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When a pure droplet evaporates inside an elastic medium, two instabilities are typically observed. As the droplet

shrinks, the elastic medium needs to deform and elastic tension builds up. At a critical strain, accumulated
tension at the gel-droplet interface is released by developing creases. The droplet keeps shrinking beyond this
point, pulling the elastic network and therefore decreasing the pressure in the liquid phase. This drives the liquid
phase into a metastable state, and leads to the second instability: the nucleation of a vapour bubble in the liquid
phase by cavitation. These instabilities consistently occur in the described order whenever a pure liquid (water,
in this case) is used. The presence of colloidal particles inside droplets is common both in vitro and in natural
environments, and they can change such phenomenology significantly by stimulating cavitation events before
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any creasing instability. In this work, we study the role of colloidal particle size and concentration on the early
inception of cavitation in water droplets in an elastic medium. Our results reveal an unexpected dependence
DOI: 10.1039/d0sm02002h with the particle size and with the size distribution of the colloidal particles. Given the simplicity and reliability of

the system and preparation, the method described here could be eventually used to measure tensile strengths

Open Access Article. Published on 06 January 2021. Downloaded on 6/10/2026 3:49:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal of particle solutions with accuracy.

1 Introduction

Soft materials and surfaces develop complex instabilities under
dehydration, typically wrinkling and creasing."” Such evapo-
ration-driven instabilities are visible in our everyday life at the
milk surface® or even in our human skin.* Another type of
evaporation-driven instability that might occur during dehydra-
tion is cavitation, the sudden emergence and expansion of a
bubble within a liquid phase subjected to a negative hydrostatic
stress. For such instability to occur, liquid inclusions must be
present within a soft (or hard) solid undergoing tension. Many
examples can be found in nature. In the mineral kingdom,
droughts can induce negative stresses in porous soils, giving rise
to cavitation events and altering the soil structure.”® Among the
examples that can be found in the plant kingdom are the xylem
embolia, which are caused by cavitation events during the
droughts in summer,” and the spectacular fern sporangium®
which makes use of cavitation events within its cells to disperse
its spores through the air.

In laboratory conditions, this combined phenomenon of
evaporation and cavitation has been studied both for laser-
generated cavities inside water-soaked hydrogels®™" and for
water droplets inside silicone-based gels.>'* Interestingly, in
the latter case, given the permeability of polydimethylsiloxane
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(PDMS) for water vapour, it has been shown®'? that the
evaporation of a water droplet occurs following a simple
diffusion-limited process, retaining its spherical shape for most
of its lifetime. However, after reducing its radius a certain
critical fraction (which depends on the properties of the elastic
medium), the gel-liquid interface displays a so-called creasing
instability.> The interface folds onto itself, in order to release
part of its tension which builds up during the shrinkage of the
droplet. As the droplet keeps evaporating after creasing, the
tension in the elastic medium keeps increasing, introducing a
negative pressure inside the water droplet. As a result, the
droplet suffers a cavitation event and a bubble nucleates, which
eventually grows up to the same size as the initial droplet. The
fast dynamics and oscillations of this bubble have been studied
in detail recently.'® It is worth noting that the phenomenon is
so reproducible, that the frequency of these oscillations could
serve as a proxy of the viscoelastic properties of the surrounding
gel.™

Water in soil or inside xylem channels typically contains
impurities that can alter this phenomenology significantly. By
sending a shock-wave to a particle solution, Borkent et al'’
confirmed experimentally that the presence of particles can
trigger the formation of bubbles at lower tension levels than
those predicted for pure water. Their results confirmed the
crevice model for cavitation nuclei,* which modelled and
quantified the energy needed for the nucleation and growth
of a bubble in a pre-existing cavity. In their experiments,
particle surface roughness facilitated the entrapment of gas
pockets and enhanced the chances of a cavitation event. Similar
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phenomena have been observed when studying foaming upon
beer tapping,'® which occurs when the top of a beer bottle is hit
with a solid object, usually another bottle, triggering violent
foaming and spoiling the subject’s drink. Interestingly, foaming
in beer is facilitated by cellulose fibres that take the role as
cavitation nuclei.'® Besides the roughness of the particles, also
their size is an important factor, as shown by Marschall et al.'”
They showed that cavitation nuclei are related to the fine scale
structure of the particle surface. Critical cavities are developed,
which depend on the global radii of curvature of the particle.

Experiments inside soft elastic media with evaporating pure
liquid droplets have nearly always shown creasing instabilities
preceding cavitation.>'> However, creasing has been rarely
observed in natural conditions.®'® Motivated by this observa-
tion, in this work, we will introduce a known concentration of
well-characterized colloids inside an evaporating water droplet
in elastomer gels (PDMS) and study the effect of such “controlled
impurities” on the instabilities observed: creasing and cavita-
tion. The expectation is that the presence of impurities, ie.
colloidal particles in our case, will always promote cavitation
before any creases are developed, which would explain why
creasing is never observed in nature.

2 Experiments

In a typical experiment, a suspension droplet injected into an
elastic medium is recorded as it evaporates and manifests
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cavitation and/or creasing instabilities. The gel used is Dow
Corning polydimethylsiloxane (PDMS) Sylgard184 mixed in
a 1:10 ratio (curing agent:base polymer). The static shear
modulus p, of this gel is ~0.7 MPa. The experimental protocol
involves mixing and degassing this gel and injecting the droplet
after it has been cured for some time. In order to ensure similar
conditions for each experiment, all of these steps follow a
precisely timed protocol. After combining the curing agent and
base polymer, the mixture is stirred for 2 minutes, and directly
afterwards degassed in a vacuum chamber for 35 minutes.
Within 5 minutes of releasing the vacuum, the gel is put in
the experimental chamber. In this chamber the relative humidity
is kept at 30% and the temperature of the bottom plate is 70 °C.
The gel mix is poured in a transparent plastic box of dimensions
2.5 x 2.5 x 1.5 cm (width x depth x height) which is open at the
top. This box is heated for 19 minutes after which the colloidal
droplet will be inserted in the centre of the gel-filled box. By the
time the droplet is injected, the gel is precured and the droplet
stays where it is initially injected. Throughout the entire experi-
ment the sample is heated at 70 °C. A schematic overview of the
set-up is given in Fig. 1a.

The suspension consists of Milli-Q water with polystyrene
colloidal particles, functionalized with sulfate groups, which
makes the particles hydrophilic and conveys enough electro-
static repulsion between them to maintain the suspension
stable with no need of additional stabilizers (microParticles
GmbH, PS-FluoRed).
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Fig. 1 Overview of the experimental set up and typical images that are captured. (a) A schematic representation of the set up, including the humidity

controlled chamber and the temperature controlled bottom plate (not to

scale). The droplet size is typically R = 200—700 um and contains different

concentrations of polystyrene particles. Figures (b) and (c) are the evolution of the droplet radius as a function of time and the corresponding images, in
this case for a pure water droplet. Panel c1 shows the initial (spherical) droplet, panel c2 the creasing instability and panels c3 and c4 are captured right

before and after cavitation occurred. The scale bar in panel cl represents
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Two different particle sizes are used for the experiments
(dp = 0.45 & 0.009 and 0.98 £ 0.04 um) and three different
particle concentrations (¢, = 0.15, 1 and 2.5 v%). The density of
these particles is 1.05 g cm >, which makes them almost
neutrally buoyant. Nonetheless, the duration of the experiment
(up to 25 hours) can eventually be comparable to the time
required for a colloidal particle to settle at the bottom of the
droplet. This is indeed the case of our larger particles, as we will
discus below. In order to prepare the suspensions, the stock
solution is sonicated for 15 minutes prior to diluting. After
preparing the desired volume concentration, the solution
is sonicated for another five minutes to ensure no particle
clusters are present. Droplets of these colloidal suspensions are
injected using an Eppendorf pipette and range from 0.03-1.4 pl
(meaning R, = 200-700 pum). The experiments are recorded
using a Ximea MQ013MG-ON and frames are captured every
minute. Experiments last from 2 to 25 hours depending on the
initial droplet radius R,. The camera is mounted outside the
chamber and takes side view images of the droplet. From these
recordings we can extract the (effective) droplet radius of the
droplet and observe the appearance of creasing and cavitation.

The shrinkage of the droplet is shown in Fig. 1b, in which we
show the radius as a function of time. Eventually, the radius
shoots up to nearly its original value. As described extensively
in ref. 12, this final event corresponds to the nucleation of a
bubble through a cavitation event. During the evaporation of
the droplet, the tension in the gel increases, which reduces the
pressure inside the droplet. The liquid phase is then in a
metastable state, sensitive to a cavitation event. Images for a
typical experiment using pure water are shown in Fig. 1c. First,
a spherical droplet is injected and starts to evaporate. At some
point the elastic medium creases and the droplet looses its
spherical shape (see panel c2, after 14 hours from injection).
From that point onwards we determine the droplet size as an
effective radius using its projected area. Finally, cavitation
occurs and a bubble nucleates, which eventually grows up to
a similar size as the initial droplet (panel c4).
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3 Results

3.1 Diffusive droplet evaporation

As shown previously in the literature,>'? pure water droplets
evaporate inside such gels following a diffusion-limited pro-
cess. In Fig. 2 we compare the evaporation of colloidal droplets
with the evaporation of a pure water droplet. To obtain an
analytical form of the droplet radius R as a function of time, we
start with a mass balance of the droplet in a diffusion-limited
process:

dv

Py = —4nRJ, 1)

in which p,, is the water density. The volume of the droplet V
4

can be expressed as gnR3, J=J(R) represents the diffusive flux at

the droplet’s interface r = R. This flux is given by Fick’s law as

oC
_D_lr‘:R7 (2)

/= or

which allows us to rewrite eqn (1) to

dR acC
T
PWATR 7 4nR Dar i (3)

The characteristic diffusion time scale is defined as ¢ = Ry?/
D = 0(10%) s," using R, = 600 um and the diffusivity of water
vapor in PDMS D = 3.3 x 10~° m® s7".>° We can express the
typical droplet evaporation time as tz = Ry>pw/(2DAc) = 0(10%) s,
which includes the density of water (p,, = 998 kg m*) and
the concentration gradient at the interface and the far field
(Ac = 33 mol m™3?"). As the diffusion time scale t;, is much
smaller than the typical evaporation time ¢, the evaporation
can be assumed to follow a steady-state solution:

<4 Ry=629pm, d, =0pm, ¢, =0 v-%

e Ry=623pm, d, =0.45pm, ¢, = 2.5 v-%
Ro = 588pm , dy = 0.98pm , ¢, = 2.5 v-%
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Fig. 2 The dimensionless droplet area loss as a function of dimensionless time while evaporating inside an elastic media for different particle sizes. The grey
dotted line represents the dimensionless area at which creasing occurs for this elastic medium. The black markers represent the case of a pure water drop.
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The final expression for the droplet radius reads as

2DAct
Ry> — R(1)* = P (5)

Using the expression for the typical evaporation time ¢, the
final dimensionless equation for the droplet area loss in the
case of steady-state diffusion is given by

R(1)*

- RE t/tp. (6)

In Fig. 2 the typical evolution of the droplet radius, using eqn (6),
is shown for different particle sizes. As a reference we also include
an experiment without any particles present. From these curves we
can see that the addition of particles to the droplet does not alter its
evaporation: it follows the same curve as the pure water droplet.
Initially this occurs in an isotropic manner and the droplet reduces
its size holding its spherical shape. However, at a certain ratio for
RIR, creasing occurs and the gel starts to fold onto itself. For this
type of gel, Rerease/Ro = 0.71, as observed both for pure water drops
and colloidal drops. In a previous study,"> we found experimentally a
ratio of 0.73 for the same type of gel. The small discrepancy could be
due to small differences in composition between different batches

Ry =629 ym, d, = 0pm, ¢, =0 v-%

(a)
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of gel. In Fig. 2 the radius of creasing is highlighted with a grey
dotted line (1 — R*/Ry> =1 — 0.71> = 0.5). For some curves a small
bend is observed after creasing occurs, because the droplet has lost
its spherical shape. At some point, a cavitation event takes place and
a bubble forms. As shown in Fig. 2, cavitation happens after the
droplet has creased, both in the case of a pure water drop and for
the smallest particle size used of diameter dj, = 0.45 um. This picture
changes dramatically for the droplets containing the largest particles
(d, =0.98 um), a large majority of them cavitates before the interface
has creased. By doing so, creasing is completely suppressed since
cavitation kicks in earlier, vaporizing the liquid phase. Conse-
quently, we will refer to this situation as early cavitation.

This result raises several questions as, why do small particles
not show this early cavitation? Does particle concentration play a
role? Since the maximum tension (negative pressure) achievable
is proportional to the initial droplet size, does it play a signifi-
cant role? We will try to address these questions in the following.

3.2 Suppressing creasing

To study this phenomenon in more detail, Fig. 3 shows the
difference between early cavitation and cavitation after creasing.
The three cases shown in the sequences in Fig. 3 correspond to

(b)

) o
=0 —— 14h 20h 20h
Ry = 623pm, dp = 0.45 pm, ¢, = 2.5 v-%
’ ‘
& = (0] o 12h 13h 13h
Ry =588 pm, d, = 0.98 pm, ¢, = 2.5 v-%

Fig. 3 The evaporation process for a droplet inside an elastic medium with and without particles. These three series correspond to the evaporation
curves in Fig. 2. In figures (a) and (b) creasing and cavitation occurs, respectively without and with (small) particles. In (c) larger particles are used and
creasing is no longer observed, only the cavitation event. The first image everywhere is the initial droplet, the third image is the last image before

cavitation. In all series the scale bar represents 500 pm.
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the three curves shown in Fig. 2 with matching colours and
markers. Fig. 3a is an image sequence for the pure water
experiment: first the droplet shrinks isotropically, then creasing
occurs, and after some time the droplet experiences cavitation. A
bubble nucleates and grows, ending up with practically the same
size as the initial droplet. For more details on the cavitation
dynamics we refer to ref. 12. In Fig. 3b a high concentration of
small particles is added to the droplet (dj, = 0.45 um, ¢, = 2.5 v%).
Clearly the droplet is no longer transparent, and appears opaque
throughout the full experiment. Still, the creasing looks similar
as to the case without particles and eventually also cavitation
occurs. Fig. 3c shows the situation when the particle diameter is
doubled (d,, = 0.98 um, ¢, = 2.5 v%), which also shows an opaque
droplet due to the high particle concentration of that specific
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case. Due to their larger size, these particles start to sediment
and a clear inhomogeneous particle distribution in the droplet is
observed. The possible role of such an inhomogeneous particle
distribution is unclear to us, but it will be nevertheless discussed
below. Before creasing starts, a cavitation event occurs and the
final bubble size has the same size as the initial droplet.

To analyse when creasing can be suppressed and early
cavitation occurs, we performed a systematic study with differ-
ent initial droplet radii, two different particle sizes and three
particle concentrations. For each experiment we measure the
radius at which cavitation occurs. These results are given in
Fig. 4 for pure water droplets (Fig. 4a) and for two different
particle sizes (Fig. 4b and c). On each subplot, for a given Ry,
every droplet evolves from the top (R(¢)/R, = 1) towards the

dy, =045pm
(b) 1 : — : : :
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Fig. 4 The radius ratio at which cavitation occurs as a function of the initial droplet radius R for different particle concentrations. Figures (a), (b) and (c)
show the results for pure water droplets, d, = 0.45 um and 0.98 um respectively. The radius ratio at which creasing occurs is highlighted with a grey
dashed line. The grey markers are experiments in which cavitation type B is observed, the shape of the marker represents c,. In figure (a) the open
markers are results from the current study, the closed markers are from ref. 12. In figure (c) also experiments are included in which salt is added to the

colloidal droplet, represented by star markers.
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bottom of the graph, decreasing in size. The droplet will either
crease when crossing the creasing radius ratio Rerease/Ro = 0.71
(plotted as a grey dotted line), or it will go through a cavitation
event before reaching the creasing line. Consequently, every
point above the dotted line represents an experiment in which
cavitation has occurred before creasing (early cavitation, i.e.
Reav/Ro > 0.71). In the case of pure water droplets (Fig. 4a)
cavitation is always observed for R.,,/R, < 0.71, meaning that
creasing occurs for every experiment. Note that we are combin-
ing in this figure results from pure water droplets taken from
ref. 12 and new measurements taken for this work. Surpris-
ingly, the addition of a substantial amount of 0.45 pm-diameter
particles does not change the process qualitatively: Almost all
experiments experience creasing in a similar fashion as with
pure water. A noticeable difference with pure water is that the
cavitation events occur at similar radius ratios, closer to the
creasing ratio, unlike the larger spread of the events for
pure water.

Increasing the particle size to d, = 0.98 um has a significant
effect, shown in Fig. 4c. In this graph we show the outcome for
three different volume concentrations. For the lowest volume
concentration (¢, = 0.15 v%), nothing different occurs com-
pared to the previous results shown and the elastic medium
always creases in the measured range of droplet sizes. However,
increasing the particle concentration to ¢, = 1 v%, results in a
completely different behaviour. For droplets with R, larger than
a certain critical radius R*, cavitation occurs first, suppressing
creasing completely, as already introduced in Fig. 3c. For an
even higher particle concentration (2.5 v%), this critical radius
shifts to a lower value. In summary, approximately half of the
droplets containing larger particle concentrations experienced
early cavitation, with a clear correlation on the initial droplet
size R,.

(a) Ro=515pm, d, = 0.98pm, ¢, = 2.5v-%
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Using the results from Fig. 4 we can determine the critical
radius R* for each particle size and concentration. In the case of
the 0.45 pm-diameter particles, no critical radius can be
extracted from the range of measured R,. For the case of
0.98 pm-diameter particles, an increase on the particle concen-
tration is reflected in a decrease of R*. We elaborate on the
exact values of R* in Fig. 6. Interestingly, droplets with R, < R*
behave very similarly as pure water droplets: Starting with an
isotropic shrinking of the droplet, continuing with a creasing
instability at the expected radius ratio and eventually cavitation
kicks in. However, in the case of R, > R*, the process turns
more complex. Experiments with 0.98 pm-diameter particles
have shown two different kinds of cavitation events, both
shown in Fig. 5. In the most common type found, which we
will call type A (Fig. 5a), a bubble is nucleated at the very top of
the droplet, apparently very close to the interface, it quickly
loses its spherical shape and then sinks down. From there, it
grows in time until the full droplet is evaporated and a bubble
with the same size as the initial droplet is obtained. Although
we lack more detailed observations to support this hypothesis,
it seems as if this kind of bubble nucleation occurs at the
PDMS-liquid interface, and therefore the bubble loses easily its
sphericity. The fact that the bubble moves downwards, in the
direction of gravity, is a puzzling observation. This motion
must be driven by certain convection inside the drop following
the bubble nucleation, but we are uncertain of its nature.
Cavitation type A can be observed before and after creasing in
suspension droplets with 0.98 pm-diameter particles, and only
after creasing for 0.45 um-diameter particles and pure water.

The second kind of cavitation, which we will call type B
(Fig. 5b), has several interesting features. The bubble nucleates
also in the upper part of the droplet, but it seems to be formed
in the liquid bulk, as it retains its spherical shape during the
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Fig. 5 Two types of cavitation for nearly identical initial conditions. The time scales in the upper right corner show the time after the cavitation bubble is
formed. (a) Cavitation type A: a bubble is formed at the top of the droplet and then moves towards the bottom of the droplet. (b) Cavitation type B: a
bubble is formed at the top of the droplet and remains at this location. The scale bars represents 500 pm and the same markers are used as in Fig. 4 and 6.
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whole process of growth. Cavitation type B events are plotted
using grey markers in all upcoming plots, from Fig. 4-10. It is
important to stress that the difference between these two types
of cavitation events is not only qualitative and visual (and
therefore less objective), but also quantitative: all type B events
in the presence of particles occurs before creasing. Note that a
critical radius cannot be defined in this case since all cavitation
type B events occur before creasing. The precise mechanism
that allows the bubble to remain in place is for the moment
unknown to us. In principle, by invoking symmetry, one would
expect that the nucleation of a bubble at the liquid-gel inter-
face, as seems to be the case in type A, would lead to much
stronger flow than a bubble nucleating in the bulk. Another
important observation from Fig. 4 and 5 is that for identical
initial conditions, both types of cavitation are equally likely to
occur. The experiments in Fig. 5a and b are performed with the
same R, dp and cp,.

To summarize the observations from Fig. 4, we make use of
the resulting values for R*. Fig. 6 shows the same data plotted
as a phase diagram with the particle concentration ¢, versus the
initial droplet radius R,. For each set of experiments we high-
light if creasing can be suppressed or not. The colored regions
are regions in which creasing is observed and cavitation occurs
afterwards, i.e. Ry < R*. The non-colored bars show the condi-
tions in which creasing can be suppressed and cavitation
occurs early. For example, in the case of d, = 0.98 um and
¢p = 2.5 v%, R* is determined from two experiments at Ry ~ 477 um
for which we observe creasing in one case and early cavitation in
the other, so this radius represents the critical radius for this
transition. In this phase space the experiments that displayed type
B cavitation are also included in grey to ensure a complete overview.
Once more, this figure highlights the unpredictable nature of the
cavitation events: in Fig. 6a we can observe events of type A and B
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both occurring under almost identical conditions R, = 550 pm and
¢p = 2.5 v% (for dj, = 0.45 um); or in Fig. 6b, with R, = 356 um and
¢p =1 v% (for d;, = 0.98 um). Type B cavitation can occur both for
Ry < R* and R, > R*. Opposed to this random occurrence of type
B, type A cavitation never occurs for R, < R* and is therefore more
reproducible and independent on the initial droplet radius.

3.2.1 Origins for the threshold to suppress creasing

3.2.1.1 Area of particles. In order to understand the origin for
the observed critical radius R*, which is a function of particles
size and concentration, there are several factors to consider.
Firstly, the reason for early cavitation must relate to the
presence of particles in the system, as it is never observed in
the case of pure water droplets (see Fig. 4a). The particles
introduce an additional solid area into the system which might
increase the amount of potential cavitation nuclei. These
experiments have been categorised by their volume concen-
tration ¢, and initial droplet radius Ro. Following this hypoth-
esis, the area of the particles inside the droplet should be the
determining parameter and not their occupied volume or their
number. In order to test this hypothesis, we calculate the total
area of particles inside the droplet A, using the volume
concentration of particles, their size and the initial drop
volume. The resulting phase space with ¢, versus Ay, is shown
in Fig. 7. Firstly, we observe that the measured range of A is
similar for the 0.45 and the 0.98 pm-diameter particles (Fig. 7a
and b). This is not trivial, as the number of particles present in
the droplet differs 1 order of magnitude: N = ¢(10%) for 0.45 um-
diameter particles and N = (¢(107) for 0.98 pm-diameter parti-
cles (both for ¢, = 2.5 v%). However, when the total area of the
particles is calculated, such a difference vanishes, and in both
cases we find Ay = ©(10~*) m>. This tells us that the available
area for nucleation alone is not sufficient to explain the occur-
rence of early cavitation only in the case of 0.98 um-diameter

(b) dp = 0.98 um
2.5 1 1
¢ o0 O TR
R* =477Tpm
2 | ]
&. 1.5 ¢ ]
&
&
1m = [mE| mn| (mE
o
R 560 pm
0.5 r _
@) ap ©
0 i ! : :
200 300 400 500 600
Ry (pm)

Fig. 6 Transition for suppressing creasing as a function of initial droplet radius Ry and particle concentration, for two different particle sizes. In (a) and (b)
the colored region represent the parametric region where creasing is observed (i.e. region where Ry < R*). In (b) the non-coloured bar represents the
region in which Rg > R*: for these conditions creasing is suppressed and cavitation occurs early (type A cavitation). The grey markers are experiments in
which type B cavitation is observed. Note that they are slightly shifted downwards in the y-axis only for clarity.
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Fig. 7 Transition for suppressing creasing as a function of total area of all particles, for two different particle sizes. The colored bars show for each
particle concentration where creasing is observed. In figure (b) also non-coloured bar are included: for these conditions creasing is suppressed and
cavitation occurs early. For low particle concentrations in (a) and (b) the transition cannot be determined from the available experiments and therefore a
fading color bar is used. The grey markers are experiments in which type B cavitation is observed.

d, = 045um

d, = 0.98pm

Fig. 8 Scanning electron microscope images from polystyrene particles (MicroParticles GmbH, PS-FluoRed). Figures (a) and (b) show two different
magnifications for d,, = 0.45 um. Figures (c) and (d) show two magnification levels for d, = 0.98 um. The scale bars in figures (a) and (c) represent 500 nm,

in figures (b) and (d) 200 nm.

particles. For the smallest particle size in our set we are nearly
never able to suppress creasing, even though the total available
area is even slightly larger than in the case of the larger particles.

3.2.1.2 Roughness of particles. As mentioned in both Borkent
et al™ and Marschall et al," the surface roughness of the
immersed particles played an important role in increasing
the cavitation activity in those experiments. In our case, both the
0.45 and 0.98 pm-diameter particles are produced by MicroParticles
GmbH, they are made of polystyrene and are functionalized with
sulfate groups. To ensure that the surface roughness is similar for
the two types of particles, their surface has been analyzed using
Scanning Electron Microscopy (SEM). Fig. 8 shows the surface of
the particles for different magnifications. The polystyrene particles
are difficult to image perfectly due to their non-conducting

1868 | Soft Matter, 2021, 17, 1861-1872

character. However, the SEM images show that, on a qualitative
level, there is no significant difference between the roughness of
these two types of particles that could explain the high contrasting
results obtained for each of them.

3.2.1.3 Tensile strength. To gain more insight on the influence
of particles on the cavitation process inside the droplet, the tensile
strength is calculated from the cavitation events in each of our
experiments. We define the tensile strength of our liquid solution as
the pressure deficit necessary to cause a cavitation event. In our case,
we will define the pressure deficit in the droplet at the moment of
the cavitation event from the experimentally obtained curves for
radius versus time. We use the elastic energy for a spherical cavity
inside an elastic medium, which can be written as & = 4nuR,’ (&),
where p is the shear modulus of the surrounding elastic medium

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm02002h

Open Access Article. Published on 06 January 2021. Downloaded on 6/10/2026 3:49:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

(PDMS), and ¢ = R/R,. For a Neo-Hookean solid the dimensionless

. o 5y3 2 1 1 22,23
function reads f(&) = 6g 14 3 + > The

sure of the droplet can be calculated using

(negative) pres-

_ 2y @,

where p, is the atmospheric pressure far away from the droplet and
7 is the surface tension of the water-PDMS interface. To calculate the
critical tension for cavitation ie. the tensile strength, in the case of
the evaporation of colloidal droplets, we need to separate two
different cases. When the presence of particles leads to the suppres-
sion of creasing, the droplet is still spherical while cavitating. For
these measurements, we can insert the exact value of R../R, for &
and calculate the corresponding tensions. For example, the experi-
ment with R, = 588 pm and ¢, = 2.5 v% for the 0.98 pm-diameter
particle. In this case ¢ = 0.76, which results in P.,, = —1 MPa.
Therefore the critical tension in the water droplet for cavitation is
~1 MPa for early cavitation (type A or B). However, in experiments
in which creasing occurs before cavitation, the value of ¢ is not
trivial. At the moment of creasing, the droplet looses its spherical
cape and at the same time, the gel releases some of its build up
tension. Therefore we use ¢ at the moment of creasing (x0.71) and
the resulting pressure can be seen as a lower bound for the pressure
upon which cavitation occurs. A typical value of P.,, = —1.5 MPa is
obtained for ¢ = 0.71, meaning that the critical tension for cavitation
is ~1.5 MPa in the case of creasing.
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In Fig. 9 we summarise all results for the critical tension for
the performed experiments. Fig. 9a contains the results for pure
water and d, = 0.45 um. The critical tension for cavitation is
~1.5 MPa for most of the experiments, as creasing occurs
always before cavitation. All experiments in which creasing
takes place are given with open symbols. As creasing always
occurs near ¢ = 0.71, the spread in this data is marginal and
Teav = 1.5 MPa. Only one experiment with 0.45 pm-diameter
particles shows a tensile strength at substantially lower values
than the rest, which interestingly corresponds cavitation type B,
this is, with a bubble being apparently nucleated at the bulk.
Fig. 9b shows the results for 0.98 pum-diameter particles,
which make a stark contrast with those of pure water and
0.45 um-diameter particles. The main difference is the signifi-
cant amount of experiments showing tensile strengths below
the creasing limit. Interestingly, there is a clear inverse correla-
tion between the particle concentration and the tensile strength
Teav- Also note the large spread in tensile strength in the case of
early cavitation (either type A or B) in comparison to the values
obtained for pure water and 0.45 um-diameter particles in
Fig. 9a. In Fig. 9b, the only two values of T., observed
above the creasing limit deserve a comment: These two points
correspond to very low R, values (~ 200 pm). A smaller initial
droplet size involves a shorter life, which becomes somewhat
comparable with the gel curing time. As a result, the
creasing occurs at an effectively lower value of ¢, which leads

(b) d, = 0.98 pm
2 T T T T T T
o
creasing
15} o9 ¢ HEw i
¢
E 4
M o
|
% 1 [ 0 <> ‘ 4
& o -
02 4, —0.98 ) -
, = 0.98 pm
......................... 0...-...0......-..727.....*
100 200 300 400 500 600 700
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O & O cp=25v-%
Y K cp=2.5v-% & 10mM NaCl

Fig. 9 The critical tension for cavitation for suspensions with different particle concentrations and sizes. The open markers highlight cases in which creasing occurs.
The filled symbols represent type A cavitation, the grey markers the type B cavitation. Figure (a) shows the critical tension for dj, = 0.45 um and pure water, figure (b)
shows the resullts for d, = 0.98 pm. The coloured dotted lines show the curves for Tc,, = 4y/d,, the grey dashed line the critical tension in the case of creasing.

This journal is © The Royal Society of Chemistry 2021

Soft Matter, 2021, 17,1861-1872 | 1869


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm02002h

Open Access Article. Published on 06 January 2021. Downloaded on 6/10/2026 3:49:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

to a higher T.,. For larger droplets this effect becomes
negligible as the time it takes to evaporate the droplet is larger,
whereas the time it takes for the gel to cure remains the same.

Marschall et al'” proposed that, in the case of smooth
particles, the smallest possible tensile strength of a suspension
is determined by the radius of curvature of the particle. The
critical tension for cavitation is determined from the stress that
needs to overcome the surface tension force of the vapour cavity
with typical particle diameter d},. This tension is expressed as
Teay = 4y/dp. The surface tension of the water-air interface is
temperature dependent. As the plate is kept at 70 °C (corres-
ponding to 64 mN m ™" **), but the surroundings are measured to
be 40 °C (70 mN m~'?*), we have used an intermediate value of
67 mN m~". However, this range of values for y only slightly
influences the resulting value for T.,,. Note that the presence of
particles should not have any effect on the value for 7, since the
solutions are surfactant-free and the particles are fully hydrophilic.

The size of the particles is used as a typical length scale, as
the vapour cavity with initial size dj, will detach from the solid
surface and grow. We calculate this pressure for the two particle
sizes which are studied. These theoretical bounds for the
critical tension are also near 1 MPa and are given in Fig. 9a
and b as dotted lines. The comparison of this theoretical bound
with our experimental data becomes particularly interesting for
the 0.98 pm-diameter particles in Fig. 9b. Most of the data lies
in between the creasing limit and the single-particle theoretical
bound represented by the dotted line. However, in Fig. 9a
(dp = 0.45 pm) the values for the tensile strength are larger
than the theoretically predicted by the particle size. According
to the predictions of Marschall et al,"” the tensile strengths
found correspond approximately to the radius of the particles
(see Fig. 10) and correspond to the same order of magnitude.
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Therefore, we do not expect that roughness at the particles
surface in the nanometric range would play a significant role as
nano-crevices in our experiments.

The results shown above indicate the existence of nucleation
sites smaller than the particle diameter. It would be therefore
interesting to alter the length scale of the potential nucleation
sites in the droplets. On the one hand, using smaller particles
than d}, = 0.45 pm would not give additional information, since
the results have been quite insensitive to their presence. On the
other hand, larger particles than d;, = 0.98 um would enhance
the sedimentation of the particles to the bottom of the droplets,
which involves complex additional effects. Instead, we per-
formed series of experiments with 0.98 pm-diameter particles
adding a small amount of sodium chloride to the particle
solution. The presence of ions in the solution increases the
screening of the electrostatic barrier that prevents the particles
from aggregation,” and therefore we expect to promote the
presence of clusters, which would introduce a spread in the
effective size distribution of the particles in solution. We add
10 mM NacCl to the particle solution, which is far below the
saturation concentration of NaCl (roughly 6 M), and therefore
we do not expect crystallisation to influence the evaporation of
the droplet.

According to the argument introduced above, and in line
with several ref. 13, 14 and 17, the presence of salt promotes the
formation of particle clusters, which would decrease the critical
pressure for cavitation, i.e. T.,, should decrease. This is pre-
cisely the effect observed in the experiments with salt, which
are shown as star markers in Fig. 4 and in Fig. 9b. Fig. 4 clearly
shows that the droplets containing salt and 0.98 pum-diameter
particles cavitate in a very early stage (large R..,/R,), when only a
small amount of elastic tension has built up in the droplet.

g ¢p=0v-%
dy = 0.45pm :
¢p = 0.15v-%
ch 0 ¢ =1v-%
= O O cp=25v%
>
ES d, =098 pm :
¢p = 0.15v-%
mm oc=1v%
O & O cp=25v%
¥ Kk ¢p=2.5v-% & 10mM NaCl
ﬁ; |
0 ! f A
0 0.5 l, 1.5

dp (pm)

Fig. 10 The tensile strength of water that contains different particle concentrations and particle sizes. The open markers highlight cases in which
creasing occurs. The filled symbols represent the type A cavitation experiments, the grey markers represent type B cavitation. Experiments without any
particles inside the droplet are shown as black triangles at d, = 0. Also experiments containing salt are included, represented by star markers. The
individual data sets at d, = 0.45 and 0.98 um are shifted slightly apart from each other, for clarity. The solid line shows the curve for Tc,, = 4y/d,.
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Consequently, Fig. 9b shows that the critical tension for cavita-
tion clearly decreases when compared to the situation without
salt, and even reaches values below the predicted curve for
d, = 0.98 um. This means that the typical length associated to
the critical stress from the surface tension is in this case larger
than the particle diameter itself. Also interesting is the fact that
most of the cavitation events observed in the presence of salt
are of type B. We hypothesized above that type B cavitation
events seem to take place in the liquid bulk due to the presence
of particles, and this observation goes in the line of our
hypothesis.

4 Conclusions

In this work, we have studied how the presence of colloidal
particles alters the occurrence of cavitation and creasing in a
shrinking droplet under elastic tension in a PDMS gel. Surprisingly,
0.45 pm-diameter particles do not seem to influence the cavitation
whatsoever, only in a marginal statistical proportion of the
experiments performed. On the contrary, the influence of
0.98 pm-diameter particles is considerable. Cavitation events occur
often before any creasing develops and the chances of this to occur
are proportional to the particle concentration. Our main conclusion
is that the onset of cavitation is largely influenced by the length
scale of the particles or by their cluster size, as has been confirmed
by introducing salt into the droplets to promote particle clustering.
However, several questions remain open. One of the most impor-
tant unanswered questions is the stark contrast between the
0.45 pm-diameter and the 0.98 pm-diameter particles; the former
shows no influence from the particles and the later does, but the
influence comes from unknown length scales in between the
particle diameter and the creasing limit. Furthermore, the exact
origin for the existence of the critical droplet radius R* (above
which no creasing is observed) is still an open question. Several
routes could be explored to gain more insight into the influence of
particles on the onset of cavitation, using particles with different
surface roughness or different wetting properties. This could also
lead to a deeper understanding of the two different types of
cavitation which are observed. Consequently, predictions could
be obtained on how the initial droplet size, particle size and/or
particle concentration influence the outset of cavitation, not only in
our system, but also on related systems with particle solutions
under tension. The occurrence of cavitation at the upper part of the
droplet is also intriguing. Although sedimentation of particles
towards the bottom of the droplet is clearly noticeable in our
experiments (see for example Fig. 5), bubbles always nucleate at the
upper part of the droplet, ie. at the location of lowest particle
concentration. This at first counter-intuitive observation may be
explained with the ability of some particle to trap gaseous nuclei
together with the long time-span of hours to build up tension.
Single particles or agglomerates of particles trapping gaseous nuclei
would be more buoyant than fully wetted particles with a density of
p =1.05 kg m >, Because the present particles’ density is very close
to the density of water, already a small amount of gas trapped could
render them buoyant and accumulate these at the upper part of the
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droplet. If this would be the case, particles trapping more gas (most
buoyant) would be located at the upper part of the droplet, while
the rest would sediment to the droplet’s lower part. This resulting
stratification of buoyant particles at the top and particles without
gas entrapment at the base may explain why the nucleation event
occurs always on the top of the droplet.

Our experimental results show that fairly smooth particles
with diameters in the order of 0.5 um do not stimulate cavitation
events in evaporating droplets within an elastic matrix, while
those in the order of 1 pm do. This result should be independent
on the nature or rheology of the matrix itself, and therefore it is
an interesting conclusion both for practical applications as for
rigid-walled cells exposed to such stresses.”

In addition, our experimental system has shown to be a very
reliable system to study the onset of cavitation in soft and
elastic systems. The tensile strength of the solution can be
measured through a rather simple preparation. By varying the
elastic modulus of PDMS (e.g. mixing ratio during preparation)
different regions of tensile strength can be probed. This would
be of special interest for the characterization of solutions with
particles that operate as sub-micrometric cavitation nucleation
agents, promoting drug distribution and improving therapeutic
efficacy in the body.”® Additionally, the onset of cavitation
before creasing could be an interesting advantage to introduce
perfectly spherical bubbles in a controlled manner for the
fabrication of soft acoustic metamaterials.?” To conclude, we
believe that the phenomena here described is a particular good
example of the multifaceted puzzles that bubbles often
manifest.”®>°
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