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Matrix Viscoelasticity Decouples Bubble Growth and Mobility in Coarsening Foams
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Pressure-driven coarsening triggers bubble rearrangements in liquid foams. Our experiments show that
changing the continuous phase rheology can alter these internal bubble dynamics without influencing the
coarsening kinetics. Through bubble tracking, we find that increasing the matrix yield stress permits bubble
growth without stress relaxation via neighbor-switching events, promoting more spatially homogeneous
rearrangements and decoupling bubble growth from mobility. This eventually leads to a structural change
that directly impacts the foam mechanical and stability properties, essential for applications in various

technological and industrial contexts.
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Liquid foams are soft materials made of gas bubbles
tightly packed together in a continuous liquid medium.
Such systems can age through pressure-driven gas transfer
between the bubbles, which results in a gradual growth of
the mean bubble size [1]. This coarsening process induces
internal stress-driven dynamics: bubble size variations give
rise to imbalanced stresses inside the foam, which even-
tually relax through local bubble rearrangements entailing
an exchange of neighbors [2]. Probing the link between
restructuring events and the coarsening process in model
systems like foams can shed a light on the interplay
between stress accumulation, local yielding, and structural
relaxation that is common to a variety of other soft glassy
systems [3].

Bubble dynamics has been widely probed in coarsening
aqueous foams with light scattering techniques [4—7]. The
frequency of rearrangements is set by the strain rate
imposed by the coarsening process, thus it is directly
linked to the coarsening rate [7]. A combination of
reciprocal and direct space analysis has more recently
shown how coarsening dynamics is governed by direction-
ally persistent bubble displacements up to a critical length
scale given by the bubble size [8]. The loss of persistency
has been ascribed to sudden changes in the local stress
configuration due to the occurrence of plastic bubble
rearrangements inside the foam.

While all this holds for aqueous foams, many practical
applications involve foams made from more complex
fluids, like gels, emulsions, or pastes. The behavior and
characteristics of these types of foams are considerably less
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understood. How easily bubbles can move during coars-
ening clearly depends on the amount, as well as on the
nature of the medium between them [6]. Both surface and
bulk rheology of the continuous phase significantly affect
the duration of plastic events within the foam. For instance,
increased interfacial and bulk viscosity both translate into
slower rearrangements [9]. By contrast, the effect of elastic
properties has been scarcely investigated. Conditions
required for preventing or arresting coarsening have been
proposed with high foam elasticity [10] or continuous
phase yield stress [11,12]. However, a thorough description
of the impact of bulk elasticity on coarsening dynamics is
still missing. Recently, spatially heterogeneous coarsening
has been observed in foams with viscoelastic continuous
phases, eventually leading to atypical foam morphologies
[13]. Establishing the link between coarsening dynamics
and structural evolution in complex foams would thus
allow for a finer control of internal foam structure, which is
crucial for applications, but still calls for a systematic
investigation of how bubble motion changes with matrix
stiffness.

In this Letter, we experimentally investigate how the
presence of a viscoelastic medium between the bubbles
affects their mobility during coarsening. By performing
bubble tracking, we show that a gradual increase of the
continuous phase yield stress dramatically restricts bubble
motion during coarsening. Moreover, we show that the
marked change in the bubble dynamics is not mirrored by a
significant change in the coarsening kinetics, suggesting a
decoupling between the coarsening rate and the rate of
restructuring events inside the foam.

We follow the ageing of foams made of concentrated oil-
in-water emulsions, as sketched in Fig. 1(a). At oil volume
fractions ¢ above random close packing, emulsions have
a storage modulus and a yield stress both increasing with
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FIG. 1. Foam coarsening in concentrated emulsions. (a) Illus-

tration of the foam sample, highlighting the oil-in-water emulsion
between the bubbles. (b) Emulsion storage modulus G, (top) and
yield stress 7, (bottom) at different ¢. Experimental details can be
found in [13]. The dashed lines represent the two expected
scalings Go ~ ¢(¢p — ¢*) [14] and 7, ~ (¢ — ¢*)* [15], where
¢* = 64%. (c) Top view of a foam at ¢ = 75% at * = 60 min.
The frame edge is 30 mm. (d) Enlargement showing the outline of
the bubble segmentation (black) and the associated foam skeleton
(red). The frame edge is 10 mm. (e) Mean bubble growth at
different ¢. The gray-shaded area highlights the time window
considered, centered around * = 60 min (vertical dashed line).
(f) Mean bubble size and coarsening rate evaluated at t = ¢*. The
gray-shaded bars on R* represent the standard deviation of the
bubble size distribution.

¢ [14,15]. We consider oil fractions ranging between 65%
and 80%, so that we vary the elastic modulus of the foam
continuous phase G, between 30 and 340 Pa, and its yield
stress 7, from 0.5 to 20 Pa, as shown in Fig. 1(b). In this
range of ¢, the emulsion yield stress delays the gravita-
tional drainage [16] allowing the foam to coarsen at
homogeneous liquid fraction [17].

Emulsions are first prepared at the desired ¢ by mixing
rapeseed oil (from Brassica rapa, Sigma Aldrich) and an
aqueous surfactant solution (sodium dodecyl sulphate
30 g/L, Sigma Aldrich) with the double-syringe method
[25], and then foamed with the aid of a planetary kitchen

mixer until the sample volume has increased tenfold (liquid
fraction ranging between 9% and 11%). The resulting foam
is then gently sandwiched between two square glass plates
(edge 20 cm), separated by a 10 mm thick square rubber
gasket. The spacing is thus much larger than the typical
bubble size (R ~ 10~! mm) so that the foam sample can be
safely considered three-dimensional. The typical bubble
Laplace pressure (y/R ~300 Pa with y ~30 mN/m) is
higher than the interstitial emulsion yield stress, ensuring
that our foams coarsen [11,12].

Foam ageing is monitored from the top by taking image
stacks with a camera (Basler acA3800-14um, equipped
with a Tamron lens 16 mm F/1.4), while a square array of
LED lights provides uniform illumination from above. The
typical foam appearance is shown in Fig. I(c). Image
processing is performed with custom MATLAB scripts as
follows. Foam pictures are first segmented through an
adaptive thresholding and then skeletonized with a water-
shed algorithm. An example of bubble segmentation and
foam skeleton outline is shown in Fig. 1(d). From the
foam skeleton, we estimate the size of each bubble as the

radius R = \/A/x, where A is the area of the polygonal
cell, to then monitor how its average value, taken as
Ry, = (R?)/(R?), evolves over time. The time evolution
of Rs, at different ¢ is reported in Fig. 1(e): despite the
tenfold increase in the emulsion elasticity, the mean bubble
growth is approximately the same for each sample over
almost one decade in time. At the liquid fractions consid-
ered (~10%), neighboring bubbles share thin liquid films,
whose surface area is however reduced by the presence of
thick Plateau borders. Interbubble gas diffusion is thus
slower than in a dry foam (liquid fraction ~1%) with the
same skeleton [26]. The experimental curves of Rj,(7)
indeed lie between the two power laws predicted for the
mean bubble growth in very dry foams [27] and dilute
bubbly liquids [28] in their scaling state (SM, Fig. S2).
However, in contrast to aqueous foams, the foams under
study are not expected to head toward self-similarity. In
fact, lack of liquid phase redistribution and a nontrivial
interplay between foam structure and rheology has been
shown to eventually lead to highly heterogeneous structures
at millimetric bubble sizes [13].

We now compare the coarsening dynamics at the same
foam age ¢*. We present here data for * = 60 min, but
choosing different values of #* does not affect the final
results (SM, Sec. 1). The mean bubble size R* = Rz, (%)
and its growth rate I = dRs,/dt|, show no significant
dependence on ¢, as shown in Fig. 1(f). The bubble size
distribution also does not change with ¢ (SM, Fig. S3).

However, a visual inspection of the coarsening movies
reveals a dramatic change in the global bubble dynamics
with increasing ¢ (SM, movies SM1-SM4). At ¢p = 65%,
bubbles freely rearrange as they coarsen, as in an aqueous
foam. By contrast, as ¢ is increased up to 80%, their
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FIG. 2. Activity maps. Representative activity maps of coarsening foams at increasing ¢, compared at the same foam age
t* = 60 min. The maps are obtained as the difference between two frames separated by At = 60 s. The frame edge is 25 mm. The
colormap corresponds to the difference in the grayscale level of the images, as indicated by the colorbar.

mobility is drastically reduced: bubbles appear to just grow
or shrink while remaining substantially stuck in their initial
positions.

The different bubble dynamics can be better appreciated
with the aid of activity maps like the ones shown in Fig. 2.
The higher activity of the foam at ¢ = 65% stands out at
first glance. Here, we recognize the occurrence of topo-
logical changes as the regions where two couples of red and
black sickle areas emerge symmetrically, marking the
neighbor-switching event. Furthermore, these plastic events
cause substantial motion in the surrounding bubbles,
extending up to 4-5 bubbles away, as in aqueous foams
[5,7]. On the other hand, as ¢ is increased, bubble
rearrangements rarefy (SM, Fig. S8,S9) and the overall
activity is drastically reduced.

We characterize such differences in the coarsening
dynamics by tracking the bubbles. Since foams are aging,
the bubble size, the coarsening rate, and the bubble
mobility are all systematically changing over time. To
limit the global bubble growth while tracking the bubble
trajectories, we thus restrict the analysis to an image
subsequence covering a 15-min time window centered
around ¢ = ¢*, as highlighted in Fig. 1(e), that ensures a
variation in the mean bubble size of less than 15% for each
¢. This allows studying bubble dynamics in quasistationary
conditions [8].

We perform bubble tracking by using TrackMate [29,30]
on the segmented foam pictures. The results obtained at
¢ =65% and ¢ = 80% are reported in Fig. 3(a), where
examples of representative trajectories are shown for both
samples.

At ¢p = 65%, bubbles move persistently in one direction
until a sudden deviation occurs, as mirrored by the jumps in
the bubble trajectories. Such abrupt changes of direction are
not observed at ¢p = 80% where, by contrast, trajectories
are straighter and shorter [17]. In aqueous foams, the loss of
directional persistency has been ascribed to the change in
the local stress configuration after the occurrence of plastic
bubble rearrangements in the surroundings [8]. This agrees

with our observations: while at low ¢ bubbles rearrange
during coarsening, at high ¢ mutual bubble displacements
are almost suppressed (SM, Fig. S9).

To quantify these observations, we compute the prob-
ability distribution of bubble displacements Ar at different
time delays Ar (i.e., the self part of the Van Hove
correlation function [31]). For each ¢, the distribution
exhibits a well-defined peak at each time delay, that
systematically shifts toward larger Ar as At is increased,
as shown in Fig. 3(b) for ¢ = 65% and ¢ = 80%. Results
for the other values of ¢ can be found in Supplemental
Material (Fig. S2). At ¢ = 65%, the right tail of the
distribution decreases as a power law before dropping at
Ar around the characteristic bubble size, akin to aqueous
foams [8]. By contrast, at ¢p = 80% the distributions decay
more steeply and displacements are restricted to smaller
length scales.

We compute the bubble mean square displacement
MSD = (Ar?) at different time delays for each sample.
For this calculation, we discard small bubbles whose
trajectories do not cover the whole time window, which
correspond to less than 20% of the total number of detected
bubbles. The MSD dependency on At is plotted in Fig. 3(c)
for each ¢b. The MSD grows asymptotically as a power law
MSD ~ A#°, with an exponent § increasing with ¢, heading
toward a ballistic-like scaling.

Despite the same coarsening rate, for a fixed A¢ the MSD
shows a tenfold reduction as ¢ is increased from 65% to
80%, reflecting shorter bubble displacements with increas-
ing emulsion elasticity. The average bubble size can thus
grow in the same way, with very different bubble dynamics.
Changing the continuous phase rheology allows switching
from traditional foam coarsening to a new coarsening
where mutual bubble displacements are hindered. The
MSD approaching a ballistic scaling at high ¢ indeed
reflects the bubble tendency to keep moving persistently
(SM, Fig. S7), which is a signature of the loss of plastic
bubble rearrangements (SM, Fig. S9).
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FIG. 3. Bubble tracking. (a) Representative bubble trajectories,

lasting the whole time window, obtained at ¢» = 65% (top) and
¢ = 80% (bottom). The frame edge is 4 mm. (b) Distribution of
bubble displacements at different Az (increasing from 60 to 360 s
with a step of 15 s) for ¢ = 65% and ¢ = 80%. The vertical gray-
shaded bar marks the mean bubble radius R*. (c) Bubble mean
square displacement as a function of Az. MSD ~ Af° for each
sample, with § increasing with ¢, as shown in the inset. (d) MSD
rescaling. The dashed line marks 7z, = z,.

The change in the bubble dynamics can be traced back to
the continuous phase rheology. The emulsion elasticity
allows considering the foam continuous phase as a soft
elastic solid for small deformations [10]. The diffusive gas
exchange between neighboring bubbles induces a variation
in their size, which generates an elastic deformation of the
matrix. Bubble size variations hence give rise to local
elastic stresses that tend to restore the initial unstrained
structure. While coarsening, the foam can thus accumulate
stress in the matrix due to the change in the bubble packing
conditions. As the strain rate associated to the coarsening
process can be written as I'*/R* [7,8], we estimate the total
strain applied to the system in a given time Af as
(I'™*/R*)At, and the total stress accumulated by the foam
as 7. = (I'*/R*)AtG,, where G, is the elastic modulus of
the matrix. Once this stress overcomes the emulsion yield
stress, it can relax via local plastic bubble rearrangements.
Indeed, in order for bubbles to rearrange, the emulsion in
the Plateau borders has to yield. On the other hand, as ¢ is

increased, the interstitial emulsion can bear higher stresses
without yielding. We thus compare 7z, with 7, by plotting
the normalized average displacement MSD'/2/R* versus
the relative stress 7,./7,. As shown in Fig. 3(d), data display
a good collapse. Results obtained at different foam ages
also collapse on the same master curve [SM, Fig. S3(d)],
meaning that coarsening-driven bubble displacements are
set by how much stress the emulsion can bear without
yielding. At high ¢ the emulsion between the bubbles is
stiff enough to elastically store the stress due to bubble size
variations and counteract bubble rearrangements. Only
when 7, equals 7, has the system accumulated enough
stress to yield the emulsion so that bubbles can rearrange.

Since the mutual bubble displacement is of the order of
MSD'/2 and the typical interbubble distance is of the order
of the bubble size R*, we can think of MSD!/2/R* as a
strain. We hence remark that the threshold 7z, = 7, corre-

sponds to MSD'/2 / R* ~ 10%, which is compatible with the
macroscopic strain (~15%) needed to yield an equivalent
aqueous foam at the same liquid fraction [32].

So far, we have only looked at ensemble-averaged
dynamic quantities, neglecting any possible spatial fluc-
tuation. The collapse in Fig. 3(d) might suggest that at high
¢ the dynamics is simply slowed down, so that the system
does not accumulate enough stress for rearrangements to
occur within the time window considered for quasi-
stationarity. However, if we compare activity maps corre-
sponding to the same MSD (but different time delays), the
latter actually show a clear qualitative difference between
¢ = 65% and ¢ = 80%, as reported in Fig. 4(a). Bubble
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FIG. 4. Dynamic heterogeneity. (a) Examples of activity maps
at time delays corresponding to the same MSD ~ 3 x 107* mm?
for ¢p = 65% (left) and ¢p = 80% (right). The edge size is 85 mm.
(b) Total mobility C(At) and dynamic susceptibility y, for each
sample.
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motion is highly heterogeneous at ¢p = 65%, as in aqueous
foams, with core regions where neighbor switching occurs
surrounded by shells of bubbles that adjust at fixed top-
ology. Such dynamic heterogeneity is lost at ¢ = 80%,
where bubbles globally move more homogeneously.

We characterize spatial dynamic fluctuations by defining
a mobility parameter that quantifies how much the bubbles
move between times ¢ and 4+ Ar. We define the mobi-
lity c;(t, At) = exp (—=|r;(t + At) —r;(¢)|*/d*) for each
bubble, with d =3%R*, and compute the total mobi-
lity as the ensemble average C(r, At) = (c;(t, At)). From
the time fluctuations of the total mobility, we then evalu-
ate the dynamic susceptibility as y4 = N({C(t, At)*)—
(C(t,A1))?), which efficiently measures the degree of
dynamic heterogeneity [33]. Results are shown in
Fig. 4(b). For each sample, y, exhibits a peak at a time
delay that grows with ¢, mirroring the slowing down of
the dynamics. On the other hand, the decrease of the peak
height captures the loss of cooperativity and spatial
correlation in bubble rearrangements at high ¢. At high
¢, bubbles tend to move persistently, deforming the
material without relaxing the accumulated stress via
neighbor-switching events. This eventually leads to the
formation of unusual foam structures (SM, Fig. S6), as
found with larger bubbles [13].

In conclusion, our study reveals that continuous phase
rheology changes bubble dynamics in pressure-driven
coarsening processes, unveiling a novel way for foams
to age. The emulsion yield stress hampers bubble motion
well before affecting their growth kinetics, significantly
expanding our understanding of foam physics. The unex-
pected decoupling between bubble growth and rearrange-
ments sheds new light on internal stress relaxation in
coarsening foams, with potential implications for a broad
range of aging soft glassy systems. By providing additional
control on foam microstructure, our research also opens
new opportunities in materials engineering and food
science. As bubble organization directly impacts foam
mechanical properties [34], our work can help in the design
of innovative cellular materials with optimized perfor-
mance [35], spanning from polymeric foams with superior
impact absorption [36], to aerated dietary food products
with enhanced texture and mouth feel [37,38].
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