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Abstract We investigate the structure and rheology of a melt-
blended ternary system composed of a continuous polymer
phase, silica particles in the few-micron size range, and a small
amount of a second immiscible polymer phase which prefer-
entially wets the particles. The morphology of the ternary
system is found to consist of a volume-spanning “pendular
network” of particles bridged by menisci of the wetting poly-
mer, as well as “capillary aggregates”which are large compact
particle aggregates saturated by the wetting polymer. The
ternary blends have strongly non-Newtonian melt rheology
due to the pendular network. The relative extent of capillary
aggregation depends on the melt-blending history, and the
rheological properties can be used to track the changes in the
blend structure. The pendular network is seen at a particle
loading of only 10 vol.%, demonstrating that capillary bridg-
ing lowers the percolation threshold of a particle-filled
polymer.

Keywords Capillary bridging . Percolation . Pendular
network . Ternary blends

Introduction

Addition of small amounts interfacially active particles into
immiscible polymer blends during melt processing can have a
significant effect on the multiphase morphology. For instance,
in blends with a droplet–matrixmorphology, the incorporation

of interfacially active particles can sharply reduce the size of
the dispersed phase (Baudouin et al. 2011; Elias et al. 2007;
Fenouillot et al. 2009; Hong et al. 2006; Huitric et al. 2009;
Ray et al. 2004; Si et al. 2006; Thareja et al. 2010; Vermant
et al. 2004), analogous to the action of conventional
compatibilizers (Van Puyvelde et al. 2001). Particles can also
limit the coarsening of co-continuous morphologies in poly-
mer blends with nearly equal volume fractions of the immis-
cible polymers (Gubbels et al. 1994). Similar arrest of coars-
ening of a two-phase co-continuous morphology has also been
noted in polymer thin films (Chung et al. 2005) undergoing
spinodal decomposition. Many of these morphological conse-
quences of adding particles are attributable to the fact that
particles can adsorb at the interface at a sufficiently high
coverage to jam the interface into a solid-like state. Previous
research has also revealed a different mechanism, viz. particle
bridging across drops as another mechanism for morpholog-
ical stabilization (Nagarkar and Velankar 2013, Nagarkar and
Velankar 2012, Thareja and Velankar 2007, Vermant et al.
2008). Incidentally, much research on small-molecule oil–
water systems with interfacially active particles has explored
some of the same issues: particle-stabilized Ramsden–Picker-
ing emulsions (Binks and Horozov 2006, Pickering 1907,
Ramsden 1903), particle-stabilized co-continuous bijel mor-
phologies (Cates and Clegg 2008, Herzig et al. 2007, Lee and
Mohraz 2010, Witt et al. 2013), and particle-bridged emulsion
structures (Horozov and Binks 2006, Lee et al. 2012, Stancik
and Fuller 2004); each of which is analogous to the various
multiphase polymer morphologies mentioned above and has
been studied heavily in the last 15 years.

These results then pose an intriguing question: if a small
amount of particulates added to a two-phase immiscible poly-
mer blend can have large consequences, is the reverse also
true? Can the addition of a small amount of immiscible
polymer to a particle-filled polymer have similarly large con-
sequences? Research addressing this question in small
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molecule systems shows some remarkable results: the addi-
tion of a small amount of a second immiscible fluid to a
particulate suspension can lead to the formation of a stable,
space-spanning network of particles. The most dramatic con-
sequence of such network formation is the transformation of a
freely flowing suspension with a low viscosity into a paste-
like material with strongly non-Newtonian rheology some-
times including a yield stress (Koos et al. 2012, Koos and
Willenbacher 2011, 2012, McCulfor et al. 2011, Vankao et al.
1975). These results are easy to understand when the fluid that
is added in a small quantity wets the particles. In that case, the
added fluid forms menisci that bridge particles together and
stabilize the space-spanning network, so that the pairwise
interaction is dominated by attractive capillary forces. Inci-
dentally, similar meniscus-bridging of particles has been long
recognized in wet granular materials and is generally referred
to as the pendular state (Iveson et al. 2002). On the other
hand, when the minority fluid is non-wetting toward the
particles, the reasons underlying network formation are less
clear but seem to depend on clusters composed of several
particles surrounding a single small drop (Koos and
Willenbacher 2012). To our knowledge, similar capillary-
induced structure formation has not been documented in filled
polymers. If a capillary-induced network can indeed be
formed successfully, this approach would offer a simple
means of producing polymer-based composites featuring a
three-dimensional percolating particle network.

The objectives of the present study are to explore the
formation of capillary-induced particulate structures in multi-
phase polymer systems and, by extension, to gain deeper
insights into morphological development in ternary systems
in general. We investigate the structural and rheological con-
sequences of adding a small amount of an immiscible polymer
phase (referred to as theminority polymer phase) to a particle-
filled polymer. In this research, the minority polymer phase
almost completely wets the particles and hence is capable of
forming a meniscus that can bridge the particles together. The
first goal is to test if a pendular network can be realized by
adding a minority wetting polymer phase to a filled polymer
system, and if so, whether rheological properties can be used
to detect the presence of this type of structure. The second goal
is to test the effect of mixing conditions on structure forma-
tion. In the immiscible polymer blend literature, the mixing
history is well-known to affect the morphology since the
mechanisms that affect morphology development breakup or
recoalescence of the dispersed phase, phase continuity, or
morphological anisotropy are all directly related to the flow
conditions during mixing (Jana and Sau 2004, Potschke and
Paul 2003, Sundararaj et al. 1995, Sundararaj and Macosko
1995). In the present situation as well, it is reasonable to
expect that without adequate mixing, the minority phase poly-
mer may remain in the form of large inclusions that do not
form a pendular network at all. Accordingly, the second

objective is to compare different approaches for preparing
the multiphase blends.

We show that addition of a minority wetting polymer
induces a dual morphology consisting of both a pendular
network of particles bridged by the wetting polymer as well
as compact particle aggregates engulfed by the wetting poly-
mer. The blend preparation method strongly influences the
extent of compact particle aggregates, and with a suitable
blending sequence, compact aggregation can be avoided alto-
gether. Specifically, the drop size of the minority polymer
phase is shown to be the key parameter that controls capillary
aggregation. In the pendular network, interparticle contacts
are maintained by meniscus-shaped capillary bridges, giving
rise to significant sample elasticity (gel-like rheology). These
“pendular gels” exhibit a yield stress behavior linked to their
percolating nature. We show that the extent of network for-
mation correlates well with the yield stress, thus providing a
convenient method of verifying pendular network structures
in future research.

Materials and methods

Materials

Polymers with Newtonian rheology are employed so that non-
Newtonian behavior may be unambiguously attributed to the
specific morphology of the multiphase system. The pair of
immiscible polymers selected for this study is polyisobutylene
(PIB, Mw~2,200 g/mol, ρ~0.908 g/mL, Soltex USA) and
polyethylene oxide (PEO, Mw~20,000 g/mol, ρ~1.1 g/mL,
Fluka). The PEO is semicrystalline at room temperature, and
its melting point is close to 60 °C, whereas the PIB is liquid.
Both PIB and PEO have a Newtonian flow behavior with a
zero shear viscosity η0 of 8 and 13 Pa.s (at 80 °C), respective-
ly. The solid phase incorporated in the blends consists of
spherical silica particles (SP, ρ~2 g/mL, Industrial Powder).
These particles are polydisperse with a unimodal size distri-
bution from 500 nm to 5 μm and the mean diameter is 2 μm.
The PEO was rendered fluorescent using fluorescein sodium
salt (F63377, Sigma Aldrich). PEO was dissolved in deion-
ized water, and fluorescein was added at 0.1 wt.% of the PEO
mass. The solution was homogenized using magnetic stirring
for 1 h, and the deionized water was evaporated at 60 °C.

Blend preparation

The components were blended together using a MiniMax
shear mixer (Maric and Macosko 2001), a device which
consists of a cylindrical cup closed by an upper disk whose
rotational speed is controlled by an external motor. Dispersive
mixing capacity of the MiniMax was enhanced by the pres-
ence of three brass spheres in the mixer chamber (Maric and
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Macosko 2001). The effective chamber volume was 4.9 mL,
which allowed recovery of approximately 4 g of blended
materials at the end of the mixing process. First, the silica
particles were incorporated in the PIB by hand mixing using a
spatula, and the binary mixture was further mixed in the
MiniMax at 300 rpm for 2 min at room temperature. In a
second step, the PEO was added in the MiniMax, and the
mixing continued at 300 rpm for 2 min at 80 °C to ensure the
melting of the PEO. Variations of this procedure were
employed in order to investigate the influence of mixing
conditions on the morphology of the blends. The samples
are referred to as PIB/PEO/SP–x, where x refers to the mixing
procedure as described in Table 1. Ternary blends of PIB/
PEO/SP were prepared with a 77:3:20 weight ratio. Here, the
PEO is used as the minority wetting polymer phase and is
therefore present in much smaller proportion than the contin-
uous polymer phase (PIB). In order to highlight the effect of
the minority polymer phase addition, a control sample was
prepared without any PEO. This binary blend of PIB/SP was
prepared with an 80:20 weight ratio using the first step of
mixing procedure A (see Table 1). After completion of the
mixing process, each blend was sealed into a petri dish using
parafilm and kept at 5 °C for 30 min in order to accelerate
crystallization of the PEO phase (when present) and subse-
quently placed under vacuum overnight in order to remove the
entrapped air bubbles from the bulk material.

Morphological characterization

Optical imaging of the blends was carried out using a confocal
laser scanningmicroscope (Olympus FluoView 500) with ×40
(NA=1.30), ×60 (NA=1.40), and ×100 (NA=1.35) oil im-
mersion objectives. Both differential interference contrast
(DIC) and fluorescence modes were used. In addition to
confocal imaging, the particulate structures formed by the
SP with the PEO were imaged at higher magnifications using
a scanning electron microscope (Philips XL30 FEG SEM).
For this purpose, selective dissolution of the PIB matrix was
achieved using octane, and the residual solid phase was trans-
ferred onto a Millipore filter paper (0.1 μm in pore size).
Additional washing with octane was carried out several times
in order to ensure complete removal of the PIB. After drying at
room temperature, the filter paper was placed on adhesive
carbon tape attached to a SEM stub, and the sample surface
was metal-coated using a gold/palladium sputtering target (for

90 s at 40 mA). SEM images were acquired with a secondary
electron detector.

Rheological measurements

Small-amplitude oscillatory shear, stress ramp, and steady
shear flow experiments were performed using a TA Instru-
ments AR2000 stress-controlled rheometer equipped with an
air convection oven. Dynamic shear experiments were con-
ducted with a cone and plate geometry (40-mm diameter, 1°
cone angle, and 49-μm cone truncation gap). A homemade
serrated parallel plate geometry (25-mm diameter, 1-mm gap)
featuring a roughness of 500 μm was used for non-linear
experiments in order to suppress wall slip effects (detection
of the wall slip regime is detailed in the Supplementary
Material). Frequency sweeps were carried out from 100 to
0.1 rad/s for a strain amplitude γ0=0.05 % within the linear
viscoelastic domain. Yielding behavior of the blends was
determined by applying stress ramps from 6 to 6,000 Pa over
10 min. Steady-state flow curves were obtained for shear rates
spanning from 10−2 to 102 s−1 (the steady-state regime was
typically achieved after five strain units for each considered
shear rate). All rheological tests were conducted at 80 °C.

Results

Morphological and rheological changes induced by PEO
addition

Blend morphologies for the PIB/SP and PIB/PEO/SP–A are
shown in Fig. 1. A striking difference is observed between the
binary and the ternary systems: the PIB/SP blend has the
typical structure of a particle-filled polymer at low particle
loading, with a rather homogeneous distribution of particles in
the suspending matrix (Fig. 1a). In contrast, a highly hetero-
geneous structure is found in the presence of PEO (Fig. 1b).
Indeed, silica particles appear very close to each other in the
ternary system, forming a tortuous path with a highly
branched nature across the PIB matrix. This branched struc-
ture is observed throughout the bulk of the sample. However,
irregular-shaped particle aggregates with characteristic size of
several tens of micrometers are also present in the ternary
system, as shown in lower magnification images (Fig. 1c, d).

Table 1 Summary of the mixing
procedures for PIB/PEO/SP ter-
nary blends

Mixing procedure First step Second step

A PIB/SP 300 rpm for 2 min at 25 °C +PEO 300 rpm for 2 min at 80 °C

B PIB/SP 300 rpm for 2 min at 25 °C +PEO 500 rpm for 10 min at 80 °C

C PIB/PEO 1,000 rpm for 10 min at 80 °C +SP 500 rpm for 2 min at 80 °C

D PIB/PEO 50 rpm for 2 min at 80 °C +SP 500 rpm for 2 min at 80 °C
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The fluorescence image (Fig. 1d) reveals the presence of PEO
in two distinct types of location. Most obviously, the large
aggregates show a strong fluorescent signal (blue color in
Fig. 1d) indicating a high localization of PEO but also black
voids which correspond to the non-fluorescent silica particles.
The branched structures also show a fluorescent signal with
much smaller typical size (in the micron–submicron range),
indicating that the PEO also plays a role in holding the
branched structures together. The supplementary data shows
videos of dissolution of PIB using a selective solvent for a
slightly different sample from Fig. 1, and the effect of added
PEO on the aggregation behavior is readily apparent.

To illustrate these aggregated and branched structures more
clearly, SEMwas conducted after removal of PIB as described
in the “Morphological characterization” section. A typical
aggregate morphology is shown in Fig. 2a, where the aggre-
gate appears densely packed with silica particles. We presume
that the interstitial volume of such an aggregate is filled by the
wetting polymer (PEO). Because of the presence of silica
particles at their periphery, these aggregates feature a rough
surface. This aggregate morphology is similar to the capillary
state of saturation in wet granular materials (Iveson et al.

2002). Figure 2b on the other hand shows a detailed view of
the branched structures, and at sufficiently highmagnification,
the PEO is seen to be present as capillary bridges between the
particles (inset to Fig. 2b). This three-dimensional concatena-
tion of silica particles, linked together by small PEO capillary
bridges, is analogous to the pendular state of saturation of wet
granular materials (Iveson et al. 2002). In the following, the
branched structure is called pendular network and the drop-
like PEO clusters containing packed silica particles are re-
ferred to as capillary aggregates for the sake of clarity.

In other multicomponent polymer systems such as polymer
blends or filled polymers, the presence of large-scale struc-
tures is known to have a major influence on the rheology.
Indeed, the rheological results can be used as a “signature” of
the presence of a volume-spanning structure in co-continuous
blends (Vinckier and Laun 1999, Vinckier and Laun 2001) or
polymer-clay nanocomposites (Fornes et al. 2001,
Krishnamoorti and Giannelis 1997, Lertwimolnun and
Vergnes 2005, Solomon et al. 2001). Accordingly, it is of
immediate interest to examine the rheological behavior of
the ternary system. The frequency dependence of small-
amplitude oscillatory shear experiments is depicted in Fig. 3

Fig. 1 Confocal micrographs of
PIB/SP suspension (a) and PIB/
PEO/SP–A pendular network (b).
Lower magnification image of the
PIB/PEO/SP–A sample (c) and
corresponding fluorescent signal
from the PEO (d), showing the
coexistence of capillary-bridged
network and capillary aggregates
in the ternary blend. SP volume
fraction is constant for both
samples (ϕSP=0.1)
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for the PIB/SP binary blend and the PIB/PEO/SP–A ternary
blend. The viscoelastic behavior of the binary system is very
similar to the behavior of pure PIB: the complex viscosity is
frequency-independent, and G ′<<G ′ ′. Although G ′ is diffi-
cult to measure across a wide frequency range, the measure-
ments suggest a nearly Maxwell-like dependence of the com-
plex moduli (G ′(ω)∼ω2 and G ′ ′(ω)∼ω). On the other hand,
the ternary system exhibits a strongly non-Newtonian behav-
ior where no terminal flow regime is found at low frequencies.
Instead, signature of a solid-like behavior (G ′>G ′ ′where both
moduli become nearly frequency-independent at low frequen-
cies) is observed. Importantly, the elastic modulus reaches a
plateau value G ′p close to 103 Pa as the frequency decreases,
and the complex viscosity can be fitted using a Herschel–
Bulkley type equation η� ωð Þj j ¼ σ0

ω þ Kωm−1 (continuous
line in Fig. 3b). The volume fraction of silica particles ϕSP is
0.10 for both binary and ternary blends, far below the values
of random loose and close packing fractions for monodisperse
hard spheres (Scott 1960), and the slight increase in viscosity

obtained for the binary system (compared to pure PIB) is in
fair agreement with the Batchelor model for semi-dilute sus-
pensions of hard spheres (Batchelor 1977). However, the
significant increase in complex viscosity and the shear-
thinning behavior observed for the ternary blend cannot be
interpreted in the context of dilute hard-sphere suspensions.
Indeed, these are landmark properties of large-scale percolat-
ing structures, and similar solid-like behavior was reported for
other systems which feature a particulate network such as
colloidal dispersions (Buscall et al. 1988, Piau et al. 1999,
Pignon et al. 1998), polymer nanocomposites (Kim et al.
2010, Krishnamoorti and Giannelis 1997, Lertwimolnun and
Vergnes 2005, Potschke et al. 2002, Solomon et al. 2001),
reactive polymer blends (DeLeo and Velankar 2008), and
more recently, for capillary suspensions based on small mol-
ecules fluids (Koos and Willenbacher 2011). Remarkably, the

Fig. 2 SEM pictures of the PIB/PEO/SP–A blend after dissolution of the
PIBmatrix. aA capillary aggregate. b Pendular network. The inset shows
a closer view of capillary bridges (pointed out by the blue arrows)
between particles of different sizes in a branch of the pendular network
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apparent percolation of the ternary system is detected for a
particle volume fraction ϕSP of only about 0.10, implying an
even lower value for the percolation threshold, whereas the
three-dimensional percolation threshold for monodisperse
hard spheres is close to 0.30 (Isichenko 1992).

We attribute the non-terminal behavior in the low-
frequency regime to the strong elastic contribution of the
pendular network. The presence of compact capillary aggre-
gates is less likely to contribute to the low-frequency solid-like
rheology since these entities appear to be either isolated from
the network or only loosely connected to it and do not form a
volume-spanning cluster. Although the ternary blend displays
shear-thinning, its complex viscosity values in the high-
frequency regime are still significantly higher than the New-
tonian viscosity of the binary blend (see Fig. 3b). This com-
plex viscosity gap at higher frequencies may be attributable to
the viscous contribution of both the pendular network and
capillary aggregates in the ternary system.

The addition of PEO also has a significant effect on the
non-linear rheology, as may be seen through stress ramp
experiments. The shear stress dependence of the apparent
viscosity of the binary and ternary blends is plotted in Fig. 4.
The viscosity of the binary blend is found to be nearly constant
during the ramp, whereas the ternary blend shows yielding
and shear thinning as the stress increases. Furthermore, the
final viscosity plateau observed at large stress for the ternary
blend approaches the Newtonian viscosity of the binary sus-
pension, suggesting a breakdown of the percolating structure
in the ternary system. The microstructural nature of the break-
down is not yet known but may involve rupture of interparticle
capillary bridges within the pendular network. This will be
discussed further in the “Discussion.”

These observations lead to the morphological picture of
Fig. 5. Starting with a suspension of particles in the case of the

binary system (Fig. 5a), the addition of the minority polymer
phase leads to the simultaneous presence of capillary aggre-
gates (Fig. 5b) and a pendular network (Fig. 5c). The pendular
network is held by small concave-shaped PEO menisci bridg-
ing across particles. Due to the high wettability of the particles
by the PEO (i.e., θ<<90° in Fig. 5), the PEO capillary bridge
has a negative curvature and hence a negative Laplace pres-
sure which results in an attractive force at the meniscus–solid
interfaces (Cai and Bhushan 2008). This interparticle attrac-
tion stabilizes the pendular network. Finally, we note that
Fig. 5b, c corresponds to two extremes, whereas in reality,
the branched network may not be composed of purely pendu-
lar bridges. For instance, Fig. 5d illustrates a branched struc-
ture where the branches are few particles wide, which may be
a more realistic representation of the branched structures seen
experimentally. We emphasize that the schematic structures of
Fig. 5b–d are favored only if the particles are almost fully
wetted by the minority polymer. Here, the surface of silica
particles is highly wettable by the PEO due to its polar groups
along the backbone. Indeed, a previous study (Nagarkar and
Velankar 2012) showed that unmodified colloidal silica parti-
cles can transfer from the PIB phase into the PEO phase
during melt mixing, indicative of good wetting of the particles
by the PEO. In contrast, particles with an organically modified
surface were shown to remain trapped at the interface between
PEO and PIB (Nagarkar and Velankar 2013, Nagarkar and
Velankar 2012).

Both capillary aggregates as well as pendular networks are
expected to be thermodynamically stable under quiescent
conditions. For instance, particle migration from a capillary
aggregate to the matrix PIB requires energy of roughly 4παR2

where α is the interfacial tension between PEO and PIB,
which is expected to be roughly 10−2 N m−1. For a 1-micron
radius particle, this energy is roughly 107 times of kBT, i.e.,
thermal motion is unlikely to disrupt capillary aggregates.
Similarly, a simple calculation shows that the surface work
αAint at the SP–PEO interface of a capillary bridge (where the
area of the SP–PEO interface Aint∼10−12 m2) is approximately
107-fold superior to the thermal energy kBT and thus that the
pendular network is also a thermodynamically stable struc-
ture. Therefore, both structures are unlikely to get disrupted
under quiescent conditions, and indeed, no structural changes
were noted experimentally under quiescent conditions in the
melt state. We may also comment on stability under flow
conditions, e.g., during mixing. The capillary aggregates are
composed of a high volume fraction of particles held together
by a wetting polymer. Accordingly, this particle-in-PEO phase
is likely to have a paste-like behavior with high viscosity
below its yield stress (Coussot 2005, Heidlebaugh et al.
2014, Mewis and Wagner 2012). It is well-recognized in the
polymer blending community that polymer phases with high
viscosity or elasticity (as compared to the matrix) are difficult
to breakup and disperse. Thus, once formed, capillary
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Fig. 4 Flow behavior of the PIB/SP binary blend and PIB/PEO/SP–A
ternary blend during stress ramp experiments
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aggregates are expected to be highly resistant to breakup. The
pendular network on the other hand, being composed of large
branches, likely undergoes continuous breakdown and refor-
mation under mixing conditions. However, no coarsening of
the pendular branches into capillary aggregates was observed
when sheared under controlled conditions in the rheometer,
suggesting that the loose structure of a pendular network does
not coalesce into capillary aggregates under flow.

The presence of two very different types of structures in the
ternary system raises questions about how these structures are
formed by interaction between the minority polymer and the
particles during melt mixing. More specifically, what controls
whether the wetting fluid induces the formation of compact
capillary aggregates or branched pendular network? Are cap-
illary aggregates formed by advection of particles into PEO
drops? Or are they formed by successive sticky collisions
between PEO-coated particles? Furthermore, can rheology
provide a convenient method for judging the extent to which
particles form a percolating network due to capillary bridging?
In the upcoming section, we address these questions by in-
vestigating the consequence of the melt-mixing procedure on
the structure of the ternary system.

Influence of mixing conditions

As mentioned above, two simple processes of capillary ag-
gregation during mixing can be considered. One is interphase
particle transfer, where particles move from the polymer ma-
trix to the inside of the minority polymer phase duringmixing.

This physical picture appears most intuitive if the PEO drop
size exceeds the particles size significantly. The second pos-
sibility is the coalescence of PEO-wetted particles into suc-
cessively larger aggregates; this seems more intuitive if the
PEO wets the particles early during the mixing process. Ac-
cordingly, the mixing history of such ternary systems appears
to be critical in determining the structure formation in the
blend. To clarify this issue, we examined the effect of mixing
procedure on the morphology of the ternary system.

Two main approaches were used to trace the influence of
the mixing procedure on the resulting structure and rheology
of the ternary blends. Each approach was carried out using
two different processing conditions. Details of the four pro-
cessing conditions can be found in Table 1. The final compo-
sition of every PIB/PEO/SP ternary blend sample is 77/3/
20 wt.% regardless of the processing condition. The first
approach (corresponding to mixing procedures A and B) aims
at examining the importance of mixing intensity when the
three components are simultaneously blended together. Brief-
ly, the silica particles are pre-dispersed in the PIB matrix to
ensure good dispersion and distribution of the particles, anal-
ogous to Fig. 1a. During the second step, the PEO is intro-
duced, and the three components are subjected to mixing,
either under low shear conditions (mixing procedure A) or
high shear conditions (mixing procedure B). DIC images of
the resulting morphologies are shown in Fig. 6. Clearly, the
increase in mixing intensity leads to the formation of smaller
and fewer capillary aggregates. However, the mechanism of
capillary aggregation is still unclear at this point since shear-

(a)

(d)

(b) (c)Fig. 5 Schematic morphologies
of the blends: a silica particle
suspension in the PIB matrix, b
capillary aggregate, and c
pendular network resulting from
the addition of the minority
polymer phase (PEO). The zoom
in (c) shows a non-zero separation
between particles only to better
illustrate the contact angle.
Pendular network structure with
thicker branches is shown in (d).
PIB in blue, PEO in red, and SP in
white
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induced rupture of the PEO drops, and wetting of the silica
particles by the PEO occur simultaneously during the second
step.

Alternatively, we consider another pathway to assess the
influence of mixing conditions by controlling the dispersion
of the PEO phase prior to the addition of particles. For this
purpose, we use a two-step mixing procedure where the PEO
is first introduced into the PIB matrix and blended at either
high or low intensity. The difference in PEO drop size distri-
bution obtained for both conditions was examined by means
of SEM after dissolution of the PIB matrix, as shown in
Fig. 7a, b. Lower-intensity mixing leads to highly polydis-
perse drops, with a drop diameter ranging from a few microns
up to approximately 40 μm, while much smaller drops are
formed under intense mixing conditions (roughly 300 nm to
2 μm in diameter). It is noteworthy that the latter sizes are
comparable to or smaller than the silica particle sizes. Starting
from these two significantly different PEO drop size distribu-
tions, silica particles are added during the second step, and the
three components are mixed under identical conditions (see
Table 1 for details). In summary, two ternary blends are
obtained with this approach: one sample made by adding
particles to a fine dispersion of PEO drops in PIB (mixing
procedure C) and another sample made by adding particles to
a coarse dispersion of PEO drops in PIB (mixing procedure
D). Optical images of these two samples are shown in
Fig. 7c, d. A striking feature is the complete absence of
capillary aggregates in the case of mixing procedure C (i.e.,
starting from small PEO drops) where only the pendular
network is observed (see Fig. 7c). This absence of capillary
aggregates was confirmed by further SEM observations (not
shown). On the other hand, capillary aggregation occurred to
some extent in the case of mixing procedure D (i.e., starting
from large PEO drops). This suggests that capillary aggrega-
tion is not caused by an excess of PEO (i.e., more than
necessary for the pendular network to form) but is rather

related to the presence of large PEO drops that engulf the
particles.

Finally, we examine the impact of mixing conditions on the
rheology of ternary blends. Figure 8 shows the flow curves for
the two extreme cases, i.e., the systems obtained by mixing
procedures A (largest extent of capillary aggregates) and C
(absence of capillary aggregates). The behavior of the other
two samples lies between these two and has been omitted for
clarity (these flow curves are shown in Fig. S2 of the Supple-
mentary Data). All samples evince strongly non-Newtonian
behavior characterized by shear thinning, with the viscosity
leveling off to a plateau as the shear rate approaches 102 s−1.
We note that the viscosity values at low shear rate are affected
by the mixing conditions, although all samples converge
toward the same viscosity plateau at higher rate. The yield
stress behavior can be well described by the Herschel–Bulkley
model:

σ γ̇ð Þ ¼ σy þ kγ̇n ð1Þ

The yield stresses measured for the ternary blends obtained
with the four mixing procedures (see Table 2) exhibit the
following trend: reduction in size and quantity of capillary
aggregates leads to an increase in yield stress. This supports
the physical picture that the yield-like behavior is attributable
to the pendular network with little or no contribution from the
compact aggregates. Essentially, each silica particle is either
trapped in a capillary aggregate or part of the pendular net-
work. Therefore, when processing conditions help to reduce
(or even eliminate) the formation of capillary aggregates,
fewer particles get trapped in the aggregates and can join the
pendular network, contributing to its strength and thus
resulting in higher elasticity and higher yield stress of the
ternary system. The trend found for the rheological behavior
is thus related to the extent of capillary aggregation vs.

Fig. 6 Confocal micrographs
(DIC) of PIB/PEO/SP ternary
blends obtained with a mixing
procedure A and b mixing
procedure B
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capillary bridging during the mixing process, and therefore,
rheology may be used to gauge the extent of network
formation.

Discussion

We will first discuss the experimental results presented in
Figs. 6 and 7 to provide a physical picture for how aggregates
form during mixing. These results suggest that capillary ag-
gregates appear if the particles encounter PEO in the form of
large drops during the mixing process. We propose that the
size of the PEO dispersed phase during mixing influences the
balance between capillary aggregation and meniscus bridging.
This may be illustrated via two extreme cases of the relative
size between drops and particles, as shown schematically in
Fig. 9. In the case of low particle/drop size ratio, the particle
can collide with the PEO phase during mixing, and due to the
high wettability of the particles by the PEO, become engulfed
by the PEO. By repeating this sequence, many more particles
can enter the PEO drop, thus eventually forming a capillary

aggregate (Fig. 9a). Since aggregates have a very high viscos-
ity, they are likely to survive subsequent mixing even though
some breakdown may still occur (Heidlebaugh et al. 2014). In
contrast, if a particle collides with a much smaller PEO drop
during mixing, the PEO is expected to spread on the particle.
A collision with another particle can then result in the forma-
tion of a capillary bridge (Fig. 9b). Repetition of such a
scenario can lead to the formation of a pendular network.
The particle/drop size ratio thus appears as a major factor for
the resulting morphology of the ternary system. Finally, we
noted in the “Morphological and rheological changes induced
by PEO addition” section that a purely pendular network and
capillary aggregates are extreme cases, whereas a structure
such as in Fig. 5d, with thicker branches, may be closer to the
actual structure (e.g., Figs. 1b and 2b). Such thick branches
may be formed if the capillary bridge between two particles is
sufficiently large that other particles can join the meniscus
(Heidlebaugh et al. 2014).

Next, we turn to a consideration of the structural break-
down of the network under flow conditions. One remarkable
way to point this out is to compare the complex viscosity
|η*(ω)| in the linear viscoelastic regime against the steady

Fig. 7 SEM observations of PEO
drops after mixing at a 1,000 rpm
for 10 min and b 50 rpm for
2 min, and confocal micrographs
(DIC) of PIB/PEO/SP ternary
blends obtained with c mixing
procedure C and d mixing
procedure D
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shear viscosity η γ̇ð Þ . For many simple fluids, including
molten polymers, these two quantities agree very well with
each other, an observation extensively known as the Cox–
Merz rule (Cox and Merz 1958). This representation is shown
in Fig. 10 for the PIB/SP binary system and the PIB/PEO/SP
ternary blend prepared using mixing procedure C, in which

capillary aggregates are completely absent. While the super-
position principle holds true for the binary system, the pres-
ence of a percolated structure elicits the failure of the Cox–
Merz rule in the case of the ternary system. This feature
indicates that the three-dimensional network structure is
perturbed under shear flow. An extended version of the
Cox–Merz rule (Doraiswamy et al. 1991), which intend to
reconcile the complex viscosity in linear and non-linear oscil-
latory experiments with the steady shear viscosity, was also
found to be unsuccessful with our ternary system (graph not
shown). It is noteworthy that this extended Cox–Merz rule
was also found to be ineffective for polymer nanocomposites
networks (Nazockdast et al. 2008, Rodlert et al. 2004). In the
“Morphological and rheological changes induced by PEO
addition” section, we suggested that such a shear-induced
perturbation might be a disruption of the pendular network
due to rupture of the capillary menisci bridging particles. We
speculate that with increasing shear rate, the branched struc-
tures reduce in size analogous to the behavior of flocculated
particulate suspensions (Larson 1999). Indeed, Supplementa-
ry Figure S2 shows that when the applied shear stress greatly
exceeds the yield stress, the viscosity of all four samples levels
off to a value approaching that of the binary PIB/SP mixture.
This apparent convergence of the different ternary samples
with the binary sample may indicate that large branched
structures, which are the ones that contribute most to the high
viscosity, do not survive at sufficiently high stress. The vari-
ations in viscosity at low rates are thus linked to the strength of
the pendular network formed under different mixing
conditions.

Finally, we note that even though the system studied here
shares many similarities with corresponding small-
molecule particle/oil/water systems, the high viscosity of
molten polymers suggests that important differences are
likely to appear in polymeric systems. Specifically, while
the static structure of the ternary system may be well-
described by capillary forces between the particles, under
flow conditions when the menisci continually break and
reform, the interparticle forces may be severely rate-
dependent. This is because when particles move with re-
spect to each other, the viscous forces increase sharply when
the interparticle distance h reduces. For instance, for equal-
sized particles near contact moving apart from each other,
the viscous force is given by (Russel et al. 1992):

Fv ¼ 6πηmγ̇ R
3

2h
ð2Þ

where ηm is the viscosity of the fluid between the particles
(i.e., the viscosity of the meniscus-forming PEO polymer).
Thus, for particles in close contact, i.e., small h, the viscous
forces can be extremely large. The attractive meniscus force
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Fig. 8 Steady-state flow curves of the 77/3/20 ternary blend for the
different mixing conditions. a Viscosity vs. stress and b stress as a
function of shear rate. Symbols represent the data, whereas continuous
lines correspond to the best fits using the Herschel–Bulkley model

Table 2 Optimized values for the fitting parameters of the Herschel–
Bulkley model

Blend σy (Pa) k (Pa.sn) n

PIB/PEO/SP–A 18.0 21.8 0.81

PIB/PEO/SP–B 28.1 21.7 0.83

PIB/PEO/SP–C 44.8 19.7 0.85

PIB/PEO/SP–D 40.0 20.6 0.84

*Fixing n=1 (equivalent to the Bingham model) decreases fitting quality
(especially for the shear-thinning to Newtonian regime transition) but
does not change σy significantly
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on the other hand has a maximum value (when the particles
are in contact) of (Israelachvili 1992):

Fm ¼ 2πRαcosθ ð3Þ

and the attractive meniscus force reduces toward zero as h
increases. For our specific situation where the PEO wets the
particles almost completely, θ is small, and hence, Fm is
approximately 2πRα. The relative magnitude of viscous to
capillary forces, which is a capillary number suitable for a
meniscus geometry, can be expressed as:

Cameniscus ¼ Fv

Fm
¼ 3

2

ηmγ̇ R
2

hα
ð4Þ

Clearly, as the shear rate increases, viscous forces will
become increasingly dominant. The relative magnitude of
these two forces can be gauged using suitable values for the
present experimental system: α=10−2 N m−1, R=1 μm, and

ηm=10 Pa.s. For γ̇ =1 s−1, Cameniscus becomes on the order of
1 only when h is extremely small (about 1 nm). This suggests
that in our current ternary polymer blends, the interparticle
forces that resist meniscus breakup under flow conditions are
dominated by interfacial tension forces. Yet, for many ther-
moplastics, the melt viscosity can be at least 100-fold higher
than the PEO used here. In that case, Cameniscus would be on
the order of 1 even when h~100 nm, i.e., 10 % of the particle
radius. In those cases, the meniscus breakup will likely be
influenced by the viscosity of the wetting polymer and there-
fore by the deformation rate.

Concluding remarks

We have examined the structural and rheological changes
induced by the addition of a small amount of PEO to a mixture
of silica particles in PIB by melt mixing. The silica particles
are almost completely wetted by the PEO, which results in
major structural changes. We show that capillary bridging of
particles by PEO gives rise to the formation of a pendular
network, a physical gel where particles are connected by small
PEO menisci to create a three-dimensional tortuous path
across the sample. Notably, this volume-spanning structure
is formed at particle volume fraction of ~10 %, which is much
lower than that needed for the percolation of hard spheres. On
the other hand, high wettability of the particles by the minority
PEO phase can also cause a portion of the particles to form
closely packed capillary aggregates where the interstitial vol-
ume is filled by the PEO. We show that the extent of capillary
aggregation strongly depends on the mixing conditions: the
formation of capillary aggregates can be reduced or eliminated
when the PEO drop size becomes comparable to or smaller
than that of the particles size under mixing conditions.

These structural changes induced by addition of the wetting
minority polymer phase cause massive changes in rheological
behavior of the blends. Specifically, the ternary blends show
solid-like behavior in small-amplitude oscillatory experi-
ments, which is likely attributable to the elasticity of the

(a) Low particle/drop size ratio

(b) High particle/drop size ratio

Fig. 9 Illustration of the
influence of particle/drop size
ratio on the association of SP with
PEO during shear mixing. PIB in
blue, PEO in red, and SP in white
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Fig. 10 Cox–Merz plots for the PIB/SP binary blend and PIB/PEO/SP–
C ternary blend. Empty symbols for small-amplitude oscillatory shear and
filled symbols for steady shear flow
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pendular network. Under steady flow conditions, the ternary
blends show yield-like behavior and pronounced shear thin-
ning, as well as violation of the Cox–Merz rule. Yielding is
likely caused by the breakdown of the percolating structure
under shear flow, where the rupture of PEO-mediated contacts
eventually leads to Newtonian behavior at high shear rates.
The rheological properties track microstructural differences
between the various blends: the yield stress increases as the
amount of compact capillary aggregates is reduced. This
demonstrates that rheology can be used as a microstructural
probe of the extent of pendular network formation in such
systems.

Finally, qualitatively, this paper draws two chief conclu-
sions, (1) Addressing the question posed in the “Introduction,”
we conclude that even a small amount of immiscible polymer
can induce large changes in the microstructure of a particle-
filled polymer and (2) Practically, this paper shows that cap-
illary bridging of the particles by the addition of a small
amount of wetting polymer can be an efficient way to reduce
the percolation threshold of spherical particles filled into a
polymer matrix.
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