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Abstract
Entrapment of gas bubbles at the liquid/solid interface plays a crucial role for
fluidic systems when the volume to surface ratio goes down. Here, we report
an investigation on the presence of air on hydrophobic surfaces in water. The
gas pockets on such walls are expanded, and thus made visible, by lowering
the liquid pressure, a phenomenon known as heterogeneous cavitation. The
investigation is extended to the study of the formation and the dynamics of
bubbles generated from well controlled nuclei.

Introduction: gas on solid surfaces in water

The no-slip boundary condition of a liquid flowing over a solid surface seems to be violated
in various experimental configurations [1, 2]. Since the boundary conditions play a major
role once the volume/surface ratio of the system goes down, a better understanding of the
liquid/solid features is necessary for microfluidic devices. The formation of a thin film of gas
between the liquid and the solid has been proposed by de Gennes [3] to be responsible for this
slippage. This point of view has been questioned as a result of ellipsometer measurements [4],
but recent atomic force microscopy (AFM) investigations of solid surfaces underwater suggest
the presence of softer objects with submicrometric sizes [5–8]. They have been interpreted as
gas pockets and named nanobubbles but the reason for their apparent stability is still a mystery.
Indeed, the inner pressure due to surface tension is inversely proportional to the bubble’s radius,
and should therefore lead to fast dissolution [9], making observation through AFM impossible.

Surface nanobubbles have also been observed in fast freezing experiments [10]. They
can be involved in the liquid slippage over solid surfaces [11, 2] as they provide a quasi-zero-
shear-stress interface. They could also play a role in the hydrophobic attraction between two
particles resulting from nanobubble bridging [12, 13], or in thin film dewetting [14].

Since these bubbles are too small to be directly observed through optical microscopes,
the idea of this work here is to expand them by decreasing the liquid pressure, i.e. through
heterogeneous cavitation. In contrast, homogeneous nucleation is related to the breakdown of
a pure liquid being stretched or heated up. A critical negative pressure of −140 MPa has been
observed for ultrapure water at 42 ◦C [15]. In the present configuration, the gas pockets trapped
on the solid surface initiate liquid fracture at much lower negative pressure or tensile strength.

We performed an investigation on the presence of gas on flat and smooth hydrophobic
surfaces underwater using an acoustic wave with a minimum pressure reaching a few MPa.
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Figure 1. (a) Pressure wave generator and optical visualization. (b) Pressure signal recorded with
an optical fibre [16].

This investigation is extended to the study of the formation and the dynamics of bubbles
emerging from well controlled nuclei.

1. Experimental procedures

The experimental set-up is depicted in figure 1(a). A lithotripter device is used as pressure pulse
generator and it is connected to a rectangular tank containing a litre of Milli-Q water saturated
with gas at room temperature (∼20 ◦C). The device is made of two layers of piezoelectric
components arranged on a portion of a sphere and driven by a high voltage discharge. The
pressure signal p is recorded at the focus with an optical fibre (RP Acoustics, 2000 FOPH)
by measuring the reflected intensity of the laser beam at the fibre tip which depends on the
local impedance of the water changing as the pressure evolves [16]. An average of 50 events
is reported in figure 1(b). The pressure wave is characterized by a high pressure front followed
by a negative pressure pulse lasting 3 µs and going down to around −2 MPa. The substrates
studied are fixed on a thin rod and placed at the focal point. The cavitation event is recorded
with a charged coupled device (CCD) camera through a long working distance microscope.
Motion blurring is minimized by a short exposure time of 0.2 µs.

Two kinds of samples have been used: plane surfaces with and without etched
microcavities. Both are diced from a silicon wafer (100) and made hydrophobic as follows.
The silicon wafer is cleaned and oxidized in a mixture of sulfuric acid and hydrogen peroxide
before being coated with perfluorodecyltrichlorosilane (FDTS) by vapour deposition. After
this procedure, the advancing contact angle of water has been measured to be 106◦ ± 1◦. Prior
to the silanization step, cylindrical cavities 15 µm deep and from 2 to 4 µm wide are etched on
the wafer using the deep reactive ion etching (DRIE) technique. By employing this procedure,
we ensure entrapment of air in these cavities during the immersion of the substrates in water.

2. Cavitation on a plane surface

According to homogeneous nucleation theory, cavitation results from the expansion of a
spherical void with a radius R subjected to a negative pressure p (see [17] and references
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Figure 2. Snapshots of bubbles nucleated on a flat and smooth hydrophobic surface after the
passage of pressure pulses with minimum pressures of −4 and −11 MPa. The cavitation events
are observed from above on the same substrate and at the same location.

within). The total pressure inside the bubble pi, i.e. the vapour pressure pv plus the gas pressure
pg, is connected to the external pressure p via Laplace’s equation, pi = pv + pg = p + 2σ/R.
Once p becomes too small, the bubble is mechanically unstable and grows explosively.

Heterogeneous cavitation takes place from solid particles present in the bulk, or on the walls
of the vessel containing the liquid. The nuclei are assumed to be stabilized in small crevices
allowing a modification of the interface curvature preventing them from dissolution [18, 19].
For a given gas concentration, the stabilization depends on the wetting properties of the liquid
on the solid surface and the geometry of the crevices. Nanobubbles have been observed on
smooth and flat substrates as silicon wafers [8] without such stabilizing cavities. We have thus
studied cavitation occurring on the same kinds of solid surfaces.

We use hydrophobic silicon plates with a mean roughness less than 2 nm as measured
with an AFM (PicoSPM). Figure 2 presents two snapshots of the nucleation of bubbles on such
surfaces after the passage of negative pressure waves with pressures of −4 and −11 MPa. The
corresponding minimal radii probed by these negative pressures are 37 and 13 nm, respectively.
The pictures are taken at the same location and the substrate is rinsed with ethanol and blown
with nitrogen before each immersion in the water. This cleaning procedure ensures a quick
drying of the surface. We first notice that the density of cavitating bubbles is quite similar
from one experiment to another. The minimum radius of the nuclei sitting on the solid surface
is thus larger than 37 nm.

Next, we observe some preferential sites of nucleation, which are also seen when
performing the experiment at the same pressure level. This observation suggests that gas
is trapped on localized defects or contaminants during the wetting step. Indeed, a geometrical
or chemical defect can pin the triple contact line as it moves on the surface and entraps air [20].
In order to confirm this hypothesis, a thin film of ethanol is left on the surface preventing direct
contact with air. In this case, a lowering of the liquid pressure does not lead to cavitation on
the substrate.

Such nuclei are not stable over time for ambient conditions. The density of bubbles
(number per unit area) decreases by a factor of ten if we wait two hours between the immersion
time and the pressure pulse loading (‘shot’). The bubbles shrink by gas diffusion through the
interface due to the larger internal gas pressure. Indeed, the equilibrium gas concentration in a
liquid is proportional to the partial gas pressure at a free surface, leading to a gas concentration
gradient between the region near the bubbles and the bulk [9].

It has also been noticed that the density of cavitating bubbles is a decreasing function of
the number of successive shots when the substrate is kept in water. The density drops down
by a factor of ten after 50 shots, but some nucleation events occur even after more than several
hundred shots. This continued occurrence of cavitation events could be due to the formation
of submicron bubbles from the collapse of the cavitating bubbles [21], acting as nuclei for the
following pressure wave.
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Figure 3. Cavitation occurrence from a regular array of hydrophobic cavities with a diameter of
2 µm (a) and 4 µm (b) after successive low pressure pulses with minimum pressure of −2 MPa.

3. Cavitation from controlled nuclei and bubble dynamics

We now use the substrates with etched microcavities in which gas is trapped prior to the plate
immersion in water. These gas pockets expand after the passage of the negative pressure pulse
and can reach a size of the order of a hundred times their initial size and then finally collapse
after a few tens of microseconds. They are found to be stable against dissolution. Indeed, if
the negative pressure pulse is not applied until 15 h of immersion have elapsed, each cavity
still nucleates a bubble. This behaviour is due to the sharp edge of the hydrophobic cavity
which can sustain a flat liquid/gas interface. Without forcing, the gas pressure is thus equal to
the ambient gas pressure in the liquid preventing gas diffusion through the bubble surface.

On the other hand, the cavities do not nucleate bubbles any longer after a number of
successive shots; all the gas is released in the water after a few cavitation events. This is
reported in figure 3 for two cavity diameters, 2 µm and 4 µm, where the minimum pressure is
−2 MPa. We notice that the smaller the cavity diameter, the larger the number of shots needed
for removing all the entrapped air. This observation suggests that the bubbles nucleated on the
smooth solid surface (figure 2) start from very small nuclei, as they are still generated after
several tens of shots. Bubbles are also nucleated on the smooth part of the patterned surface
at this pressure level, but their density is lower than previously and the uncontrolled nuclei
are not activated any longer if the surface is not dried in the same way as for the experiments
described in section 2.

The complete history of a cavitating bubble can be followed by changing the time delay
between the couple flash/camera. The substrate is pulled off the water tank and plunged again
for ensuring air entrapment in the cavities between two recordings. Two snapshots of a single
bubble and a pair of bubbles are displayed in figures 4(a) and (b). The evolution of the radius
R(t) of an isolated bubble is plotted in figure 4(c) as a function of time. The cavity filled
with air is exposed to the pressure wave shown in figure 1(b). The vertical bars represent the
standard deviation obtained for several runs. This variation is due to some pressure fluctuations
between shots. The radius dynamics is nicely reproducible during the expansion phase but the
variation increases near the collapse.

The dynamics of this hemispherical bubble is ruled by the Rayleigh–Plesset equation if
we neglect the wall effect and assume an analogy with half of a free bubble [22, 23]:

RR̈ +
3

2
Ṙ2 = 1

ρ

(
pi − p∞(t) − 2σ

R
− 4µ

R
Ṙ +

R

c

d pi

dt

)
(1)

where ρ is the liquid density, σ the surface tension, µ the dynamic viscosity of the liquid, pi the
pressure in the bubble and p∞(t) the pressure of the liquid at large distance from the bubble.
The pressure p∞(t) is determined as the mean of several experimental pressure recordings as
shown in figure 1(b). The numerical integration of equation (1) gives the evolution of R(t) as
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Figure 4. Side view of a single expanding bubble on a solid surface (a), and two bubbles initially
400 µm apart (b). The length scales on the two pictures are the same and the snapshots correspond
to t = 8.5 µs. (c) Evolution of the bubble radius versus time for a single cavity (•) and two cavities
400 µm apart (◦). The curves are the theoretical predictions given by equations (1) (continuous
line) and (2) (dashed line).

displayed in figure 4(c). The Rayleigh–Plesset equation describes the evolution of the bubble’s
radius well during the expansion phase, but predicts too fast a collapse. It is worth mentioning
that the present analysis breaks down close to the collapse for strong forcing [23, 24].

Two bubbles cavitating close to each other will interact as they modify the surrounding
liquid pressure during their expansion and collapse. The mean radius of two bubbles with
centres 400 µm apart is plotted in figure 4(c). We notice that the bubble pair lasts longer than
the isolated bubble. Since the distance d between the two cavities is only a few hundreds of
microns, we can assume an instantaneous evolution of the pressure (not retarded, i.e. infinite
sound velocity) and uniformly distributed around each bubble. The dynamics of the two
bubbles are identical since the median plane between them is a plane of symmetry. On
taking into account the pressure field generated by the neighbouring bubble deduced from
the integration of the Navier–Stokes equation from r to ∞, the Rayleigh–Plesset equation is
modified as follows (see e.g. [25]):

RR̈ +
3

2
Ṙ2 = 1

ρ

(
pi − p∞(t) − ρ

R

d

(
RR̈ + 2Ṙ2) − 2σ

R
− 4µ

R
Ṙ +

R

c

d pi

dt

)
. (2)

The radius evolution predicted by equation (2) for d = 400 µm is plotted in figure 4(c) and
compared with the experimental data. The pressure coupling is apparently sufficient for the
description of the bubble interaction. This study will be extended to multibubble interaction
such as happens in clusters occurring in many industrial configurations and which is responsible
for structure damages [17].

We have summarized here our work on cavitation on hydrophobic surfaces in water. The
nucleation of bubbles takes place on initially smooth surfaces for negative pressures much
smaller than the pressure threshold of water rupture. The cavitation bubbles emerge from
unstable nuclei which are found to be trapped during the step of wetting of the solid surfaces.
The dynamics and the interactions of such expanding bubbles are studied finally, with the
help of well controlled cavities acting as gas traps. A good agreement is found between the
experimental behaviour of cavitating bubbles on a solid surface and that predicted by the
Rayleigh–Plesset approach.
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