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Abstract Particles have been shown to adsorb at the
interface between immiscible homopolymer melts and
to affect the morphology of blends of those homopoly-
mers. We examined the effect of such interfacially
active particles on the morphology of droplet/matrix
blends of model immiscible homopolymers. Experi-
ments were conducted on blends of polydimethylsilox-
ane and 1,4-polyisoprene blended in either a 20:80
or 80:20 weight ratio. The effects of three different
particle types, fluoropolymer particles, iron particles,
and iron oxyhydroxide particles, all at a loading of
0.5 vol.%, were examined by rheology and by direct
flow visualization. Particles were found to significantly
affect the strain recovery behavior of polymer blends,
increasing or decreasing the ultimate recovery, slowing
down or accelerating the recovery kinetics, and chang-
ing the dependence of these parameters on the applied
stress prior to cessation of shear. These rheological
observations were found to correlate reasonably well
with particle-induced changes in drop size. The par-
ticles can both increase as well as decrease the drop
size, depending on the particle type, as well as on which
phase is continuous. The cases in which particles cause
a decrease in drop size are analogous to the particle
stabilization of “Pickering emulsions” well-known from
the literature on oil/water systems. We hypothesize that
cases in which particles increase drop size are analogous
to the “bridging–dewetting” mechanism known in the
aqueous foam literature.
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Introduction

Compatibilizers, conventionally block copolymers, are
commonly used during the blending of immiscible ho-
mopolymers (Datta and Lohse 1996). The compatibi-
lizer generally adsorbs at the interface between the
immiscible phases and improves blending. In this pa-
per, we are only concerned with blends that have a
droplet/matrix morphology, and in this context, we
define “improved blending” as a “decrease in mean
drop size after any particular blending operation.” Such
a decrease in drop size is believed to result from the
ability of the compatibilizer to promote flow-induced
breakup of drops as well as its ability to prevent their
recoalescence during blending (Macosko et al. 1996;
Milner and Xi 1996; Van Puyvelde et al. 2001).

This paper is concerned with “particulate
compatibilizers”—particles that adsorb at the interface
between the two immiscible homopolymers in a
blend and can sometimes have effects that are similar
to conventional block copolymer compatibilizers.
This area of research has been stimulated by similar
research in oil/water systems. In oil/water systems, it is
well-recognized that particles that are partially wetted
by oil and water can adsorb at the oil/water interface.
Such particles can prevent coalescence of oil drops in
water (or vice versa) and hence stabilize emulsions
of oil and water. Such particle-stabilized emulsions
are called Pickering emulsions (Binks 2002; Binks
and Horozov 2006). This paper considers polymeric
analogs of Pickering emulsions, viz., droplet/matrix
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blends of immiscible homopolymers with particles at
the interface. There have been several investigations
of particles (carbon black (Gubbels et al. 1994; Sumita
et al. 1991; Zaikin et al. 2007), nanoclays (Hong et al.
2006; Ray et al. 2004; Si et al. 2006), silica (Elias et al.
2007, 2008; Vermant et al. 2004), etc.) adsorbed at
the interfaces in polymer blends, and their effects on
the morphology and properties of those blends. The
preceding list of references is far from comprehensive,
and a recent review article (Fenouillot et al. 2009)
provides an excellent overview—and comprehensive
citations—of this research. In some cases, particles can
significantly improve blending (i.e., realize a finer-
scale morphology) and hence the term “particulate
compatibilizers.”

We are presently considering the effects of interfa-
cially adsorbed particles in an immiscible blend system
composed of polyisoprene (PI) and polydimethylsilox-
ane (PDMS). This blend is a “model” system in the
sense that the two immiscible polymers are chosen
for their experimentally convenient attributes, such as
thermal stability, low cost, transparency, etc. Most im-
portantly, both the polymers are viscous liquids at room
temperature, and hence, the blends can be prepared
by hand-mixing with a spatula, without requiring poly-
mer processing equipment. Such model systems have
already yielded much insight into the role of inter-
facial phenomena in uncompatibilized and compatibi-
lized immiscible blends. Here, we seek to exploit these
model blends to elucidate the role of interfacially active
particles.

In a recent article, we showed that a wide variety of
particle types readily adsorb at the interface between
PDMS and PI (Thareja and Velankar 2008b). The
present paper is focused on the specific question of
whether those same particles can improve blending in
droplet/matrix blends of PDMS and PI. If a decrease in
drop size with added particles can be demonstrated—
and especially if particles can be shown to suppress
coalescence—then the particles may be regarded as
good compatibilizers, and this system may be useful
to elucidate the mechanisms whereby particles act as
compatibilizers.

The principal experimental technique used in this
paper is rheology. In droplet/matrix blends, much re-

search has revealed a close relationship between the
mean drop size and the rheological properties of the
blend (Tucker and Moldenaers 2002). For example,
the timescale of the rheological transients (e.g., stress
relaxation or strain recovery) scale with the mean drop
size (Vinckier et al. 1999; Wang and Velankar 2006a).
Accordingly, trends in drop size can be followed eas-
ily and accurately by following rheological transients
rather than by direct imaging of the morphology. In
particular, in this paper, we will infer changes in drop
size from the strain recovery upon cessation of steady
shear.

Experimental

Materials Some physical properties of the PI and
PDMS homopolymers are listed in Table 1. These
polymers were chosen as they were molten at room
temperature, thus allowing flow experiments to be con-
ducted at room temperature. Three different particle
types listed in Table 2 were used in this research. SEM
images of these particles are shown in Fig. 1. These
same particle types were verified to be interfacially
active at the PI/PDMS interface in our earlier research
(Thareja and Velankar 2008b).

Blend preparation Particle-free blends were first pre-
pared by blending the PI and the PDMS, either in an
80:20 weight ratio or in a 20:80 weight ratio. Blend-
ing was conducted by hand with a spatula. Once
macroscopically homogeneous blends were prepared,
particles were placed in a fresh Petri dish, the appro-
priate amount of blend was poured on the particles,
and blending was continued until particles were well-
dispersed in the blend. All blends presented in this
article contained 0.5 vol.% of the particles. At this low
loading, the particles did not affect the rheology of the
bulk phases significantly. All samples were degassed
under vacuum to remove the air bubbles before any
rheology or visualization experiments were performed.

Blends are designated Sx-y where x is the weight
fraction of the PDMS (x = 20 or 80), and y is the par-
ticle type. The two particle free blends are designated

Table 1 Homopolymers and their properties

Polymer Supplier MW (g/mol) Viscosity (Pa s)a Densityb(kg/m3) Surface tension (mN/m)

Polydimethylsiloxane (PDMS) Rhodia 135,600 96 960 19.2
Polyisoprene (PI) Kuraray America 29,000 131 910 35.9

aTerminal (i.e., low frequency plateau) complex viscosity |η*| at 25◦C measured with an AR 2000 rheometer
bQuoted by manufacturer
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Table 2 Particle characteristics

Particles Shape, average size (μm) Density (g/cm3) Surface energya(mN/m) Supplier

PTFE Irregular, 8 2.2 25–28.5 Dyneon
Iron oxyhydroxide(FeOOH) Elongated, 0.6 × 0.1 4.03 63.3–72.3 Elementis pigments
Iron (Fe) Spherical, 3 7.8 Uncertain; 46 for pure iron ISP technology

aSurface energy estimated by a “float-sink” method in (Thareja and Velankar 2008b)

S20-0 (for the blend with 20% PDMS) and S80-0 (for
the blend with 80% PDMS).

Rheology Rheological experiments were conducted in
stress controlled mode using an AR 2000 rheometer

a

b

c

10 μm

10 μm

2 μm

Fig. 1 SEM images of particles used in this research: a PTFE;
b iron oxyhydroxide; c iron

with a cone-and-plate geometry (40 mm diameter, 1◦
cone). Sample temperature was maintained at 25◦C us-
ing a Peltier plate. Samples were subjected to the shear
history shown in Fig. 2. Samples were first sheared at
400 Pa for 2,000 strain units, then the subsequent strain
recovery upon cessation of shear was monitored, fol-
lowed by an oscillatory frequency sweep at 20% strain.
This sequence (shear for 2,000 strain units, recovery,
and oscillatory) was repeated at four successively lower
stresses of 400, 200, 100, and 50 Pa. The results of the
dynamic oscillatory measurements are not discussed in
this paper but are published elsewhere (Thareja 2008).
A limited number of repeat tests on samples showed
reproducibility of ultimate strain to better than 0.02
strain units.

Visualization Samples were visualized in a home-built
shear cell, which consists of two parallel glass plates.
The bottom plate can be rotated at a controlled speed,
driven by an ARES rheometer motor. The stationary
top plate was fixed to the frame of the rheometer. The
optical assembly consisted of a ×20 microscope objec-
tive connected to a nose piece, and some additional
optics feeding the image to a computer-controlled cam-
era. The optics are mounted on a slide allowing any
portion of the rotating geometry to be visualized. In this
research, all visualization was conducted on a portion
of sample at a distance of 10 mm from the center of
rotation. It must be noted that, whereas the rheology
experiments are stress-controlled, the visualization ap-
paratus is based on an ARES motor, which makes it a
strain controlled flow.
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Fig. 2 Shear history applied to the blends. Each shearing step
was 2,000 strain units, whereas each recovery was 5 min. Dynamic
oscillatory measurements were conducted after each recovery but
are not discussed in this paper
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Theory: strain recovery and relationship
to blend morphology

As mentioned in “Introduction,” past research shows
that rheological properties can serve as a convenient
probe of morphological evolution in droplet/matrix
blends. Much of the past research has focused on using
small-amplitude dynamic oscillatory experiments for
this purpose. Most commonly, the G′ vs frequency data
show a distinct relaxation that corresponds to shape
relaxation of droplets (Graebling et al. 1993; Kitade
et al. 1997; Vinckier et al. 1996). The timescale of this
relaxation has been used successfully as a quantitative
indicator of drop size.

However, the situation can be more complex when
considering blends containing interfacially active par-
ticles. When drop surfaces are covered with particles,
drops can adhere to each other, either due to attrac-
tions between the particles adsorbed on adjacent drops
or due to particles simultaneously adsorbing on two
drops (i.e. bridging; Ashby et al. 2004; Horozov and
Binks 2006; Stancik and Fuller 2004). Accordingly, in-
terfacially adsorbed particles can cause drops to ad-
here to each other and can induce gel-like behavior
as evidenced by a low-frequency plateau in the G′ vs
frequency data (Thareja and Velankar 2007, 2008a).
Indeed many of the blends studied here showed such
weak gel-like behavior (Thareja 2008). Finally, the dis-
tribution of the particles in the two phases may also
complicate the interpretation of the oscillatory data
(Elias et al. 2007). This makes quantitative analysis of
oscillatory data more complex. Instead, we will focus on
an alternate rheological measurement: strain recovery.
Certainly, the presence of interfacially active particles
can complicate the mechanisms of strain recovery as
well, and this is discussed in more detail at the end of
this section. However, the advantage of strain recovery
is that the data are readily amenable to quantitative
analysis, in particular, the ultimate recovery can be
obtained directly, and an average recovery time can
be obtained by a simple data-fitting. Thus, the effects
of the various particle types can be compared more
readily.

The key methodology of this paper is the use of
strain recovery after cessation of steady shear to track
the evolution of the blend morphology. Here, we will
first review the basic aspects of strain recovery in
droplet/matrix blends in the absence of any interfacially
active species.

Consider a droplet/matrix blend of mean drop radius
R, drop volume fraction φ, drop viscosity ηd and matrix
viscosity ηm, subjected to shear flow at a stress σ . The
interfacial tension between the drop and the matrix

fluids is taken to be α, and the viscosity ratio ηd
ηm

is
designated as p. During flow, the drops will deform and
orient in the direction of flow, with the deformation
being determined by the capillary number:

Ca = Rηmγ̇

α
(1)

If the flow is stopped, the drop retracts back into a
spherical shape due to interfacial tension. Such drop
retraction induces creep recovery (Vinckier et al. 1999).
In this paper, the bulk phases are nearly Newtonian,
and hence, almost all the recovery is attributable to the
interfacial tension-driven drop retraction. However, in
systems in which the bulk phases have significant vis-
coelasticity, there may be additional contributions to
the creep recovery.

A linear viscoelastic model of blend rheology has
been used previously to predict the dependence of the
interfacial tension-driven recovery on the drop size
(Vinckier et al. 1999). It has been shown that the creep
recovery of a blend can be well-described by a single-
exponential process:

γ = γ∞
[

1 − exp

(
− t

λF2

)]
(2)

where, γ∞ is the ultimate recovery, and λF2 is the
time constant characterizing the recovery. Dimensional
analysis suggests that

γ∞ = Rσ

α
f (φ, p) (3)

λF2 = Rηm

α
g (φ, p) (4)

Expressions for the functions f (φ, p) and g(φ, p) have
been discussed in previous publications (Vinckier et al.
1999; Wang and Velankar 2006a) but are not important
here. In this paper, we are only concerned with the pro-
portionality of γ∞ and λF2 on the drop size R suggested
by Eqs. 3 and 4. Specifically, by monitoring changes in
γ∞ and λF2 during any applied shear history, we can
infer changes in the mean drop size during that shear
history.

In the shear history used in this paper, the blends
are subjected to a sequence of decreasing shear stresses
(Fig. 2). We can consider two limiting cases:

Case I: Coalescence does not occur Lowering the
stress usually causes an increase in drop size due to
flow-induced coalescence. One of the goals of this
paper is to test whether these particles, which were
shown to be interfacially active in our previous work,
also suppress coalescence. If flow-induced coalescence
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does not occur upon reducing stress, R is independent
of σ and that will be indicated by γ∞ ∝ σ and λF2 being
independent of stress.

Case II: Ca = Cacr If a blend is sheared for a
sufficiently long time, the drops grow sufficiently large
that their critical capillary number exceeds that for
breakup. A steady-state balance between coalescence
and breakup is then reached, and in this case, the
capillary number is nearly equal to the critical capillary
number for breakup Cacr. If this condition is realized in
the shear history of Fig. 2, then the drop size R varies
inversely with the stress, i.e., drop coalescence “exactly
compensates” for a decrease in stress. In this case, γ∞
is independent of stress, whereas λF2 ∝ σ−1.

Certainly, behavior between these limits is also pos-
sible, where flow-induced coalescence does occur upon
reducing stress, but R increases less slowly than σ−1.

Past experiments on particle-free blends with a shear
history similar to Fig. 2 reported behavior similar to,
but not exactly, that predicted by Case II: specifically,
γ∞ decreased slightly with decreasing stress, whereas
λF2 ∝σ−0.6 was observed (Martin 2007; Martin and
Velankar 2007; Vinckier et al. 1999). This was inter-
preted as R increasing less steeply than σ−1, although
it must be reiterated that the above discussion is based
on linear viscoelasticity, whereas the drop retraction-
induced recovery may no longer be described by a lin-
ear viscoelastic rheological model under experimental
conditions.

In contrast, Case I is difficult to observe experimen-
tally in compatibilizer-free blends due to the difficulty
of preventing coalescence or breakup upon changing
shear stress. Nevertheless, Vinckier et al. (1999) were
able to approximate conditions under which stress was
changed, but drop size remained constant, and in that
case, γ∞ ∝ σ and λF2 independent of stress was indeed
observed (Vinckier et al. 1999).

Finally, we note that the entire discussion above
strictly applies only to the particle-free blends S20-0
and S80-0. The presence of interfacially active parti-
cles may affect the creep recovery in several ways.
Firstly, the particles may reduce the interfacial ten-
sion between the polymers and hence cause some of
the same rheological effects noted with interfacially
active compatibilizers. Specifically, compatibilizers can
increase γ∞ as well as slow down the recovery (Wang
and Velankar 2006b), and particles that reduce interfa-
cial tension may show the same effect. Secondly, if the
particles are sufficiently crowded at the interface, they
may immobilize the interface. This may be expected to
reduce drop deformation and hence ultimate recovery.
In the extreme case, crowded drops may not retract into

spherical shapes at all (Cheng and Velankar 2009), thus
sharply reducing γ∞. Finally, particle-induced bridg-
ing may create a loose network of drops (Thareja and
Velankar 2007, 2008a); the recovery of this network
may produce a new mechanism for creep recovery.
In summary, the creep recovery of particle-containing
blends may be more complex than of particle-free
blends. The broad trends that γ∞ and λF2 both in-
crease with drop size are still expected to hold, and
hence, changes in morphology can still be deduced from
rheological experiments. Yet, it is important to verify
all deductions about morphological changes by direct
visualization.

Results

Rheology

Figures 3 and 4 show the strain recovery of all the
blends and its dependence on stress. In this graph, and
all subsequent graphs, the small amount of recovery
due to the viscoelasticity of the bulk phases has been
subtracted as a linear weighted average of the com-
ponents as described previously (Wang and Velankar
2006a). Accordingly, the plotted data represent the
recovery attributable to the interfacial tension driven
retraction of drops. In no case was this subtracted bulk
contribution more than 10% of the total recovery and,
in most cases, was well under 5% of the total recovery.

Considering first the two particle-free blends S20-0
(Fig. 3a) and S80-0 (Fig. 4a), the recovery vs time data
show that the ultimate recovery is typically a few 10%
and is completed within a few seconds at all stress
levels. The trends in γ∞ and λF2 will be considered
quantitatively later, but it is immediately apparent that
γ∞ decreases with decreasing stress, whereas the kinet-
ics of recovery slow down; that is, the recovery time in-
creases. The later trend is consistent with flow-induced
coalescence. In most cases, the recovered strain vs time
curve shows an overshoot followed by a slight reversal
of recovery, e.g., clearly evident in S80-0 after 400 Pa
shearing. Such reversal of recovery has been noted pre-
viously in blends (Gramespacher and Meissner 1995;
Wang and Velankar 2006a), but a mechanistic expla-
nation has yet to be provided.

All six of the particle-containing blends show qual-
itatively the same trend in recovery kinetics: in all
cases, decreasing stress slows down the recovery ki-
netics. In four of the particle-containing blends, S20-
Fe and S20-FeOOH and S80-PTFE and S80-FeOOH,
γ∞ decreases with decreasing stress, similar to the
particle-free blends. In contrast, in two blends, S20-
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Fig. 3 Recovered strain vs
time for a S20-0, b S20-PTFE,
c S20-Fe, d S20-FeOOH.
Every tenth point is shown
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PTFE and S80-Fe, γ∞ increases with decreasing stress, a
trend that, to our knowledge, has never previously been
seen in any rheological study of immiscible blends.

Based on a qualitative inspection of the data alone,
it appears that, in all of the particle-containing blends,
the recovery kinetics always slow down when the stress
reduces; that is, none of the blends show a complete
suppression of coalescence. Certainly, that does not
imply that particles do not affect drop size, and this will
be examined further; yet, it is important to emphasize
that the ability to prevent coalescence, which is gen-
erally considered to be an important characteristic of
good compatibilizers, is not observed with any of these
particles.

To more clearly gauge the effect of particles, we un-
dertake a more quantitative analysis of the trends in γ∞
and the recovery kinetics with decreasing stress. γ∞ can
be obtained directly from the data of Figs. 3 and 4. As
expected from previous research, the data for the two
particle-free blends can be well-fitted by Eq. 2 (as an
example, see the lowest curve in Fig. 5). Accordingly,
the single-exponential time λF2 resulting from these
fits completely characterizes the recovery kinetics of

these two blends. For the six particle-containing blends,
Eq. 2 does not always give good fits (see upper two
curves in Fig. 5). In this case, the fitting parameter λF2

characterizes the recovery kinetics only approximately.
γ∞ and λF2 thus obtained for all the blends are

plotted as a function of stress in Figs. 6 and 7. These
data can be postulated to have a power law dependence
on stress, and the corresponding power law exponents
are listed in Table 3. Note that range of stresses covered
is less than an order of magnitude, and furthermore,
the bulk contribution subtracted from the total recov-
ery does affect the power law exponents somewhat,
especially for the S80 samples. Hence, the power law
exponents cannot ascribe any fundamental significance
and are only to be regarded as a convenient way to
compare the various samples.

The two particle-free blends S20-0 and S80-0 show
similar trends. In both cases, γ∞ is weakly dependent
on stress (exponents of 0.28 and 0.19), whereas λF2 in-
creases as stress decreases with exponents close to −0.6
as also noted previously (Martin 2007). These trends
indicate that the trend in drop size is intermediate
between the two cases discussed in the previous section



Rheol Acta (2010) 49:285–298 291

Fig. 4 Recovered strain vs
time for a S80-0, b S80-PTFE,
c S80-Fe, d S80-FeOOH.
Every tenth point is shown
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Fig. 5 Sample fits to single exponential recovery kinetics (Eq. 2)
for three blends after shearing at the stress levels specified in the
caption. Note that the recovery curves have been shifted up by
the factors noted in the graph for clarity

entitled “Theory: strain recovery and relationship to
blend morphology”: Decreasing shear stress does per-
mit coalescence; however, the increase in drop size R
is less sharp than σ−1, and hence, the capillary number
decreases upon shearing at the lower stress levels.

Comparing the behavior of the particle-containing
blends with the corresponding particle-free ones, three
kinds of behavior may be distinguished:

S20-FeOOH, S80-FeOOH, and S80-PTFE For these
three blends, the trends in γ∞ and λF2 with decreasing
stress are quite similar to that for the corresponding
particle-free blends, and the exponents are similar in
magnitude. Quantitatively, however, the γ∞ and λF2

of these particle-containing blends are significantly
smaller than of the corresponding particle-free blends,
possibly indicating that particles reduce the absolute
value of the drop size. We will examine this point below
by direct visualization.

S20-PTFE and S80-Fe For both these blends, a qual-
itative inspection of the data showed that γ∞ increases
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Fig. 6 Variation of a γ∞ and
b λF2 with stress for S20
blends. The two small arrows
in a indicate that the recovery
vs. time data had not
plateaued, and hence the
ultimate recovery is slightly
higher than the symbols
shown
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with decreasing stress. The corresponding power law
exponents (−0.1 and −0.08) are negative as already
expected from a qualitative examination of Figs. 3b
and 4c. To our knowledge, such behavior has not been
noted in two-phase blends previously. Furthermore,
for both these blends, the dependence of the recovery
time on stress is characterized by exponents of −1.1
and −1.3; that is, λF2 increases more steeply than σ−1.
These observations suggest that PFTE particles pro-
mote the coalescence of PDMS drops in PI, and Fe
particles promote the coalescence of PI drops in PDMS.

S20-Fe The behavior of this sample is intermediate
between the above two trends. As compared to the be-
havior of S20-0, the trend of γ∞ ∝ σ 0.11 is a significantly
weaker dependence, and λF2∝ σ−0.72 is a significantly
stronger dependence. Taken together, these suggest
that, with decreasing stress, the drop size R increases
more sharply than for the particle-free blend, i.e., Fe
particles also promote coalescence of PDMS drops in

PI, although coalescence promotion is not as strong as
in S20-PTFE and S80-Fe.

In summary, the rheological data suggest that

– FeOOH particles do not affect the qualitative
trends in coalescence behavior of either PDMS
drops in PI or PI drops in PDMS. However, a
quantitative evaluation of the ultimate recovery and
recovery time suggests that these particles may pro-
duce a smaller drop size in both blends.

– Fe particles strongly promote coalescence of PI
drops in PDMS but may weakly promote coales-
cence of PDMS drops in PI.

– PTFE particles strongly promote coalescence of
PDMS drops in PI. PTFE particles do not affect
the qualitative trends in coalescence behavior of PI
drops in PDMS, but a quantitative evaluation of the
ultimate recovery and recovery time suggests that
PTFE particles reduce the drop size in S80 blends.

Fig. 7 Variation of a γ∞, and
b λF2 with stress for S80
blends
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Table 3 Power law exponents for stress dependence of ultimate
recovery and recovery time

Sample Recovery exponent Time exponent

S20-0 0.28 −0.56
S20-PTFE −0.10 −1.10
S20-Fe 0.11 −0.72
S20-FeOOH 0.32 −0.53
S80-0 0.19 −0.63
S80-PTFE 0.27 −0.52
S80-Fe −0.08 −1.30
S80-FeOOH 0.30 −0.50

Flow visualization

The goal of this section is to confirm the above
rheology-derived conclusions by direct visualization.
Due to intense scattering from the samples, flow visual-
ization requires a significantly smaller gap than the rhe-
ology experiments. Accordingly, wall effects are more
significant, and effect such as sedimentation may also
become significant in long-duration experiments. The
flow history of Fig. 2 takes a relatively long time, and

Fig. 8 a and b S20-0, c and d
S20-PTFE, e and f S20-Fe,
g and h S20-FeOOH. Left
column of images were taken
after preshearing at a high
rate. Right column were
taken after further shearing
at a lower rate. See text for
details. All scale bars are
40 μm
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hence, a much simpler flow protocol was used for visu-
alization studies. All the samples were first sheared at
a high shear rate of 2.7 s−1 (which roughly corresponds
to 400 Pa shear stress) for 2,000 strain units, and then,
the shear rate was lowered to 0.29 s−1 (which roughly
corresponds to a stress of 50 Pa) and the sample was
sheared for an additional 3,000 strain units. This flow
history is suitable for comparing the relative extents of
flow-induced coalescence in the various samples.

The left column of Fig. 8 presents optical images of
the four S20 blends after shearing at 2.7 s−1 for 3,000
strain units. While a two-phase structure is evident in
all four images, in most cases, the drop sizes are too
small to quantify from these images. The only exception
is S20-PTFE, in which some large drops are already
evident.

Upon stepping down the shear rate (right column
of Fig. 8), flow-induced coalescence occurs in all cases;

Fig. 9 a and b S80-0, c and d
S80-PTFE, e and f S80-Fe,
g and h S80-FeOOH. Left
column of images were taken
after preshearing at a high
rate. Right column were
taken after further shearing
at a lower rate. See text for
details. All scale bars are
40 μm
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however, due to the larger size of drops, the differences
between the various samples are clear. Specifically,
S20-PTFE has significantly larger drops, and S20-
FeOOH has significantly smaller drops than the cor-
responding particle-free blend. Significant differences
between S20-Fe and S20-0 are not evident, at least
from a simple inspection of the images. We also note
in passing that the capillary number for the largest S20
drops at 0.29 s−1 are about 0.35, i.e., slightly lower than
the value of about 0.5 expected for breakup of drops at
this viscosity ratio.

Figure 9 shows the results of flow visualization for
the S80 samples. Once again, after shearing at the high
rate of 2.7 s−1, the drop sizes are too small to be
quantified. However, upon stepping down the rate to
0.29 s−1, it is clear that S80-PTFE and S80-Fe both
have significantly larger drops than S80-0, whereas S80-
FeOOH has smaller drops than S80-0.

The flow visualization results generally support the
conclusions drawn from the rheology study. Yet, the
agreement is not perfect. The most notable discrepancy
is that visualization clearly shows that drop size in S80-
PTFE is larger than in S80-0. In direct contradiction,
the S80-PTFE shows smaller values for γ∞ and λF2

as compared to the S80-0 blend. The reasons for this
discrepancy are not clear.

Discussion

We have shown that:

– Particles can both reduce the mean drop size as
well as increase the mean drop size realized in a
droplet/matrix blend.

– The effect on drop size can be symmetric (e.g.,
PTFE particles promote coalescence in both S20
and S80; FeOOH particles reduce drop size in both
S20 and S80) or can be asymmetric (Fe particles
promote coalescence in S80 but have no significant
effect in S20).

– Particles can significantly affect the rheology, even
qualitatively. For example, in S20-PTFE and in S80-
Fe, the ultimate recovery increases with decreasing
stress, a trend that is qualitatively different from
that in the corresponding particle-free blend. Fur-
thermore, the effect on rheology can be asymmetric
as well; changing the continuous phase can sharply
change the rheological behavior.

– Finally, while rheological behavior parallels trends
in drop size in most cases, the correspondence is not
perfect.

It must be emphasized that the above conclusions
are based only on a few particles of certain sizes and
types. Particles of other sizes or types may cause effects
that are quite different, even qualitatively, from those
observed here. For example, Fe particles of a much
smaller size or at a much higher loading may be able
to stop coalescence.

The first two items above warrant further comment.
Extensive literature on oil–water emulsions suggests
that interfacially adsorbed particles can stabilize Pick-
ering emulsions (Binks 2002; Binks and Horozov 2006).
Several mechanisms contribute to emulsion stability:
steric hindrance of interfacially adsorbed particles hin-
ders drop coalescence; a tightly packed interfacial
monolayer of particles gives the drops a solid-like shell;
in oil/water systems, charged particles at the interface
induce electrostatic repulsion between drops. Thus, the
decrease in drop size in polymer blends due to added
particles, e.g., FeOOH, is not surprising; these blends
may be regarded as polymeric analogs of oil/water
Pickering emulsions. Indeed, the ability of interfacially
adsorbed particles to decrease the phase size in polymer
blends has been documented previously. (Elias et al.
2007; Hong et al. 2006; Si et al. 2006; Fenouillot et al.
2009).

The cases of increased drop size due to added parti-
cles, e.g., Fe particles in S80 blends, are more surpris-
ing and, to our knowledge, has not been documented
in polymer blends previously. This phenomenon—
particle-inducing coalescence—has been documented
in oil–water emulsions, although the literature on this
topic is relatively limited (Dickinson 2006; Kosaric et al.
1987; Mizrahi and Barnea 1970; Van Hamme et al.
2003). However, the related phenomenon of particles
promoting coalescence of bubbles is very well-known,
and in fact, highly hydrophobic particles are recog-
nized as being effective defoaming agents for aqueous
systems (Denkov and Marinova 2006; Garrett 1993;
Pugh 1996). The generally accepted mechanism for
such defoaming is “bridging–dewetting” as illustrated
in Fig. 10. Consider a particle adsorbed on the surface
of a bubble in water. If the particle is sufficiently hy-
drophobic (i.e., if the contact angle measured through
the water phase exceeds 90◦), only a small portion of
the particle protrudes into the water phase (Fig. 10a).
During a collision with another bubble, it is then pos-
sible to realize the situation of Fig. 10b, where the par-
ticle bridges across the thin water film separating the
bubbles. Since the equilibrium contact angle exceeds
90◦, the situation of Fig. 10b is unstable, and the contact
line recedes across the interface until the film ruptures,
inducing bubble coalescence. In effect, the bridged film
ruptures because it dewets the hydrophobic particle.
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Fig. 10 Bridging–dewetting mechanism. Left schematic shows
two gas bubbles colliding in water, where a hydrophobic parti-
cle is in the region between the bubbles. a Magnified view of
hydrophobic particle adsorbed on one bubble. b Particle bridging
across the film separating the two interfaces. c Lower contact line
recedes across the hydrophobic particle. d Film ruptures

While the mechanism has been investigated primarily
for foams, the principle is general: A particle that is
preferentially wetted by the dispersed phase will pro-
mote coalescence of the dispersed phase. It is notewor-
thy that the above mechanism is inherently asymmetric:
Bridging–dewetting-induced coalescence occurs only if
the preferentially wetting phase is the drop phase. The
reverse situation—the preferentially wetting phase be-
ing continuous—can give stable particle bridges across
the drops and can stabilize drops against coalescence
(Ashby et al. 2004; Horozov and Binks 2006; Stancik
and Fuller 2004).

Certainly, the situation illustrated in Fig. 10b is
overly simplistic. In particular, it has been noted that
even particles that are preferentially wetted by water
(have a contact angles slightly less than 90◦ when mea-
sured through the water phase) can be good defoaming
agents. This has been attributed to their non-spherical
shape and especially to sharp corners on particles,
which can play a crucial role in bridging dewetting
(Denkov and Marinova 2006; Garrett 1993; Pugh 1996).

We hypothesize that the coalescence promotion ob-
served in this paper can be explained by the bridging–
dewetting mechanism. Specifically, we hypothesize that
Fe particles are preferentially wetted by PI; accord-
ingly, they promote coalescence of PI drops in PDMS
but do not promote coalescence of PDMS drops in PI.

In contrast, we hypothesize that the PTFE particles are
preferentially wetted by the PDMS and hence strongly
promote coalescence of PDMS drops in PI. Note that
PTFE particles also weakly promote coalescence of PIS
drops in PDMS, which may be attributable to their
highly non-spherical shape.

Finally, it is important to note that this paper com-
pares the different particle types at fixed particle vol-
ume fraction. The significant difference in the sizes of
the different particle types implies a correspondingly
large difference in the interfacial area that can be cov-
ered when the particles adsorb at an interface. In the
case of FeOOH, tight interfacial coverage corresponds
to roughly 2 m2/g of particles, i.e., ∼8 × 106 m2/m3

of particles (Cheng and Velankar 2008, 2009). A sim-
ple geometric calculation (equating the surface area
of the 20% drops to the area covered by 0.5% parti-
cles) suggests that, if all the FeOOH particles are at
the interface, complete surface coverage of drops is
achieved when the mean drop diameter reaches 30 μm.
Figures 8h and 9h show that most drops are in this
size range, i.e., if most FeOOH particles are at the
interface, then these drops are nearly tightly covered
with particles. For the other two particle types, the
interfacial area corresponding to tight coverage has not
been measured experimentally. Yet, this area can be
readily estimated for the Fe particles since they are
spherical; assuming a 3-μm particle size, we estimate
an interfacial area of 0.5 × 106 m2/m3 of particles at
tight coverage. Thus, in order to be tightly covered with
Fe particles, the drops would have to be 480 μm in
diameter; the capillary number of such drops under the
applied flow would far exceed the capillary number for
breakup. Since the actual drop size in Figs. 8f and 9f is
much smaller, the surface coverage in the Fe-containing
blends is far below that needed for tight packing. Since
PTFE particles are not spherical, their interfacial area
at tight packing is not as easy to estimate; nevertheless,
it is also likely to be far smaller than of the FeOOH
particles, and hence, the drops are also likely to be
sparsely covered with PTFE particles. This difference
in surface coverage may be a simple explanation for
why the FeOOH particles are able to reduce drop size.

Summary

In summary, we have conducted experiments ex-
ploring the effects of interfacially active particles in
droplet/matrix blends of immiscible homopolymers.
We show that such interfacially adsorbed particles have
a large effect on the morphology and rheology of
blends of the homopolymers. Depending on the specific
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particle type, particles can either increase or reduce
the mean drop size in the blend. The changes in mor-
phology can be tracked rheologically. Specifically, in
creep-recovery experiments in increase (or decrease) in
drop size due to added particles is generally reflected
as an increase (or decrease) in the ultimate recovery
and retardation time. Yet, the correspondence between
drop size and recovery is not perfect, and it is clear that
at least in some systems, the rheology is also affected
by factors other than the drop size. That interfacially
adsorbed particles can reduce mean drop size of a
polymer blend was anticipated from the literature on
Pickering emulsions. The reverse effect—an increase
in drop size due to particles—may be an analog of
the bridging–dewetting mechanism well-known from
literature on foams.
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