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ABSTRACT: Controlling cavitation at the solid surface is of
increasing interest, as it plays a major role in many physical and
chemical processes related to the modification of solid surfaces
and formation ofmulticomponent nanoparticles.Here, we show a
selective control of ultrasonic cavitation on metal surfaces with
different hydrophobicity. By applying a microcontact printing
technique we successfully formed hydrophobic/hydrophilic
alternating well-defined microstructures on aluminium sur-
faces. Fabrication of patterned surfaces provides the unique opportunity to verify a model of heterogeneous nucleation of cavitation
bubbles near the solid/water interface by varying the wettability of the surface, temperature and ultrasonic power. At the initial stage
of sonication (up to 30 min), microjets and shock waves resulting from the collapsing bubbles preferably impact the hydrophobic
surface, whereas the hydrophilic areas of the patterned Al remain unchanged. Longer sonication periods affect both surfaces. These
findings confirm the expectation that higher contact angle causes a lower energy barrier, thus cavitation dominates at the
hydrophobic surfaces. Experimental results are in good agreement with expectations from nucleation theory. This paper illustrates a
new approach to ultrasound induced modification of solid surfaces resulting in the formation of foam-structured metal surfaces.

KEYWORDS: heterogeneous nucleation, ultrasound, cavitation, aluminium, hydrophobic and hydrophilic surface, nucleation
energy, nucleation rate

’ INTRODUCTION

Heterogeneous bubble nucleation at the solid surface under
ultrasonic irradiation has become an important issue in sonochem-
istry.1,4 Prediction and control of the effect of the cavitation col-
lapse on different surfaces are extremely complex problems because
the bubbles can translate, grow, and interact with each other. The
extreme pressure and temperature generated by shock waves and
liquid jets can damage the surface locally forming various surface
structures.5,6 These phenomena occur in a short time interval
(less than millisecond).7,8 Although ultrasonic irradiation is
intensively applied in nanocomposite production,9-12 as a cata-
lyst in chemical synthesis13-15 and for special pre-treatment of
solid surfaces,16-18 the mechanism of ultrasonic-action on the
solid surfaces is still poorly understood. One major goal of
sonochemistry is to quantitatively understand and control the
formation of cavitation bubbles at solid surfaces and to under-
stand the influence of the collapsing bubbles on the surfaces.
Controlling the nucleation process may lead to new applications
of ultrasonic irradiation to fabricate novel materials with defined
physical/chemical properties. This can open a new perspective
for sonochemistry to be effectively integrated in surface chem-
istry. Generally, there have been two recent developments
providing new routes for studies of cavitation at surfaces: high-
speed cameras enabled observations of the time development of
bubble shapes and microstructuring of the surfaces enabled
control of the contact of a bubble with a surface.

The latter topic is a central themeof this workwhere the surface is
endowed a lateral chemical contrast with micrometer dimensions.

To present, two types of factors strongly influence gas bubble
nucleation at the solid surface under sonication: (1) the conditions
of sonication (temperature of the solution,19 surfactants,20 pre-
sence of particles,21,22 gas phase23) and (2) the properties of the
solid surface (roughness (24), wettability25). Control of the
surface energy can be achieved by using specific substrates or
by coating a substrate with suitable polymers or surfactants.18,21

In the 1970s, Nail et al. studied unpolished stainless steel boiled
surfaces and reported cavities and grooves as active sites for
nucleation.26 Nucleation on a solid surface is mostly caused by
irregularities, such as grain boundaries, edges, cracks, and
scratches on the surface. According to work of Bremond et al.
(2006), the gas bubbles prefer a hydrophobic surface. The
authors carried out multibubble surface-cavitation experiments
by using a hydrophobic surface patterned with microcavities.27,28

The authors found that the expansion of the nuclei in the
microcavities is triggered by a fast lowering of the liquid pressure.
This process allows controlling and fixing the bubble distance
within the bubble cluster. Harvey’s research group suggested that
the crevices attaching the nuclei should also have a hydrophobic
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surface.29 Additionally, we refer to Lohse et al., who studied the
acoustic nucleation threshold for bubbles, by applying a single
pressure pulse to bubbles trapped in cylindrical nanoscopic pits
(“artificial crevices”).30 Upon immersion in water, the hydro-
phobic nanopits trapped air and served as nucleation sites. An-
other very important finding byNeutron reflectometry is that the
water density near a hydrophobic surface is reduced.31 Also
studies of nanobubbles (the residual gas) in liquid prove that they
are preferentially located at the hydrophobic surface.32

The actions of ultrasound result from chemical reaction due
to the production of radicals at the high temperatures as well as
physical ones. The latter are on the one hand due to shock
waves that form upon radial collapse of a bubble. On the other
hand, the symmetry break near an interface may cause a jet, a
fluid flow into the center of the bubble and towards the surface.
A way to study surface cavitation is to examine nucleation
phenomena, which can be strongly affected by presence of both
hydrophobic and hydrophilic phases. In a recent investi-
gation,33 we briefly introduced a new effective solution for
controlling the heterogeneous nucleation process at solid
surfaces based on microcontact printing resulting in well-
defined hydrophobic/hydrophilic microstructures on a solid
substrate. It has been also possible to develop a set of equations
that explain the experimental findings. This study has shed new
light onto the mechanism of ultrasound-induced nucleation on
bulk hydrophobic/hydrophilic surfaces.

In the present paper, we provide more insight into the mecha-
nisms by a more detailed analysis of the corresponding steps: in the
theoretical background we will describe our model of hetero-
geneous bubble nucleation at the solid surface under sonication.
We will then illustrate the microcontact printing technique for
fabrication of the hydrophobic/hydrophilic aluminium surfaces
and analyse structures in detail. The changes of the patterned
surfaces during sonication are illustrated with the following
analytical techniques: scanning electron microscopy (SEM),
Fourier transform infrared measurements (FTIR), atomic force
microscopy (AFM), and contact angle (CA) measurements.

’THEORETICAL BACKGROUND

The bubble formation on a liquid/solid interface is given in
Scheme 1a. The surface energy ES, the energy of the liquid/gas
and solid/gas interface of the bubble, is related to the contact

angle θ by

ES ¼ πR2σgðθÞ ð1Þ
with R being the curvature radius of the droplet, σ the liquid/air
surface tension, and g(θ) = 2þ3 cos θ- cos3 θ being a function
monotonously decaying with increasing θ.34 The surface energy
of a bubble in the bulk is obtained for θ = 0�. For a bubble to be
formed, a pressurePhas to performwork on the gaswith volumeVb.
Thus the pressure P, the difference from the outside hydrostatic
pressure of the liquid, results from possible entrapped gas with partial
pressure PG, vaporized liquid with partial pressure PV,

35 the largest
contribution being the acoustic pressure upon rarefaction PA:

36

P ¼ PA þ PG þ PV ð2Þ
The corresponding work is then

Eb ¼ -
π

3
R3gðθÞP ð3Þ

If we insert as PA, the maximum pressure we thus calculate the
minimum energy barrier for nucleation. So, we basically assume
that bubble nucleation occurs at the maximum of the rarefaction
amplitude. The dependences of the two opposing energies with
different powers of R cause a typical nucleation scenario (see
Scheme 1b) where growth continues beyond a critical radius Rc
defined by

dðEs þ EbÞ
dR

ðRcÞ ¼ 0 ð4Þ

and the corresponding energy barrier is derived as

ðEs þ EbÞðRcÞ ¼ ΔE ¼ 4π
3

σ3

P2
gðθÞ ð5Þ

If nucleation results from thermal activation across the barrier Eb,
the bubble nucleation rate dN/dt given by

J ¼ dN
dt

¼ constant exp -
ΔE
kT

� �� �
ð6Þ

In the experiments below, we vary the contact angle θ, the
temperature T, and the acoustic pressure PA with results qualita-
tively as expected from eq 6, as will be demonstrated.

Scheme 1. (a) Nucleation and growth of a cavitation bubble at a surface. The pressure P0 performing the volume work is given by
the vapour pressure PV of the liquid; the gas pressure PG and the acoustic pressure PA being in excess of the external pressure PL
(see text). (b) Dependence of the volume work (Eb), the surface energy (Es) and superposition result (Esþ Eb) on the radius of a
gas bubble. (c) Nucleation energy barrier as a function of contact angle θ. The center regions marked by the vertical lines
correspond to the contact angles applied in this work
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’RESULTS AND DISCUSSION

We investigated gas bubble nucleation on a hydrophobic/
hydrophilic microstructure. Details concerning the microstruc-
ture are given in the Experimental Section. Polydimethylsiloxane
has been used to transfer a mixture of octadecylphosphonic acid
(ODTA) and octadecanethiol (ODT) to the Al surface where
they form a self-assembled monolayer (SAM) with approximate
thickness of 3 nm, which is congruent with the surface relief
pattern of the stamp (Scheme 2). We obtained patterned Al
samples with precisely defined shapes, location and contact line
boundaries (Figure 1b, d). The pattern has four fields of lateral
hydrophobic surfaces with regular cylindrical hydrophilic areas
with a contact angle (measured separately) of 70� where the
amphiphilic ODTA and ODT have not been adsorbed on the Al
surface by stamping. They exhibit only a small area fraction,
hence the macroscopically measured angle essentially corre-
sponds to that of the hydrophobic area with contact angle in
the range of 114� - 125� (Table 1). This design allows us to
investigate the changes in the surface energy of a patterned Al
plate under ultrasonic irradiation.

The infrared reflection absorption (IRRA) spectrum of the
patterned Al shows the phosphonate group P-O at 1267 cm-1

and PdO at 1160 cm-1 corresponding to the functional groups
of ODPA and ODT (Figure 2 top, patterned Al). We observe the
conformational order of the ODPA and ODT by studying the

position of the CH2 stretching band in the IRRA spectrum. For
conformationally ordered systems of crystalline alkanes, the
peaks appear at 2915 and 2853 cm-1, corresponding to anti-
symmetric and symmetric stretch of the CH2 groups.37 This
observation indicates the formation of SAM on the Al surface.
Figure 3a shows well-defined AFM images of the patterned Al
substrate (diameter of hydrophilic holes is 19.2 μm, interspacing
equal to 67.2 μm) after wet etching. The scan size is 30 μm �
30 μm and the height range is approximately 100 nm. We indeed
confirm that patterned Al samples consist of a flat hydrophobic
terrace separated by steps of 100 nm with hydrophilic holes.

The experiments were carried out at 20 kHz and power
densities of 29, 40, 51.3 W/cm2 (ultrasonic processor UIP1000
hd from Hielscher Ultrasonics GmbH Teltow, Germany). Dur-
ing all experiments the patterned Al samples were loaded in a
home made Teflon sample holder which was fixed parallel to the
ultrasonic flat sonotrode (3.14 cm2 area) at a distance of 15 mm.
A labour metal support, placed outside of home manufactured
sonoreactor, permitted to fix the sample holder at a different
distance between the sonotrode and the sample. The sonoreactor
was connected with a cryostat (FRYKA-K€altetechnik GmbH
(KT06-42 400 W, Esslingen, Germany) for controlling the tem-

Figure 1. ESEM and SEM images of the Si-Master (a, c) and patterned
Al plate (b, d), where the inner circular area is hydrophilic, the outer part
is hydrophobic.

Scheme 2. Sketch of a Pattern and theMolecules (ODPA and
ODT) Used for Hydrophobization of the Aluminium Surface
by Microcontact Printing

Figure 2. Top: IRRA spectra of the patterned Al surface at different
time of sonication (10, 30, and 40 min) at 340 K. Bottom: IRRA spectra
of the patterned Al at different time of sonication (10, 30, and 40 min) at
293 K. All spectra were shifted along the transmittance axis for clarity but
measured with the same sensitivity.

Table 1. Characteristics for the Four Different Fields of the
Pattern

Field of the

patterned Al

Initial contact

angle, θ

Diameter of the

hydrophilic holes (μm)

Interspacing

(μm)

A1 123.9 ( 0.012 9.0 ( 0.01 34.0 ( 0.01

A2 116.4 ( 0.014 19.2 ( 0.01 67.2 ( 0.01

A3 114.9 ( 0.003 45.2 ( 0.01 140.3 ( 0.01

A4 114.4 ( 0.015 100.0 ( 0.01 300.0 ( 0.01
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perature of sonicated water (volume was about 200 ml). We
compared two situations: (1) samples irradiated at 340 K, (2)
samples irradiated at 293 K( 1 K. For pictorial clarity, the results
are henceforth illustrated at 51.3 W/cm2, because at this power
density the effects of the bubble collapse and microjet impact on
the surface are strongest.

SEM images of a molded Al plate at various irradiation times
(at 340 K) are shown in Figure 4. We observe that the
hydrophilic plane of the molded Al (holes) is not affected by
cavitation at the earlier stage of the ultrasonic treatment (up to 30
min), whereas the hydrophobic part shows various stages of
damaging forming a foam-like metal structure on the surface,
which depends on sonication time. When the surface reacts, dark
pits appear related to microjet and shock wave impingement
after asymmetrical collapse of gas bubbles at the Al surface
(Figure 4b). The dimensions of these pits are mostly below
0.5 μm. With increasing sonication time, the pits become more
pronounced at t = 30 min (Figure 4c). They have a crater-like
shape and are irregularly distributed on the surface. Most of the pits

are overlapping each other forming big cavities and, finally, a foamlike
structure. Longer sonication periods show dramatic changes in the
molded Al surface. Apparently, at later time of ultrasonic treat-
ment nucleation occurs at the planar hydrophilic surface as well.
Both hydrophobic and hydrophilic surfaces have a similar micro-
rough structure after 40 min of ultrasonic treatment. However,
we notice that a hydrophobic surface is much stronger affected by
cavitation than the hydrophilic one (Figure 4f). In addition, after
40min of sonication, traces of the pattern borders are still present
at the surface and seem to be untouched.

The contact angle measurements of the patterned Al samples
show a drastic change in surface wettability. We observe changes
of the total hydrophobicity of the patterned Al surface towards
hydrophilic due to the action of ultrasonic irradiation on the
surface. After 60 min of sonication, the CA drops from 124� to
59-70� (depending on the diameter of the hydrophilic holes and
interspacing) and these values do not change drastically with
further increasing the time of ultrasonic treatment (Figure 5a and
Table 1). The IRRA spectra show a significant decrease of the

Figure 3. AFM images of the patterned Al plates: (a) initial; (b) -340 K (at 30 min of sonication; (c) -293 K (at 30 min of sonication).

Figure 4. SEM images of the patterned Al plate (a) before ultrasonic treatment and (b-f) after ultrasonic treatment: (b) at 5min of sonication, (c) at 10
min of sonication, (d) at 30 min of sonication, (e) high magnification of the hydrophobic surface with pits at 30 min of sonication, (f) at 40 min of
sonication. Temperature of the treatment is 340 K.
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absorption peaks corresponding to the phosphonate group P-O at
1050 cm-1 and PdO at 1160 cm-1. The anti-symmetric and
symmetric CH2 stretching band intensities (at 2915 and at 2853
cm-1) are decreased with increasing sonication time. After 40
min of ultrasonic irradiation, the peaks completely disappear
(Figure 2 Top). At the same time, we notice an increase in the
hydroxyl group concentration in the new oxide film. The in-
creased bands at 1082 and 1255 cm-1 are attributed to vibrations
of the Al-OH bands.38,39 AFM data given in Figure 4b show the
surface of the patterned Al after 30 min of ultrasonic treatment.
Similar changes in the surface topography of treated samples are
found for all four fields of the patterned Al. As can be seen in
Figure 3b, AFM images change dramatically after ultrasonic
treatment. After 30 min of ultrasonic irradiation, the height
difference between hydrophobic and hydrophilic areas is in
average reduced to 80 nm. We note that the defects (pits) are
on the order of the radius of curvature of the pyramidal AFM tip.
Longer sonication drastically decreases the step between the
planar and the upper part of the patterned Al.

Higher temperature is expected to act manifold: (i) it facil-
itates the overcoming of the nucleation barrier in eq 6, (ii) it
increases the vapor pressure PV and decreases the Laplace
pressure via σ and σ itself entering with σ3 into eq 5, (iii) the sur-
face energy decreases with increasing temperature. These are

indeed observed comparing the results at room temperature
(293 K) and at 340 K. The pits resulting at higher tempera-
ture are apparently also larger merging with each other (compare
Figure 6c, f). The fact that pits are observed with micrometer-
sized contact on the hydrophobic surfaces indicates that they
result from microjets. These would act directly under the center
of the bubble whereas a shock wave would create pits concen-
trically around this center, hence also on the hydrophobic areas.
We observe a delay of microjet action on the surfaces in case of
ultrasonic treatment at room temperature (Figure 6a, d). Here, at
the earlier step of the sonication, the strikes of the microjets are
less pronounced. After 30 min of ultrasonic irradiation pits
undergo almost no collision in contrast to the situation at T=
340K at the same time (Figure 6b, e). In addition, the boundaries
have almost no “crater” effect. The pits have very flat boundaries
with inner grid structure. It leads to compact island shapes avoiding
the formation of fractured structures. The comparison of these two
conditions suggests that the effect of temperature is one of themajor
issues in the nucleation process on the solid surface.

The IRRA spectra of the patterned Al (for T = 293 K) at
different sonication time are presented in Figure 2 (bottom). Up
to 30 min sonication time, we observe a weaker and slower
decrease in the 1050 and 1160 cm-1 absorption peaks than
measured at T = 340 K. Additionally, the absorption peaks of the

Figure 5. Plot of contact angle versus sonication time for ultrasonic power 51.3 W/cm2 at (a) 340 and (b) 293 K. The four types of surfaces A1 to A4
correspond to the four different patterns in the figure.

Figure 6. Comparison of SEM images of the patterned Al plates after ultrasonic treatment at 340 K (on the top) and 293 K (on the bottom): (a, d) at 5
min of sonication, (b, e) at 30 min of sonication, (c, f) high magnification of the hydrophobic surface with pits at 30 min of sonication.
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anti-symmetric and symmetric CH2 stretching vibrations are
slightly decreased. These peaks are significantly reduced after
only 40 min of ultrasonic irradiation. This indicates that the SAM
is mainly destroyed at the patterned Al surface. Intensities at
1082 and 1255 cm-1, which are attributed to vibration of
Al-OH, increase with sonication time. Furthermore, AFM
measurements confirm that the roughening of the hydrophobic
surface within the first 30 min of sonication is not significant
(Figure 3c). The contact angle slightly decreases at the first stage
of sonication, which can be interpreted as slowly developing
nucleation on the surface (Figure 5b). When the sonication is
conducted with cooling of the solution up to 293 K, the rate of pit
formation is distinctly lower than at higher temperature. For
longer sonication time (> 60 min), the CA changes to 95-80�.

To quantitatively analyze the surface damage, we examined
SEM images obtained at various temperatures, sonication times
and ultrasonic power by applying the statistical Software Image J.
We estimated the number of pits formed by sonication on the
reference area (7 � 5 μm2). Each time, we analyzed three SEM
images to find average values. To highlight the inhomogeneous
collapse distribution on the surface, we plotted the pit density for
different ultrasonic irradiation power as a function of sonication
time (Figure 7). One realizes that there is a lag phase, and then
a steep increase in the number of pits per time. This lag phase
may indicate that initially created nanobubbles assemble on the
hydrophobic surface to form the nucleus described via eq 5.
Beyond a maximum, there is the merger of pits, which makes
quantification meaningless. At this stage, the SAM is strongly
affected by the microjets, which make the nucleation process at
the surface more chaotic. One clearly observes an increase of the
nucleation rate with temperature by a factor of 2 (compare the
difference between 5 and 10 minutes) for the temperatures 293
and 340 K and with ultrasonic power (Figure 7b). The changes
are most pronounced at 293 K, indicating that the system is near
a threshold considering the nucleation rate as a function of
ultrasonic intensity. The latter enters via the acoustic pressure PA,
which is varied by only 30 % because of the square root
dependence on power. This estimation gives us a first prelimin-
ary view on the nucleation process on the hydrophobic surface at
the boundary with a hydrophilic surface, which strongly depends
on the power and time of ultrasonic irradiation.

Even though we did not determine any threshold for cavita-
tion as might be expected by nucleation theory, we should
comment on the importance of different parameters varied here
in conjunction with the equation (ΔE=(4π/3)(σ3/P2)g(θ)).
Scheme 1c gives the variation of the energy barrier with θ which

is proportional to the geometrical factor g(θ). This barrier is
reduced by more than a factor of 5 compared to the hydrophilic
surface areas (CA = 70�), hence clearly explaining the findings of
surface selective impact. The strong dependence on the contact
angle has already been discussed before. Another important
factor is the surface tension σ entering with a cubic power. σ
may be varied, for example, by impurities or particles removed
from the surface, and this may explain, why at later times
hydrophilic areas are also impacted. The pressure enters with a
square power, but it contains many contributions, and here we
would like to give merely an estimate: Taking the highest power
used (51.3 W/cm2), the acoustic pressure PA amounts to 12.2
atm.40 The vapor pressure PV varies between room temperature
and 340 K from 0.03 atm to 0.27 atm, which is comparatively
little.35 Figure 8a also shows that for typical pressures and surface
energies the critical radius is on the order of 0.1 μm, scaling
inverse linearly with pressure. Hence our finding that bubble
nucleation predominates with higherθ and is accelerated by
increased temperature (mainly via reduction of σ) and by
ultrasonic power is in agreement with the model.

The question of defining a critical radius, contact angle,
temperature, or pressure for caviation nucleation is similar to
that of defining a rupture force for a ligand in a receptor in
biology.41 There the answer is that this rupture force depends on
the logarithm of the pulling speed. Here the equivalent of pulling
speed is given by the ultrasonic frequency determining the time
of “pulling”. However, there is an unknown frequency factor not
allowing us to define, for example, a critical pressure threshold
keeping all other parameters constant.

The model of an instantaneous thermally induced nucleation
is not very probable in view of the high energy barriers involved.
Instead we propose a slightly different model: The barrier in
Figure 8 is a minimum value considering the time depen-
dence, since it corresponds to the maximum pressure of acoustic

Figure 7. Plot of the pit numbers for different ultrasonic irradiation power as a function of sonication time: (a) 340 and (b) 293 K (diameter of
hydrophilic holes is 19.2 μm, interspacing is 67.2 μm).

Figure 8. SEM images of the plasma-treated sample (a) after 10 min of
sonication and (b) after 10 min of boiling-treatment.
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rarefaction.ΔE decreases and disappears during the pressure cycles
upon compression, leading to a very small nanobubble that is stabil-
ized by the Laplace pressure and again increased by the acoustic
energy input. The latter increases stronger and faster if the oppos-
ing surface tension term in Figure 8 is reduced, e.g., by local heating,
and thus accelerates nucleation. This model has to be verified in
future studies varying the surface tension and ultrasonic frequency
to get a quantitative and predictive way of surface modification.

We propose a possible mechanism of the selective nucleation
process at the hydrophobic/hydrophilic microstructure (scheme 3).
It is known that water may contain gas bubbles which can be the
centres for nucleation in the bulk. Nano-sized bubbles are stabilized
at the solid surface, preferably at the hydrophobic surface/water
interface.42,43 Likely, in our case, nano-sized bubbles as nucleation
centres are present at the hydrophobic surface and attract reactive jets
resulting from the collapse of the cavitation bubbles to the hydro-
phobic surface. The cavities formed under sonication on the hydro-
phobic surface become the new nucleation centres for further
microjet impact. With increasing time of ultrasonic treatment the
impacted area on the surface drastically increases andmost of the pits
merge. The drastic change in surface texture in this case may be due
to the fact that initially formed pits present secondary nucleation
sites.44,45 Further cavitation occurs on both surfaces. In all cases, we
find that gas nucleation at earlier stages of sonication occurs only on
the hydrophobic surface, which according to our theoretical findings
(eq 5) suggests that this is the energetically favorable location that
reduces the nucleation barrier. A higher contact angle causes a lower
energy barrier and thus cavitation occurs predominantly at the
hydrophobic surface.

To verify that the presence of two different surfaces, hydro-
phobic and hydrophilic, plays a significant role for selective
nucleation, we evaluated the situation for comparison when both
surfaces are hydrophilic (Figure 8a). By oxidizing the pattern
with plasma treatment we changed the chemical nature of the
structured surface and the hydrophobic surface became hydro-
philic (Plasma treatment removes the organic layer from hydro-
phobic parts (IR measurements) and slightly oxidizes uncovered
Al areas). The IR spectrum shows that after plasma treatment the
diffraction peaks of ODT and ODTA disappear. The measurement

of thewettability shows a totally hydrophilic surfacewithCA smaller
than 2�, which is less than the detection limit. Figure 8a shows a
SEM image of the plasma-treated patterned Al after 10 min of
sonication. It turned out that both surfaces are equally affected by
sonication, where we observed a metal-foam structure (boehmite
AlO(OH) and bayerite (Al(OH)3). The CA after 10 min of ultra-
sonic irradiation increased up to 72�. Also the IRRA spectrum
shows appearance of the hydroxyl group in the oxide film after 10
min of sonication (see Figure 2, bottom; plasma treatment). By
comparing this result to the previous one (ultrasonic treatment of
patterned Al with two different surfaces) the nucleation on both
surfaces started 4 times faster. So, when both surfaces are hydro-
philic the selectivity of the nucleation process disappears.

To prove that pits formed on the hydrophobic surface are
caused by local cavitation at an earlier stage and not by increased
surface temperature, we boiled a patterned Al (Figure 8b). By
comparing Figure 8b and Figure 4c, it can be seen that the surface
microstructures are different. After boiling treatment, the hydro-
philic surface has a cellular structure with diameters ranging from
30 to 60 nm. The border of the print is mostly destroyed. Further
boiling treatment significantly changes the morphology of the
surface. A. N. Rieder et al. studied the effect of the boiling
treatment on Al.46 Evidently, under longer cavitation (more that
40 min), the morphology of the surface is similar to boiling
treatment, and differences are predominantly revealed via the
depth of the resulting nanostructures.

’CONCLUSIONS

In conclusion, we demonstrated that selective control in the
heterogeneous nucleation of gas bubbles near the solid/water
interface can be achieved by varying surface energies, tempera-
ture and ultrasonic power. Different patterns with various milli-
meter-sized hydrophobic/hydrophilic areas have been investigated.
By changing the surface energy (initial wettability of the
patterned surface) it is possible to achieve a selective control of
the heterogeneous nucleation of gas bubbles near the solid/water
interface. At the earlier stage of sonication, the nanometer-sized
corrugations appear only on the hydrophobic area, while the
hydrophilic plane of the patterned Al is not affected by cavitation.
Longer sonication periods affect both surfaces with different
damaging level. These results confirm the expectation that higher
contact angles cause a lower energy barrier, as a result cavitation
dominates at hydrophobic surfaces. Experimental findings are in
good agreement with those found by applying nucleation theory.
This study offers a new direction in investigating ultrasound-
induced nucleation processes at solid surfaces. Here, the main
focus was given to heterogeneous nucleation of cavitation
bubbles. Further dedicated and quantitative studies should thus
pave a way making use of ultrasound to modify the geometry and
chemistry of surfaces and films and to nucleate bubbles on
microparticles of defined surface. This would be a major step
for establishing this technology for broad use inmaterials science.

’METHODS

Materials. The stamp material, sylgard-184 poly(dimethylsiloxane)
(PDMS) and curing agent were obtained from Dow Corning GmbH,
Germany. They were mixed in a 1:10 curing agent/prepolymer ratio.
Stamp replication was performed in contact with a silicon master. Si-
Masters with size 10�10 mm2 were purchased from GeSiM mbH, Ger-
many (Dresden). The aluminium alloy AA2024, was used as a model
metal substrate. For all experiments, aluminium samples with the size of
10�20 mm2 were polished and cleaned with methanol in an ultrasonic

Scheme 3. SEM Images of the Patterned Al Plate after
Ultrasonic Treatment: (c) at 30 min of Sonication, (e) at 40
min of Sonication; Inner Circular Area Is Hydrophilic; Outer
Part Is Hydrophobi; Temperature of the Treatment is 340 K
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bath for 15 min. A 100 nm thick aluminium layer was deposited by
evaporation immediately prior to use.

Octadecanethiol (ODT, 96 % purity, Alfa Aesar), n-octadecylphos-
phonic acid (ODPA, Alfa Aesar), phosphoric acid, nitric acid, acetic acid,
and ethanol, were used as received. Ink solution was freshly prepared
before each set of experiments by dissolvingODT andODPA in ethanol.
Dissolution was supported by immersion in an ultrasound bath for about
10 min. All aqueous solutions were made using deionized Millipore
Milli-Q water.
Microcontact Printing and Etching. A mixed solution of

ODPA (10 mM in ethanol) and ODT (2 mM in ethanol) was filtered
and dropped onto the PDMS stamp. The stamps (about 10�10 mm2)
were equilibrated for a 1 minute in the ink solution. The excess solution
was removed under a steam of filtered N2 gas. Stamping was performed
manually by using tweezers for stamp handling and by taking advantage of
the natural stamp-substrate adhesion. The contact time was 10 minutes.
Printed aluminium samples were post-treated on a hot plate (70 �C) for
10 min.47 The samples were etched at room temperature in open poly-
ethylene containers using freshly prepared etching bath. The etchant
(Aluminium Etchant Type “A”) is a combination of phosphoric, acetic,
and nitric acids and water in a ratio 16:1:1:2.48

Scanning Electron Microscopy (SEM). was performed with a
Gemini Leo 1550 instrument at an operating voltage of 3 keV to study
the morphology of Al. Samples were sputtered with gold.
Field-Emission Environmental Microscopy (ESEM). was per-

formed with a high-resolution low vacuum FEI Quanda 600 FEG instru-
ment at an operating voltage 30 kV with extended low-vacuum capabilities.
Atomic ForceMicroscopy (AFM). AFM analysis was performed

on a Nanoscope III Multimode AFM (Digital Instruments Inc., USA)
operating in tapping mode.
Contact Angle Measurements. The hydrophobicity of the

fabricated prints on the aluminium plates was investigated by measuring
water CAs with a contact angle meter (Software DSA 1, Kr€uss GmbH,
Hamburg,Germany) at room temperature. 3μl of deionisedMilliporeMilli-
Q water droplets were placed on the fabricated surfaces and apparent CAs
were observed. CAs were measured at three different positions for each
test sample.
IR Spectroscopy. Spectra were acquired with an IFS 66 Fourier

transform (FT)-IR spectrometer from Bruker (Ettlingen, Germany)
equipped with an external reflectance unit containing a Langmuir trough
setup. The infrared beam was directed through the external port of the
spectrometer and was subsequently reflected by three mirrors in a rigid
mount before being focused on the sample surface. An AKRS-5 wire grid
polarizer was placed into the optical path directly before the beam hit the
sample surface. The reflected light was collected at the same angle as the
angle of incidence. The light then followed an equivalent mirror path and
was directed onto a narrow band mercury-cadmium-telluride detector,
which was cooled by liquid nitrogen. The entire experimental setup was
enclosed to reduce relative humidity fluctuations. For all measurements
at 40 mNm-1, p-polarized radiation was used at an angle of incidence of
70�. A total of 128 scans were acquired with a scanner velocity of 20 kHz
at a resolution of 8 cm-1.
Plasma Treatment. The patterned samples were oxidized by

exposure of the surface to a Plasma Cleaner PDS-32 G-2 (medium 60
W) for a 5 min.

Software Image J is designed for the analysis of SEM imagery of structure.
Image J is a widely used Open Source software in scientific communities
employing Image Analysis and is released under the GPL license.49
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