showed
a power law dependence on φw while the second yield stress
followed an exponential dependence with φw. The sample
microstructure recovers almost completely when a sufficient
rest time was allowed for the material under no shearing.
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