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Abstract

No unified model is available yet to explain the dynamics of laser-induced cavitation bubbles during
laser ablation of solid targets in liquids, when an extremely high capillary number is achieved (>100),
i.e. when the viscous forces strongly contribute to the friction. By investigating laser-induced bubbles
on gold and yttrium iron garnet targets as a function of the liquid viscosity, using a nanosecond laser
and an ultrafast shadowgraph imaging setup, we give a deeper insight into what determines the bubble
dynamics. We find that the competition between the viscous forces and the surface tension (capillary
number Ca), on the one hand, and the competition between the viscous forces and inertia (Reynolds
Number Re), on the other hand, are both key factors. Increasing the viscous forces and hereby Ca up
to 100 has an impact on the bubble shape and result in a very pronounced rim, which separates the
bubble in a spherical cap driven by inertia and an interlayer. The temporal evolution of the footprint
radius of the interlayer can be addressed in the framework of the inertiocapillary regime. For an
intermediate viscosity, the thickness of the interlayer is consistent with a boundary layer equation.
Interestingly, our data cannot be interpreted with simplified hydrodynamic (Cox-Voinov) or molecular-
kinetic theory models, highlighting the originality of the dynamics reported when extremely high
capillary numbers are achieved. Upon bubble collapse, spherical persistent microbubbles are created
and partly dispersed in water, whereas the high-viscous polyalphaolefines lead to long-standing oblate
persistent bubbles sticking to the target’s surface, independent of the ablated target. Overall, liquid’s

viscosity determines laser ablation-induced cavitation.
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1. Introduction
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Producing colloids through laser ablation in liquid (LAL) has become a popular technique for its variety
of accessible materials ™. In contrast to chemical routes, LAL works without using surfactants or
chemical precursors in a one-step process ® with a wide variety of liquids’*. Although LAL is scalable

17,18

15 economically feasible ** and has a high potential for applications in biomedicine 1”18, catalysis #*9,

20-22 23,24

optics*®™*4, additive manufacturing and nanoparticle-polymer composites®>?°, there is still a lack of
understanding for the basic mechanism involved during nanoparticle synthesis. The dynamics after the
impact of a short laser pulse on a target in a liquid environment can be separated into the following
stages. An early laser-induced plasma is quickly quenched a few microseconds after the impact, leading

27732 containing nanoparticles 3373, The bubble grows and collapses for first within

to a vapour bubble
a few hundreds of microseconds and finally leads to the release of the nanoparticles into the liquid 343
when the bubble fully collapses and disappears after a few oscillations 2637739, Persistent microbubbles
are released during the collapse phase, which may shield a large portion of subsequent laser pulse in
particular at high liquid viscosities %°, and consist of chemical reaction products of the solvent and

target, such as volatile carbohydrates %°, hydrogen, oxygen and hydrogen peroxide ..

The dynamics of the cavitation bubble and its influence on the nanoparticle formation has been
investigated by many researchers 2837394244 gy rprisingly, there is a lack of literature investigating
cavitation bubbles in highly viscous liquids, although viscous liquids are becoming more and more

4546 or monomers % through offering the possibility for one-step

interesting for LAL applications in oils
synthesis of colloids. For example, nanoparticles as additives in engine oil are relevant for the
automotive industry, where nanoparticles are often used to enhance the tribological properties of the
lubricant %68, The one-step synthesis via LAL could replace the process of dispersing chemical
synthesised particles in oils which often leads to agglomeration and thus to lower functionality.
However, it is still mostly unknown how viscosity and surface tension influence shape, lifetime and size
of the laser-generated bubble, and how they influence the nanoparticle growth and agglomeration
inside the bubble 49°°. A deeper understanding could offer new ways to ultimately improve the overall
LAL process, i.e. repeatability and productivity. A perfect hemispherical bubble is expected in an
inviscid flow °!, and most of the above-mentioned studies on laser ablation in low-viscosity liquids
(water, ethanol ...) assume a hemispherical shape. Only a few reports deal with the complete
description of the bubble shape (rim, interlayer, contact angle). Tomko et al. reported an asymmetric
shrinking *. Contact angle hysteresis and bell-shaped bubbles in water have been observed *.
Ibrahimkutty et al. reported an inward jet 3® which agrees with a numerical study by Lechner et al.
using finite-volume method applied to Navier-Stokes equations for a compressible fluid >**2. From
studies of cavitation bubbles close to a solid-liquid interface it is further known that the viscosity has
a significant influence on the bubble shape 3. Furthermore, the very fast and thin jet observed in the

cavitation-collapse-simulations by Lechner et al. is unlikely to be observed at liquid viscosity 40 times
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higher than water as the annular inflow is no longer fast enough. At such high viscosities, a jet forms
which is much wider and much slower (on the order of 100 m/s) as in water (about 1000 m/s) [personal
communication with Christiane Lechner]. Still, there is no model available yet to fully describe the
shape of the LAL-induced bubbles for any viscosity. Moreover, laser-induced bubbles close to a surface
are characterised by fast moving vapour-liquid interface. By experimentally investigating the bubble
dynamics in viscous liquids, we could get access to an unusual high value for the capillary number and
address original and unprecedented condition in the literature. In this study, we investigate the
relevant parameters (e.g. bubble size, velocity, lifetime, contact angle, contact area) for laser ablation
of both gold and yttrium-iron-garnet (YIG) in water and in highly viscous polyalphaolefin (PAO), and

we take a deeper look on the origin of the deviations from the semi-spherical shape.

2. Experimental

The experiments were carried out in commercially available Spectrasync PAO6 (density p=0.827 g/cm?,
kinematic viscosity v=80.8 mm?/s @ 293°K) and Spectrasync PAO40 (density p=0.850 g/cm?, kinematic
viscosity v=764 mm?/s @ 293°K) supplied by Exxon Mobile. The viscosity of PAO is influenced by its
chain length. Pure water (18.2 MQ/cm?) was used as a reference fluid (density p=0.997 g/cm3,
kinematic viscosity v=1.00 mm?/s @ 293°K, surface tension y=72.8 mN/m). The surface tension y also
changes to 29.7 mN/m for PAO6 and 31.5 mN/m for PAO40 (@ 297°K). As ablation targets we have
chosen a commercially available gold foils (99.99 %) and yttrium-iron-garnet (YIG, Y3FesO1,) wafers to
experience different wettability. The uncleaned gold foil is assumed more hydrophobic than the
hydrophilic oxides. Note that the hydrophilicity does not only depend on the material, but can also be
altered by impurities, microstructures, and adsorbed species on the surfaces >*. The first bubble
expansion and its collapse are very fast with respect to the heat conduction characteristic time.
Therefore, the bubble growth is assumed to be adiabatic as it was shown by Lam et al.?® and we can
neglect the heat transfer from the inner bubble to the liquid. As a result, we consider the kinematic

viscosity and the surface tension constant during the first bubble expansion and collapse.

For the fast imaging shadowgraphy experiments, a target is placed in a cubic vessel with 6 ml of liquid.
The liquid layer thickness above the target is 6.5 mm. For the sake of comparability, the liquid layer
thickness above the target is fixed throughout all experiments. The third harmonic of a pulsed Nd-YAG-
laser (355 nm, 5 ns, 9 Hz, 7.2 mJ/pulse) is focused on a spot with a diameter of approximately 260 um,
resulting in a fluence of 13.6 J/cm?. In our setup geometry, the liquid’s transmission at 355 nm for a
6.5 mm liquid thickness is 99% for water, 97% for PAO6, and 96% for PAO40, ensuring similar fluence

for the three liquids (see supplementary Fig. S1). Ablation is observed at 210 000 frames per second,



which corresponds to an integration time of 4.75 s, by an ultra-fast camera (Phantom v711, Vision
Research). On the camera, a Zoom 6000 from Navitar is mounted. The magnification of the optical
system is 0.65. According to its performance specification, the resolution limit of the Zoom 6000 optical
assembly is then 31 um, which also corresponds to the image of a single-pixel (20 um in size divided
by the magnification). It leads to an overall resolution of 44 um (\/2 x 31 um). A pattern of ultra-bright
LEDs is used for illumination. To avoid distorting the results by inhomogeneities of the target surface,
or through changes in the liquid parameters causing changes in the target illumination, each
experiment is performed on a fresh target spot in fresh liquid while the vessel is cleaned between each
experiment. The camera is synchronised with a laser beam shutter to ensure that the camera starts

imaging right after the first laser shot on a fresh surface.

3. Results
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Fig. 1: (a) Shadowgrams of the cavitation bubbles after the impact of a ns-laser pulse on a gold target
in water (top), PAO6 (middle) and PAO40 (bottom). Videos of both gold and YIG LAL in water and PAOs
are available in the supplementary materials. (b) Zoom on the collapse in PAO40 with a focus on the

footprint diameter, as well as the persistent oblate bubble after oscillation. (c) Vertical radius (height)
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for each liquid plotted as a function of time. The error bars correspond to the resolution of the imaging
system (£ 22 um). (d) Lifetime and (e) maximum volume of the first bubble for a gold target and an YIG
target. The error bars correspond to the 80% confidence interval according to the Student's t-

distribution.

Fig. 1a shows the dynamics of the bubbles in three liquids for a gold target (videos for both the gold
and YIG targets are available in the supplementary materials). Starting with the first image 4.75 us after
the laser impact, the bubble starts to expand, reaching its maximum expansion after 100 — 150 ps.
Interestingly, the bubbles in PAO6 and PAO40 continue expanding in the vertical direction, even after
the expansion in the horizontal direction stopped, highlighting the strength of the friction. The
footprint of the bubble in PAO40 stays almost constant during the collapse which could affect the

redeposition of ablated material on the target surface (see Fig. 1b).

Fig. 1c depicts the vertical bubble radius (height) for the different liquids as a function of time.
Assuming a rotational symmetry of the bubble shape, the maximum volume is deduced from the
bubble shape at its maximum vertical radius (Fig. 1d). The average maximum volume for each liquid is
shown in Fig. 1e. After the maximum expansion, the shrinking starts, ending with the collapse of the
cavitation bubble followed by bubble oscillations (videos of the whole process including oscillation are
provided in the supplementary information). The total lifetime of the first bubble is between 190 and
280 ps, depending on the liquid. For each bubble, the lifetime is consistent with the Rayleigh collapse
time deduced from the maximum vertical radius (See supplementary Fig. S2). Compared to water, the
number of oscillations is smaller in the PAOs. Obviously, the highly viscous PAOs provide higher
damping of the bubble oscillation through viscous energy dissipation, resulting in only one oscillation
for PAO40. After oscillations, persistent bubbles > are formed from the cavitation bubble and their
mobility decreases dramatically for high viscosities. The collapse in water releases microbubbles into
the liquid that only partly adhere to the target surface. In contrary, LAL in PAO40 results in persistent
oblate-shaped bubbles sticking to the target, independent of the ablated target material (see Fig. 2c

and the videos in the supplementary information).

There are changes when increasing the viscosity of the liquid, not only in the lifetime and the maximal
size of the bubble, but also in the shape and contact angle between the target and the bubble. The
physics of spherical and hemispherical bubble oscillation has extensively been studied in the past >®
with focus on bubbles in water. Various studies are also available for cavitation bubbles at different
distances from a solid boundary 317> To discuss the differences in the bubble dynamics in the present
case, we have developed a Python code to deduce from the movie the time evolution of the relevant
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geometrical parameters characterizing the bubble shape. For each image, the bubble shape is fitted
using a circular arc for the top of the bubble (spherical shape) and a continuous line for the interlayer
(conical shape). The shape of the interlayer is assumed to be conical to measure the apparent contact
angle 6. The geometrical quantities deduced from the fit are the height of the bubble R, which remains
almost equal to the radius of curvature during the bubble expansion, the footprint radius X, the
distance L between the bubble boundary (edge of the interlayer) and the centre of the bubble, the

thickness e of the interlayer, and the contact angle 0 (see Fig. 2a-b).
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Fig. 2: (a) Image of a laser-generated bubble on gold in PAO6 showing the relevant geometrical
parameters. (b) The red and black curves correspond to the bubble shape returned by the image
processing (raw data) for the expanding and receding phases, respectively. Inset: the black curve is the
bubble contour obtained from raw data and the blue curve corresponds to its fit. c) Images of the
cavitation bubbles at their maximal expansion (left panel) and persistent bubbles after oscillation (right
panel) depending on target (gold, YIG) and liquid (water, PAO6, PAO40) combinations.



From the measurement of R, X and L as a function of time, we can compute velocities:

AR, _dX L

_E: [+ e_a

Vi
dt

1)
V; is the velocity of the vapour/liquid interface at the top of the bubble, V, is the velocity of the
apparent three-phase contact line, and V. is the velocity of the vapour/liquid interface at the edge of

the bubble.
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Fig. 3: (a) Weber number We and (b) Reynolds Re number calculated from the velocity V; at the top of
the bubble. (c) Capillary number Ca was calculated from the velocity V,; of the apparent contact line.
The normalized time corresponds to the duration of the first expansion and shrinking of the bubble.
No movement is observed (V = 0) for the apparent contact line during the period delimited by the
arrows. Error bars are deduced from the propagation of uncertainty (see supplementary) and take into

59,60' a nd

account an uncertainty of £30% on the viscosity, an uncertainty of 3% on the surface tension

an uncertainty of £22 um on the geometrical parameters (R and X).



Fig. 3 (a-b) show the Reynolds number Re and the Weber number We computed from the velocity V; of
the top of the bubble, while figure 3 (c) shows the capillary number Ca computed from the velocity Vi

of the apparent contact line.

We = pVZR/y (2)
Re =V.R/v (3)
Ca =pvVy/y (4)

p is the fluid mass density, y the surface tension, and v the kinematic viscosity. R is the height of the
bubble, which remains almost equal to the radius of curvature of the cap during bubble expansion. Re
and We values do not appear to significantly depend on the target material. Re and We mainly scale
with the kinematic viscosity (< v™1) and the surface tension («x y~1), respectively, because the
velocity V; and the height R of the bubbles do not differ significantly from a liquid to another (for a
given normalized time, less than one order of magnitude). As Re and Ca depend on the kinematic
viscosity, three regimes are clearly distinguishable, on the opposite of We evolution which only deals
with surface tension. High values of We and Re are achieved for the three solvents, which indicate that
the balance between inertia and inner pressure dominates the motion of the bubbles cap. The three
regimes then mainly concern the bubble motion close to the surface. By comparing viscous force with
inertia, Re shows decreasing values with viscosity. From water to PAO6 and PAO40, Re is reduced by 2
and 3 orders of magnitude, respectively, and is close to unity for the more viscous oil. This trend is
confirmed by the evolution of Ca. In water, Ca is less than unity in the first us before reaching 102 at
the maximum bubble size. In PAO6 and PAO40, the same evolution is shifted by 2 and 3 orders of
magnitude towards high capillary numbers. Contrary to the case of water, the viscous force cannot be
neglected anymore with respect to inertia in polyolefin. The relatively high polyolefin viscosity leads
to contact-line friction ®* which competes with inertia and then drives the bubble motion close to the

surface.

The main differences in the bubble dynamics between different viscosities can be observed in the
behaviour of the interlayer defined in fig 2. The spreading of the bubble on the solid target can be
compared to the advancing and receding sessile droplet 625 or a spreading bubble %, During the
early stage of bubble expansion (first quarter of the bubble lifetime), the time-dependent footprint
radius X(t) of the bubble follows the power-law X(t) < t™ (see supplementary Fig. S3 and S4). The

corresponding exponent n which characterizes the spreading regimes is shown in Table 1 and indicates
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only a weak dependence of the bubble expansion on the target material. The exponent n is around
0.39 for water. Such value is consistent with regimes where the dominant resistance is liquid inertia.
For a bubble characterized by a constant volume, these regimes lead to theoretical time evolution
between t¥2 and t/3® depending on the driving force, the gravity or the capillarity, respectively, which
counterbalances the inertia. If the bubble size is larger or smaller than the capillary length, this leads
to a flattened or a spherical shape, respectively. By considering our bubble shape as hemispherical, an
inertiocapillary regime with t*3is in good agreement with the data in Table 1 for water and PAO6.
However, for laser-generated bubbles, the driving force during the early expansion of the bubble is
clearly different and corresponds to the bubble inner pressure. Moreover, the bubble volume is not
constant. In water, for large Weber and Reynolds numbers, a simplified Rayleigh—Plesset equation

applies and reflects the balance between inertia and inner pressure (Pg) %:
. 3 .
p(RR+2R?) = Py(t) - P, (5)

where P; denotes the surrounding liquid pressure (<<Ps), and the inner pressure Pg follows the

isentropic relation Py o A R™3% with a the heat capacity ratio and a constant A . It leads to the

R? _ - 2
balance Pz = A R73%, and then to the power law coefficient n = e For a laser-generated bubble,

we can expectn = 1/3 for water (ayater=1.33) and n = 2/5 for large molecules (a tends to 1). These
values are consistent with the measured ones for water (X(t) and R(t) are identical for water) and
PAOQSG. In contrast, n is significantly smaller for the most viscous PAO40 (n=0.2) which indicates a change
of regime to domination of viscous forces. By increasing the viscosity, the Reynolds number decreases,
and the Capillary number drastically increases. Close to the surface, friction has to be included in the
resistance forces along with inertia. For a droplet characterized by a constant volume, when inertia is
marginal, the balance between the surface tension and the viscous dissipation leading to friction at
small scale is described by Tanner’s law with t/°. A decrease of the n value with increasing viscosity
makes sense, even if Tanner’s law assumes again a constant volume, as well as a low capillary number
(Ca<<1), which only applies for the bubble’s dynamics close to their maximum radius (see figure 3). To
our best knowledge, there is no study available in the literature describing a droplet or bubble
spreading in a high capillary number regime such the ones reached for high viscous PAOs, i.e. up to
100. However, large Ca numbers are achieved in the context of high-speed coating, up to 1000 for the

coating of optical fibres (see 6”%® and references inside).

Table 1: Value of the parameter n from the fit with X(t) o< t™, where X(t) is the time-dependent of the

footprint radius of the bubble during its early expansion, i.e. the first quarter of the bubble lifetime



(see supplementary Fig. S3 and S4). The values in brackets correspond to the 80% confidence interval

according to the Student's t-distribution.

n Gold YIG
Water 0.389 (+0.051) | 0.393 (+0.028)
PAO6 0.332 (£0.073) | 0.334 (+0.05)
PAO40 0.194 (+0.035) | 0.200 (+0.053)

The velocity of the apparent three-phase contact line is drawn as a function of the apparent dynamic
contact angle in Fig. 4 for PAO6, PAO40 and water. In the case of water, the expanding bubble is
hemispherical, and the apparent contact angle is constant around 90° during most of the bubble
lifetime (also see Fig. 1a) due to the inertial regime with a low capillary number (see Fig. 3c). There is
only a deviation from 90° during the collapse phase (see Fig. 4) characterized by a sharp acceleration
of the bubble. When increasing the liquid viscosity and hereby the capillary number Ca by several
orders of magnitude (see Fig. 3c), we observe the appearance of hysteresis between expanding and
shrinking bubble for the apparent contact angle between target and bubble. The hysteresis is similar
to the behaviour observed for a moving liquid droplet or a dynamic sessile drop at small Ca numbers
636970 |n the limit of the small Ca number, the apparent contact angle is described by the Cox-Voinov
hydrodynamic model of dynamic wetting 7 and has been extensively studied %%, But this relation
does not apply here. A molecular-kinetic theory has been also developed to describe the velocity-
dependence of the dynamic contact *®%! Blake et al. introduced activation energies of adsorption and
desorption from the surface of the molecules of the liquid. The velocity-dependence of the dynamic
contact angle is then due to the perturbation of the adsorption equilibrium due to motion of the
contact line. Yet again, the model didn’t succeed to fit the data for the largest capillary numbers,

highlighting the originality of the dynamics reported here.
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Fig. 4: Velocity of the apparent contact line as a function of the apparent contact angle plotted for a
few laser-induced bubbles on a gold target in PAO6 (green squares), PAO40 (blue triangles) and in

water (red circles). Pictures correspond to a laser-generated bubble in PAO6.

The interlayer does not only come with a time-dependent angle, but also with a time-dependent
height. Fig. 5 (a) shows the time-dependent height of the interlayer during the expansion for the two
targets in PAOG6. The error bars are based on the calculated temporal and special resolution of the
experimental setup. The interlayer for PAO40 is not addressed because the round shape of the bubble
would lead to an arbitrary definition of the parameters L and e. For PAO6, Fig. 5 (a) shows no
differences in the height of the boundary layer between a gold and an oxide target. The thickness of
the interlayer increases with time and fits the following boundary layer equation with the

dimensionless constant Z:

e=2, [ (6)

V, = dL/dt is the velocity of the liquid/vapour interface at the edge of the bubble, v is the kinematic

viscosity and L is the distance between the bubble boundary at the edge of the interlayer and the
centre of the bubble. The slope of the regression lines in Fig. 5 (b) represent the dimensionless constant
Zp. The slope is almost independent from the target material with Zy,vic=1.1 and Zy,604=0.9. A similar
behaviour has been observed by Van Ouwerkerk for bubbles on a hot surface during boiling of the
liquid 7273, Assuming no change in the shape during the bubble growth, Van Ouwerkerk deduced 2,=0.9

from a self-similar approach and reported experimental values for Z, between 0.3 and 0.8.
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Fig. 5: Measured thickness e of the interlayer of bubbles on gold and YIG in PAO6 during the expansion

phase of the bubble (a) as a function of time and (b) as a function of the ratio /v * L/V, with the
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slope Zy as a proportionality factor (the inset shows the definition of the interlayer). The coefficient of
determination is R*=0.96 for YIG and R?*=0.98 for gold. The error bars for the layer thickness are based
on the optical resolution (see experimental section) and the x-axis error is estimated following the

propagation of uncertainty.

4. Conclusion

Laser-induced cavitation in liquids is a key method applied to understand cavitation near solid
boundaries, but also highly relevant for laser synthesis of colloids. Indeed, the cavitation bubble but
also the resulting persistent microbubbles may shield subsequent laser pulses, affecting productivity
and reproducibility of the laser generation of nanoparticles. While it is intuitive that viscosity plays a
role, experimental investigations under variation of both the target and liquid types have been missing.
In this work we showed that an increase of the kinematic viscosity by 2 orders of magnitude compared
to water does affect the lifetime, the shape, the size and the damping of the oscillation of laser-induced
cavitation bubbles. Bubbles can be divided into two geometrical sections, separated by a rim: A
spherical cap with a dynamic driven by inertial forces and an interlayer close to the target where the
shape differs from a sphere when the contribution of the viscous forces to the friction drastically
increases. Indeed, looking at the bubble footprint dynamics close the target, an inertiocapillary regime
is observed for intermediate viscosity and the thickness of the interlayer is in accordance with a
boundary layer equation. Moreover, a contact angle hysteresis appears with increasing viscosity. These
findings poorly depend on the target material which suggests that the shape and the dynamics of the
bubble are driven by the contribution of the viscous forces to the friction, rather than by static
hydrophilicity of the target. However, by increasing the viscosity, the behaviour of the contact line
cannot be interpreted with simplified hydrodynamic (Cox-Voinov) or molecular-kinetic theory models,
highlighting the originality of the dynamics reported when extremely high capillary numbers are
achieved. In addition to viscosity effects on the first cavitation of laser-induced bubbles, persistent
bubbles show noteworthy phenomenological differences caused by the liquid and appear independent
of the target type. These bubbles are spherical and partly dispersed for laser ablation in water, whereas

in PAO4O0 a larger, flat, persistent bubble adheres to the target.
Supplementary Material

See supplementary material for more information on bubble height, bubble shrinking and the
automated data processing for shadowgraph imaging. The supplementary material also provides

information on the time dependence of the footprint radius and on the Rayleigh collapse time.
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