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Aqueous foams are ubiquitous; they appear in products and processes that span the cosmetics, food,
and energy industries. The versatile applicability of foams comes as a result of their intrinsic viscous and
elastic properties; for example, foams are exploited as drilling fluids in enhanced oil recovery for their
high viscosity. Recently, so-called capillary foams were discovered: a class of foams that have excellent
stability under static conditions and whose flow properties have so far remained unexplored. The unique
architecture of these foams, containing oil-coated bubbles and a gelled network of oil-bridged particles,
is expected to affect foam rheology. In this work, we report the first set of rheological data on capillary
foams. We study the viscoelastic properties of capillary foams by conducting oscillatory and steady shear
tests. We compare our results on the rheological properties of capillary foams to those reported for
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DOI: 10.1039/d0sm00384k other aqueous foams. We find that capillary foams, which have low gas volume fractions, exhibit long

lasting rheological stability as well as a yielding behavior that is reminiscent of surfactant foams with
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1 Introduction

Aqueous foams are thermodynamically unstable systems con-
sisting of a dispersion of gas bubbles in a continuous liquid."
Foams are thermodynamically unstable because the system free
energy can be lowered by the loss of the air-water interfacial area.
The structure of foams evolves over time due to the action of
surface tension and Laplace pressure differences that minimize
the gas-liquid interfacial area. Traditional aqueous foams are
kinetically stabilized by surfactants or particles adsorbed at the
gas-liquid interface. Surfactant molecules, when adsorbed at the
air-water interface, keep the foam relatively stable by slowing
down thinning and bursting of liquid films that separate bubbles,
through steric or electrostatic repulsion, and through Marangoni
flows that counteract surface tension gradients.”” In the so called
Pickering foams, particles adsorb at the air-water interface,
forming a densely packed layer that limits coalescence.®”
Recently, a new class of long-term stable foams known as capillary
foams (CFs) were discovered (see Fig. 1a).">'" CFs are made up
of oil-coated bubbles that are enclosed within a gelled network
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Fig. 1 (a) Schematic of capillary foam structure (bubble and particle sizes,
and volume fractions are not to scale). (b) 2D representation of a high-
quality surfactant foam (dry foam).

of oil-bridged particles (a capillary suspension).’* The spherical
bubbles in CFs are stabilized by the combined action of a small
amount of a secondary immiscible liquid (the oil phase) and
particles adsorbed at the oil-water interface.

Foams are widely applicable in a variety of products and
processes across different industries because of their viscous
and elastic properties. For instance, foams provide sensory
benefits in foods and beverages like whipped cream, chocolate
mousse, and beer.> Foams also find extensive applications in
the cosmetics, pharmaceutical, material processing, and energy
industries.***™"” CFs, unlike surfactant foams, are oil resistant, long
lasting and can be functionalized through oil-phase additives."""®
These additional and attractive properties of CFs open up
opportunities for new foam applications in products and
processes that are hindered by the above mentioned limitations
of traditional foams. CFs, for example, could potentially be
useful in enhanced oil recovery where oil-stable foams are
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required to efficiently displace oil from underground reservoirs.
However, to effectively apply CFs in these foam applications, a
fundamental understanding of CF rheology is needed.*

The rheological properties of surfactant foams (SFs) have
previously been studied for various foam applications. It has
been shown that SFs with high gas volume fractions (= high
“foam quality’’) behave either as solids or liquids depending on
the applied stress.'® When a small stress is applied to a foam, it
deforms elastically like a solid. The rigidity of high quality
foams comes from the tight packing of polyhedral bubbles
within the foam matrix (see Fig. 1b)."* Oscillatory rheology
measurements show that the elastic modulus of SFs depends
on the surface tension between the fluids and the mean bubble
size.?*>! These measurements also reveal a linear regime at low
strain where both the storage and loss moduli are independent
of the applied strain amplitude. At strains beyond the linear
regime, the foam transitions from a solid-like to liquid-like
response. This non-linear behavior is observed when the applied
stress is strong enough to separate and rearrange neighboring
bubbles.*>*? In this case, the foam flows like a liquid as bubbles
slide past each other.>>** When the applied stress is removed,
the flow stops and the bubbles relax to a new configuration.>
The observed elastic behavior disappears when the foam quality
(¢) falls below random close packing, which for spheres corre-
sponds to ¢, = 0.64.%° At low foam quality (¢ < ¢rcp), SFs
behave like a bubbly liquid as a result of the loose packing of
spherical bubbles within the continuous phase.>” Many of these
rheological properties of SFs are similar to those observed in
other soft dispersion systems, including concentrated emul-
sions, pastes, and dispersions of microgel beads.'**47°

With their oil-coated bubbles embedded in a particle
network,'’ CFs are structurally distinct from the traditional
aqueous foams described above, but somewhat similar to other
soft materials: emulsions, capillary suspensions and colloidal
gel foams."”'*> The crucial differences between CFs and
colloidal gel foams are that, in CFs, oil-mediated capillary
forces provide the attractive particle—particle interactions and
that the particles do not stabilize a gas-water interface, but
rather the oil-water interface of oil-coated bubbles. Given
the similarities and differences that CFs share with other
dispersion and colloidal systems, one might speculate that CF
rheology is governed by generic responses observed in these
other soft dispersion systems.>” However, the rheology of CFs
has never been studied. The purpose of this work is thus to take
a first look at CF rheology and how it deviates from the rheology
of traditional surfactant and Pickering foams, as well as
capillary suspensions.

In this paper, we present the first set of rheological data on
capillary foams. We conduct oscillatory and steady shear
experiments on a rheometer using parallel plate and Couette
geometries. We then outline and discuss CF properties and we
compare our observations to the rheological properties reported
for traditional aqueous foams and other soft materials. Lastly,
we discuss, the implications of these results in relation to
potential applications of CFs in the tuning of processes and
formulation of foam products.
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2 Methods and materials
2.1 Capillary foam preparation

Polyvinyl chloride particles (PVC, Vinnolit SA1062/7, particle
density: 1.41 g cm ™, average particle size 14.5 um) were obtained
from Vinnolit, Germany."® Trimethylolpropane trimethacrylate
(TMPTMA) was obtained from Sigma-Aldrich. Deionized (DI)
water with resistivity 18.2 MQ cm was used as the aqueous phase.
Foams were prepared using a rotor-stator homogenizer (IKA Ultra-
Turrax T10, rotor diameter of 6.1 mm, stator diameter 8 mm).

Capillary foams were prepared by frothing a mixture of PVC
particles (10 wt%), TMPTMA (2 wt%) and DI water (88 wt%).
Two grams of PVC particles were first suspended in DI water
and sonicated for 1 h (VWR, B2500A-MT). Once sonication was
completed, TMPTMA was added to the suspension and the
mixture was homogenized at 30000 rpm for 3 min. We note
that capillary foams of a similar composition were studied
before, although not with regard to their rheological properties,
and it was shown that in the absence of the oil component
frothing does not lead to a stable foam, because the PVC
particles used here are too hydrophilic to stabilize the air-water
interface of a Pickering foam."

2.2 Rheology measurements

We use an Anton Paar MCR 501 parallel plate (PP) rheometer
equipped with a temperature controller and evaporation blocker to
perform rheological measurements on capillary foams. Shear
localization and wall-slip of the foam within the confines of the
measuring instrument are known to lead to inaccuracies in rheo-
logical measurements."® As such, the top plate (diameter of 40 mm)
was lined with sandpaper (~130 pm grain size, Porter Cable) to
minimize slip in the measurements. A Couette geometry (bob
length and diameter: 40 mm, 21 mm; cup diameter: 23 mm) was
also used to obtain high shear rate data in controlled shear rate
experiments. No sandpaper was used in the Couette bob or cup.

The prepared capillary foams were transferred carefully to the
bottom plate (or Couette cup) of the rheometer. The gap height
between the top and bottom plates was set to 4 mm, so that a
substantial amount of foam could fit between the plates and account
for the one-tenth rule of thumb for dispersed phases.™* All measure-
ments, unless stated otherwise, were obtained at this gap height.
The temperature was maintained at 25 °C and the evaporation
blocker was used to prevent drying of the foams. Once loaded, the
CFs were allowed to equilibrate at rest for 20 min before the start
of any steady or oscillatory shear experiments. Frequency sweep
oscillatory measurements within the linear viscoelastic regime were
obtained before and after each experiment to assess the state of the
foam. Strain rates in the PP geometry vary across the plate or cup
radius; we then report values of the apparent y. We replicate our data
using fresh samples of CFs to ensure reproducibility.

3 Results and discussion
3.1 Controlled stress and strain rate experiments

Capillary foams were subjected to controlled shear stress (CSS)
and controlled strain rate (CSR) tests; both tests are steady
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Fig. 2 Plot of stress versus strain rate of the CF; blue inverted triangles
and violet cross (repeat) are obtained from controlled shear stress (CSS)
experiments on a parallel plate (PP) setup; green triangles (PP), black
circles (repeat on PP) and orange diamonds (Couette) are obtained from
controlled strain rate (CSR) experiments; open red squares are obtained
from creep experiments on PP.

rotational tests in which the foam is either held at a specific
stress or strain rate respectively. Fig. 2 shows the stress-strain
rate curve (flow curve) from the CSS and CSR experiments; the
differences between the curves are due to slight changes in gas
volume fraction of the foam in the different experiments. The
plot shows an initial increase in the stress with strain rate,
followed by a stress plateau over a wide range of strain rates. At
strain rates higher than those reported for the parallel-plate
geometry, we observed that the CF was ejected from the gap
between the rheometer plates. However, CSR experiments con-
ducted in the Couette geometry, to obtain higher strain rate
data on the CFs, show a later increase in stress; see orange
diamond data at the highest strain rates.

From the flow curve in Fig. 2, we observe two different
regimes where the stress (o) increases with strain rate at low
and high strain rates, and a third regime where the stress is not
dependent on strain rate. Generally, for viscous liquids ¢ oc 7,
while for elastic solids ¢ o«c 7, and ¢ # f(7).>* The existence of
these three regimes in the flow curve of CFs poses an important
rheological question about the exact behavior of CFs: are CFs
solid or are they a very viscous liquid? The key to this question
resides in how to interpret the decrease in ¢ with decreasing 7
to the left of the stress-plateau as this can correspond to the
aging of a solid foam, or to a final long-time relaxation of a very
viscous foam. The flow curve itself is insufficient to answer this
question. We thus perform oscillatory tests to characterize the
elastic and viscous response of the foams and better under-
stand their rheological properties.

3.2 Strain amplitude sweeps

CFs were subjected to increasing strain amplitudes (y) at a
constant frequency (w) of 1 rad s . Fig. 3 shows the storage (G')
and loss (G") moduli of CFs and highlights the linear and non-
linear regimes of CFs within the range of the applied strain
amplitudes (10~* to 10"). The linear regime is the plateau region
atlow y. For y < 0.5, the CF is predominantly solid-like, with and
elastic response (G’) greater than the viscous response (G”). At a
strain amplitude of 0.5, we observe a crossover between G’ and
G" indicating a transition from a solid-like to a liquid-like
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Fig. 3 Plot of G’ (filled square) and G” (open square) versus the applied
strain amplitude at w = 1 rad s~

response. Above strains of 0.5, G” is greater than G’, indicating
that the foam is fluidized and that the bubbles and capillary
network are significantly strained and forced to rearrange.
We also observed that the normal force on the top plate of
the instrument gradually decreases during the strain sweep
(Fig. S1, ESIf). The normal force does not recover when the
strain sweep is repeated, reflecting a large strain induced
structural rearrangement. The decreasing normal force is most
likely due to bubble collapse, or to ejection of the CF from
between the plates during fluidization.

The origin of the elastic properties observed in CFs, can be
compared to those of SFs. CFs at 10 wt% particle and 2 wt% oil
concentrations have an average foam quality of 32% (Fig. S2,
ESIT), which corresponds to half the gas volume fraction where
solid-like foam behavior is usually first observed in SFs. At the
present foam quality, typical SFs are considered bubbly liquids
containing loosely packed spherical bubbles. Rheology experi-
ments show that low-quality SFs have no elasticity.>® Although
CFs may be classified as low-quality foams, their rheology
shows a remarkably high elastic response comparable to that
of high-quality SFs. Such strong elasticity is also observed in
low quality colloidal gel foams, whose rheology one might
expect to be similar to that of CFs.*" Given that the gelled
particle network occupies as high as 70 vol% of the CF matrix,
the elasticity of CFs is likely a result of the strong particle
network that both encloses the bubbles and percolates the
space between bubbles. For SFs, the elastic shear modulus is
G, ~ o/R,with ¢ the surface tension between the fluids and R the
mean bubble radius.?* In contrast, for CFs, G, is likely to depend
on the concentration of particles in the foam, the strength of the
capillary bridges in the particle network and the surface energy
of the dual fluid interfaces (air-oil and particle laden oil-water)
of the bubbles present in the foam. The concentration of the
particles and the strength of the capillary bridges have previously
been shown to influence the strength of capillary suspensions,
the particle network component of CFs.>

The nonlinear response in the strain sweep also highlights
another key difference between CFs and SFs. As the applied
strain increases, CFs and SFs respond differently in the
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transition region. In SFs, G” increases within the transition region
as a result of Marangoni flows between stretched and compressed
bubbles.”?® An increase in G” is not observed in CFs, suggesting
that the rigid particle network structure, stabilized by the capillary
bridges between the particles, prevents bubble deformation in the
transition region. In fact, this behavior is observed in Pickering
foam systems with significant steric barriers that prevent immedi-
ate destruction of bubbles.>**” In these systems, it was found that
while bubble deformation occurs as both moduli decrease, bubble
motion does not occur until the crossover between G’ and G” is
reached.

Although the results of the strain sweep experiment on CFs
show that G’ > G” in the linear “equilibrium” regime at low
strain amplitudes and » = 1 rad s~ ', many viscoelastic materials
show a frequency dependence. We then study the rheological
response of CFs with respect to time and frequency.

3.3 Time and frequency sweeps

The equilibrium structure and time-dependent response of CFs
were probed in both time and frequency sweep experiments
by applying an oscillatory strain within the linear regime (y =
0.001). We monitored the storage and loss moduli of the CF at
10 rad s~ " for 48 h in a time sweep experiment. Fig. 4a shows
the long-time sweep experiment on the CF. The time sweep
experiment shows that both elastic and viscous moduli of the
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Fig. 4 (a) Plot of G’ (filled squares) and G” (open squares) for time sweep
measurement at » = 10 rad s~* on the CFs. (b) Plot of G (filled circles) and
G” (open circles) for a frequency sweep at y = 0.001 on CFs. (c) Plot of G’
(filled symbols) and G” (open symbols) for a frequency sweep on colloidal
gels and gel foams (adapted with permission from ref. 32. Copyright 2017
American Chemical Society). (d) Plot of G’ (open symbols) and G” (filled
symbols) for a frequency sweep on surfactant foams; symbols denote the
imposed strain amplitude (adapted from ref. 39. Reprinted with permission
from ref. 16).
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CFs are stable over the course of two days; G’ and G’ are
essentially constant up to 2 x 10* s and only slightly increase
afterwards. In the architecture of CFs, bubbles are not only
connected in a space-spanning particle network but are also
enclosed by two fluid—fluid interfaces (oil-air and oil-water).
The effects of bubble and particle network connectivity and
dual fluid interfaces produce long term foam stability that
allows for persistence of the foam rheological response over
time. This long-term stability is remarkable given that the
continuous evolution of foam structure typically limits the
experimentation time in foam rheology measurements. This
type of rheological stability is not common among SFs because
they tend to be subject to more rapid bubble coalescence and
collapse. It is worth mentioning that Pickering foams and
colloidal gel foams are perhaps the only other type of aqueous
foams that may be capable of similar stability because of the
presence of a particle network or particle packing that kineti-
cally stabilizes the fluid interface."*"

The frequency sweep plot in Fig. 4b shows both the viscous
and the elastic response of the CFs over a wide range of
frequencies. A stronger elastic response is observed at all
frequencies probed; however, G’ is observed to increase mono-
tonically. When the foam is probed from high to low frequen-
cies, G” decreases, exhibits a minimum and subsequently
increases again. We believe that the increase in G” and decrease
in G’ toward low frequencies is a result of bubble coalescence
and particle network rearrangements within the CF matrix.
The frequency sweep data for both CFs and high quality SFs
highlights the kinetic changes that occurs in both foam types,
showing that aging can lead to structural rearrangements that
cause G' < G" over long periods of time.*® Although the
elasticity of CFs arises from the particle network in their gel
matrix, their frequency dependent behavior is qualitatively
similar to that of particle-free SFs (Fig. 4b and d). Although
G" ~ »'® in our CF at high frequencies, in contrast to the o'/
dependence reported for SFs,” the moduli obtained from the
frequency sweep experiments suggest that CFs are more similar
to SFs than to colloidal gel (Pickering) foams (Fig. 4c) in their
frequency dependent behavior.** Note, however the differences
in the values of the moduli: both the G’ and G” values of CFs are
significantly larger than those of typical SFs.

The qualitative similarity of capillary foams and surfactant
foams in the frequency sweeps suggests that in both systems it
is the bubble network that determines the overall flow behav-
ior, despite the fact that the mechanical coupling between
bubble deformations occurs through the particle network in
CFs and through direct contact in SFs. The weaker frequency
dependence of G” (lower exponent) at high frequencies in CFs
indicates a less pronounced dissipation in this regime, which
could result from the presence of rigid structures. This is
consistent with the observed lower frequency dependence
(@' ~ " with v < 1/2) in SFs with high interfacial rigidity
due to the presence of co-surfactants with low water
solubility.>® In CFs bubble rigidity stems from the bubbles’
composite coat of oil and particles and its coupling to a stiff
network of oil-bridged particles that further contributes to
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diminishing dissipation and thereby shifting the short time
relaxation (“beta relaxation”) to higher frequencies (shorter
time scales).

Above all the oscillatory tests show that the unique structure
of CFs leads to distinct foam rheology that sets these foams
apart both from previously studied colloidal gel foams, and
from traditional surfactant stabilized foams. The frequency
sweep also helps determine the characteristic relaxation time
(z¢) of the CFs corresponding to the crossover of G’ and G” at
low ®.** We determine 7. from the crossover frequency w,:

_2n

1)

Te
D¢

By extrapolating the data in Fig. 4b to lower frequencies, we
expect that G’ and G” will intersect at 10™* < w. < 5 x 10~ * rad
s~ . The relatively long characteristic time (~10* s) observed in
CFs is similar to the characteristic time of SFs.*® However,
while the slow linear viscoelastic response in SFs results from
coarsening of the foam and Marangoni flows in the foam’s
liquid films, the timescale of the slow viscoelastic response of
CFs is dictated by particle network rearrangements over time.
CF rheology suggests that G’ < G” at low frequencies because
aging unjams the CFs over time. The onset of this long-time
viscous dominance occurs on timescale on the order of z..

3.4 Stress relaxation

To further study the rheological behavior of the CFs, we per-
form stress relaxation experiments and apply a constant strain
to the foam while monitoring the time dependence of the
stress.’® Fig. 5 shows the result of stress relaxation experiments
performed on CFs. The unperturbed response of the CF corre-
sponds to the blue curve, where a strain of zero (y « 107°),
within the limits of the rheometer, is applied.

For a strain of y = 0.005 within the linear regime (see Fig. 3),
we observe in Fig. 5 that the stress on the foam significantly
relaxes after ~6 h (22000 s); the relaxation time, obtained by
fitting the long-time stress decay to an exponential function, is
4.6 x 10* s and thus comparable to the 7. obtained from the
frequency sweep experiment. The relaxation behavior observed
in CFs is typical of viscoelastic materials and confirms that

x
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Fig. 5 Plot of stress versus time on CFs during stress relaxation experi-
ments. Symbols correspond to applied strains below 10~ (blue squares),
applied strain in the linear regime at y = 0.005 (red circles), and applied
strain outside the linear regime at y = 0.01 (black triangles). The black line
in the inset shows an exponential fit to the stress curve for y = 0.005.
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Fig. 6 Plot of strain versus time in creep experiments; (a) with applied
stresses at 50 Pa (green triangles), 30 Pa (red circles), and 10 Pa (black
squares). (b) Plots of lower stresses at 10 Pa (black squares), 5 Pa (blue
circles), 1 Pa (pink stars), 0.5 Pa (orange inverted triangles) and O Pa (violet
triangles). Black dashed lines show linear fits used to obtain 7.

7. predicted by the frequency sweep is indeed a result of
relaxation processes. Note that for a strain of y = 0.01 which
is outside the linear regime (see Fig. 3), the stress on the foam
never recovers during the experimental time, indicating that
plastic deformation has occurred.

3.5 Creep experiments

Creep experiments were performed to study in detail the long-
time behavior of the CFs under stress. In these experiments, we
applied a constant stress and measured the time dependence of
the strain. Fig. 6 shows the strain response at applied stresses
(o) ranging from 0.5 Pa to 50 Pa. All plots show a general trend
of three strain regimes that include an initial fast strain
increase, a transition zone and a linearly increasing strain.

The fast initial strain increase corresponds to the short-time
elastic response of the material to the applied ¢ while the linear
increase in strain is indicative of a long-time viscous behavior.
From the linear fits in this region, we obtain j. By further using
the value of the applied stress, we obtain the viscosity.

n= @)

o
P
The result of the creep experiments indicate that CFs exhibit
viscous flow over long time periods even for minute applied
stresses. When an infinitesimal stress (¢ = 0 Pa) is applied to
the CFs, the instrument measures a strain increase over the
experimental time (see violet triangles in Fig. 6b). We note that
this strain increase, which is on the order of 10™*, is within the
detection limits of the instrument, which is y > 107°, and is
taken to be the strain increase of the unperturbed CF. We
believe that this minute strain increase is caused by coarsening
and particle network restructuring that results from the non-
equilibrium nature of foams as seen in the frequency sweep
experiments. When ¢ = 0.5 Pa or 1 Pa, the strain increase
measured is similar to that obtained when ¢ = 0 Pa. However,
for ¢ > 5 Pa, the strain increases by at least an order of
magnitude. From Fig. 7 however, we observe a continuous
decrease in j over time, showing that the strain increase induced
by the applied stresses results in a non-steady-state flow of
the CF. The higher stresses applied (10, 30, 50 Pa) apparently
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Fig. 7 Evolution of strain rate in capillary foams during creep experi-
ments; magnification of strain rate versus time at longer time periods
(inset). Applied stresses at 50 Pa (green dashes), 30 Pa (red dash dots),
10 Pa (black line), 0.5 Pa (orange line) and 0 Pa (violet line).

lead to an increased initial rate of structural rearrangements in
the foam, but eventually the induced strain rates still decay to
the level observed even in the absence of any significant
externally applied stress.

To further elaborate on this, using the viscosity (10" Pa s)
obtained from the creep experiments and the plateau modulus
(G, = 10° Pa) of G’ in the frequency sweep (see Fig. 4b), we
divide them both to obtain a time scale,

~ Mereep

o )

which is on the order of 7., suggesting that the viscous behavior
observed in the creep experiments (Fig. 6) is actually related to
aging events resulting from rearrangements in the foam.

The combined results of the oscillatory, stress relaxation and
creep experiments help understand the flow curve of CFs (see
Fig. 2). From the oscillatory and stress relaxation experiments,
we find that the CF is a solid undergoing aging on a timescale
of 7. ® 10* s. From the creep experiments, we observe that
stresses <50 Pa cause small deformation rates (j « 1/t.),
indicative of particle network rearrangements. These results
confirm that the CF flow curve is representative of a solid
undergoing aging that yields at sufficiently large stresses.

The CF flow curve is also quite similar to the flow curves of
Gillette shaving foams, mayonnaise emulsions and polystyrene
suspensions obtained by Da Cruz et al.?® The authors in that
study also attribute the initial stress increase regime to structural
rearrangements within the foam. This explanation is consistent
with the results of our creep experiments on CFs, which show
that for a given range of applied stresses, decreasing strain rates
are observed as the CF relaxes to new configurations. Further
work done by Coussot et al. also shows that the plateau in
the stress results from the acceleration and deceleration of 7
at certain stresses.*’ They observed, going from low to high
stresses, that below a critical stress value (o4), 7 continuously
decreases with time and that beyond a second critical stress
value (0.,), 7 accelerates to a constant value. At intermediate
stresses (between both critical stress values), 7 first increases and
then rapidly falls off."> While we certainly observed that }
continuously decreases below 70 Pa < ¢.; < 100 Pa, we could
not reach values above the second critical stress (o.,) before the
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CFs are ejected from between the gap of the rheometer plates.
Data on the CFs could not be gathered beyond a stress of 128 Pa
using the parallel plate geometry.

The point at which the stress plateau occurs is said to closely
correspond to the value of the yield stress of the material when
an increasing stress protocol is used.*" Flow curves of yield stress
materials show that the stress tends to a finite value as the strain
rate approaches zero. For example, the reported flow curve of
carbopol microgels, shows a yield stress on the order of tens of
Pascal at a strain rate of 10~* s ".**»** From the results of our CSS
and CSR experiments, we estimate that the value of the yield
stress of the CFs is about 100 Pa. The yield stress value obtained
for CFs is very similar to that of CGFs, which have g, ~ 110 Pa,*"
showing again that CFs are highly elastic materials.

While there are disputes concerning the existence of a yield
stress in soft materials,”™*” the notion of a yield stress and the
transition from solid-like to fluid-like behavior in foams have
been justified by the observations of Lissajous curves and strain
sweeps in oscillatory experiments, start-up shear experiments
and flow curves of CSS.>**®%° Although we observe a similar
trend in the strain sweeps of CFs, where the loss and storage
moduli cross over in the strain sweep plot, sample ejection in
parallel plate and slip limitations in (see Fig. S3, ESIT) Couette
geometry prevented us from obtaining the full flow curve of the
CFs from CSS experiments. Slip is an experimental artifact that
can lead to errors in yield stress determination.’® Although
most of the data presented in this work were obtained using
roughened plates, it is possible that our data is influenced by
slip. Marze et al. for instance, observed slip contributions to
their foam rheology data despite using rough shearing surfaces;
they commented that slip existence is dependent on both the
applied shear rate and plate roughness.”® When smooth shearing
surfaces are used, as is the case in our Couette experiments, three
different slip regimes are observed. Meeker et al. observed that for
¢ < ay, motion is due to wall slip, for ¢ ~ g, motion is due to both
slip and yielding contributions, and for ¢ > gy slip is negligible.****
The decrease in stress observed at 0.1 < 7 < 100 s~ ' during the CSR
experiment in the Couette geometry (orange diamond plot in Fig. 2)
could then reflect the stress-induced structural rearrangement
prior to yielding and the possible influence of slip. At lower 7,
the accurate determination of the yield stress of CFs
requires the careful study of the exact nature and extent of slip
in our experiments; this could be done using microscopic
techniques.’® Alternately, a vane geometry, which has been
shown to effectively suppress slip effects in structured fluids,
can also be used to increase the accuracy of the yield stress
determination.>® The yield stress determined in our experi-
ments should only be taken as a rough first estimate.

The yield stress in our CFs is lower than the yield stress (of
~ 400 Pa) inferred from measurements on the capillary suspen-
sions that form the continuous phase of our CFs (see Fig. 4,
ESIT), and lower also than values reported previously for other
capillary suspensions (oycs ~ 300-10000 Pa),'****> but falls
within the range of the yield stresses reported for some SFs and
Pickering foams (oy,foam ~ 20-200 Pa).>****® Although the yield
stress in suspensions and foams is typically governed by the
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Fig. 8 Viscosity versus strain rate plot corresponding to the flow curve in
Fig. 2. Blue inverted triangles and violet cross (repeat) are obtained from
controlled shear stress (CSS) experiments on a parallel plate (PP) setup;
green triangles (PP), black circles (repeat on PP) and orange diamonds

(Couette) are obtained from controlled strain rate (CSR) experiments; open
red squares are obtained from creep experiments on PP.

volume fraction of a single dispersed phase, the notion of
yielding as the result of dispersed moieties unjamming still
likely applies in those materials and CFs alike."'**”3>

Lastly, in Fig. 8, we plot the viscosity of the CFs as a function
of the strain rate. The plot shows that CFs shear thin after they
yield. At low strain rates, the CFs behave ‘extremely viscous’,
having viscosities 10'° times the viscosity of water. As seen from
the creep experiments, the viscosity at y < 10~ s~ result from
the restructuring (aging) of CFs and are non-steady state
viscosities. At higher 7, the viscosity decreases with increasing
strain rate with a slope of —1, corresponding to the plateau
region of the flow curve. CSR experiments show that the shear
thinning behavior of CFs at high strain rates is similar to that of
surfactant foams described in the literature.**®® Even at the
highest strain rates observed, the viscosity of our CFs remains
significantly higher than the viscosity of water.

The rheological data presented in this work characterizes CFs
as an aging solid because of their out-of-equilibrium nature. The
behavior observed in CFs is similar to that of crystalline solids
like ice that are known to flow at long time scales.>” While the
apparent fluid nature in crystalline solids is defect mediated, the
non-equilibrium nature in foams results in the observed aging.
Aging has also been observed in similar out-of-equilibrium soft
materials like emulsions and microgels.’®>° The aging dynamics
of CFs, though beyond the scope of this work, resembles the
glassy dynamics of disordered hard materials and might be
understood using models of soft glassy rheology.°

4 Conclusions

We have investigated the rheological properties of capillary
foams by carrying out oscillatory and steady shear rotational
measurements. Reproducible measurements of this kind
are greatly facilitated by the excellent long-term stability of
capillary foams. Our results show that capillary foams (CFs),
despite their low gas volume fraction (low “foam quality”), are
rheologically quite similar to high quality surfactant foams.
Oscillatory measurements on the CFs at a frequency of 1 rad s~
reveal the dominance of elastic behavior over viscous behavior,
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which is not known from low quality surfactant foams but
has been observed in low quality colloidal gel (Pickering)
foams, albeit with a very different frequency dependence of
the viscoelastic moduli than reported here for CFs. Time sweep
experiments lasting 48 h show consistent elastic and viscous
responses of CFs with slight increases of both moduli after 10* s.
The strong elastic properties and long term stability observed
in CFs are results of the oil-stabilized particle network and
particle-stabilized oil coat surrounding the bubbles. Frequency
sweeps and stress relaxation measurements indicate that the
characteristic relaxation time of CFs is on the order of 10* s and
that CFs exhibit plastic deformation when subjected to high
strains. Creep experiments on CFs show short time elastic
response and foam restructuring over long time periods. Results
from creep, controlled stress and strain rate experiments are all
consistent with a yield stress in CFs on the order of 100 Pa and a
long-time aging behavior. Controlled strain rate measurements
also show that CFs possess high viscosities and are shear thinning
after yielding in the non-linear regime. The high viscosity
observed here, in conjunction with the known CF stability against
contact with an oil phase, suggests that CFs could be useful as
displacing fluids in enhanced oil recovery. We believe that the
unique structure and composition of capillary foams and their
resulting rheological properties offer further opportunities for
foam related innovations ranging from low fat foods to novel
foam formulations for health care, cosmetics, and household
products. More detailed studies will obviously be required to
enable the requisite engineering of foam rheology.
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