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An in situ synchrotron radiographic study of a molten Al–10 wt% Cu alloy under the influence of an exter-
nal ultrasonic field was carried out using the Diamond-Manchester Branchline pink X-ray imaging at the
Diamond Light Source in UK. A bespoke test rig was used, consisting of an acoustic transducer with a tita-
nium sonotrode coupled with a PID-controlled resistance furnace. An ultrasonic frequency of 30 kHz,
with a peak to peak amplitude at 140 microns, was used, producing a pressure output of 16.9 MPa at
the radiation surface of the 1-mm diameter sonotrode.

This allowed quantification of not only the cavitation bubble formation and collapse, but there was also
evidence of the previously hypothesised ultrasonic capillary effect (UCE), providing the first direct obser-
vations of this phenomenon in a molten metallic alloy. This was achieved by quantifying the re-filling of a
pre-existing groove in the shape of a tube (which acted as a micro-capillary channel) formed by the oxide
envelope of the liquid sample. Analytical solutions of the flow suggest that the filling process, which took
place in very small timescales, was related to micro-jetting from the collapsing cavitation bubbles. In
addition, a secondary mechanism of liquid penetration through the groove, which is related with the den-
sity distribution of the oxides inside the groove, and practically to the filtration of aluminium melt from
oxides, was revealed. The observation of the almost instantaneous re-filling of a micro-capillary channel
with the metallic melt supports the hypothesised sono-capillary effect in technologically important
liquids other than water, like metallic alloys with substantially higher surface tension and density.
Crown Copyright � 2015 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

When a liquid volume is subjected to a high-intensity ultrasonic
field close to the entry of narrow spaces such as capillaries, canals,
pores and voids an abnormally high rise of the liquid is observed
inside these narrow channels. This phenomenon is known as the
sono-capillary or ultrasonic capillary effect (UCE) and the research
was first initiated in the former Soviet Union in early 60’s and 70’s
[1,2]. More recently, UCE attracted the attention of researchers
with regard to liquid filtration and impregnation [3]. Several
hypotheses regarding the driving mechanism of the UCE have been
developed [4–10]. At the same time, a robust theory explaining the
driving mechanism of the UCE has not been found yet as there are
only few real time observations of UCE available that can provide
us with a coherent validation of the existing theories.
Specifically, experimental studies on water showed that the
extreme dynamics of the acoustic cavitation bubbles were
observed at the entry to capillary tubes, suggesting that cavitation
generation is a requirement of the sono-capillary phenomenon
assisting the penetration of the surrounding liquid into capillary
micro-channels [5]. Dezhkunov et al. [6] showed that in the
absence of cavitation no rise of the liquid in a capillary was
recorded. As the amplitude of vibrations increased and a cavitation
cloud appeared at the capillary channel inlet, the liquid raised
inside the capillary, implying that the cavitation activity played a
crucial role in the UCE. Additionally, Sankin et al. [7] suggested that
the sono-capillary effect might be explained, at least partially, by a
counter pressure arising from the bubbly cloud and the capillary
interaction. Although they stated that the point of application of
the counteracting force influencing the liquid flow in the capillary
had yet to be found. In line with these research findings was the
recent work of Tamura et al. [8], who suggested that the cavitation
bubbles formed at the open end of a capillary tube contribute to
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the pressure accumulation within the tube leading to the raised
height of the liquid. In contrast, Rozina et al. [9], proposed that
the specific cavitation phenomena (the shock waves and high
velocity cumulative jets) were not the decisive factor for the for-
mation of liquid flow penetrating micro-capillary channels and
also reported that the process of the filling of dead-end capillaries
with a liquid in the ultrasonic field, was affected mainly by the dis-
solution of gas inside the capillary rather than cavitation [10]. The
role of cavitation and cavitation bubble dynamics in the UCE
phenomenon therefore remains an open subject for further
investigation.

Despite the continuing debate on the mechanisms of the
sono-capillary effect, the application of UCE is extremely important
for industry as it underlies intensification of many important tech-
nological and chemical processes connected with oil production
[11], bio-sludge and biomass processing [12], membrane filtration
[13], ceramic filters [14], micro-biology [15] as well as advances in
metal casting industry and the production of high quality castings
[16]. The effects induced by ultrasound in liquid media and their
influence on the industrial metal processing have been studied
for many years under the umbrella of acoustic cavitation [16,17].
Although these effects are widely used, there is a large room for
technology improvement that requires better understanding of
the involved mechanisms. In addition to filtration, wetting and
impregnation applications, the forced filling of small-scale defects
formed during solidification, e.g. grooves, voids, crevices, which
could eventually lead to crack formation and propagation, can
potentially reinforce the as-cast structure and improve structural
integrity of the as-cast metal.

The experimental studies of UCE in liquid metals have been hin-
dered until recently by obvious limitations such as high tempera-
tures, opaqueness and chemical activity of the melts. Nowadays
X-ray imaging technology, available through the third generation
synchrotron radiation sources, is extensively applied in the
in situ and real-time investigations of liquid metals and their solid-
ification processes [18–20].

In the current study, the direct observation of the penetration of
a liquid metal into a pre-existing groove (acted as a micro-capillary
channel) during the ultrasonic processing of a liquid Al–10 wt% Cu
alloy, enabled by the Diamond Light Source – the national
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Fig. 1. Experimental test rig: (a) sectional view of the experimental set up and (b) schem
crucible used for the ultrasonication in the beamline. The high density X-ray beam is de
camera on the opposed side captures the real time event of ultrasonication and delivers
synchrotron facility of the UK, is used for testing some of the the-
oretical approaches behind the UCE. To the best of our knowledge
this is the first time when the filling of a capillary with the liquid
metal under cavitation conditions has been observed. Our results
showed that a possible mechanism responsible for the UCE is the
collapsing activity of cavitation bubbles in the vicinity of the
micro-capillary inlet. The results are in a good agreement with
the hypothesis regarding the cavitation nature of the UCE as
reported by Dezkunov and Leighton [5,21–23] who analysed this
phenomenon in water. Through this novel research we are now
able to help answer the long-stated questions: (a) can ultrasound
assist the penetration of capillary channels in the molten metals,
(b) what are the governing mechanisms and (c) are these mecha-
nisms related with the local activity of the cavitation bubbles?
The discovery of the almost instantaneous re-filling of a
micro-capillary channel with the metallic melt is highly important,
as it appears to confirm the existence of the sono-capillary effect in
technologically important liquids, other than water, like metallic
alloys with substantially higher surface tension and density.
2. Methodology

In situ synchrotron X-ray radiography studies of a molten Al–
10 wt% Cu alloy subjected to ultrasonic processing were carried
out using the Diamond-Manchester Branchline at the Diamond
Light Source (National Synchrotron Facility in UK). A bespoke ultra-
sonic test rig, consisting of an ultrasonic processor coupled with a
Ti sonotrode and a PID-controlled resistance furnace (see [24]) was
used (Fig. 1a). A split furnace with a small X-ray translucent win-
dow to allow the X-rays to pass with minimal attenuation was ver-
tically aligned with the direction of the X-rays as shown in Fig. 1b.
A specially developed crucible made of BN (boron nitride) was
placed in the centre of the furnace and in line with the window.
The BN crucible (key dimensions shown in Fig. 1b) was used due
to its low X-ray attenuation compared to the Al–Cu alloys, and
the thickness of the crucible cavity where X-rays penetrate
through was 1 ± 0.05 mm. The Al–10 wt% Cu alloy was
pre-machined in order to fit into the cavity of crucible. The alloy
was then melted and stabilized at 660 ± 10 �C. The temperature
atic representation of the test rig with some key dimensions of the furnace and BN
livered through the X-ray tube to the molten sample placed inside the crucible. The

images to the super-computer for further analysis.



Table 1
Characteristic properties of Al–10 wt% Cu.

Properties of an Al–10 wt% Cu alloy

Liquidus (�C) 630
Density (kg/m3) 2600 [25]
Viscosity (mPa s) 2.3 [26]
Speed of sound (m/s) 4725 [27]
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was measured by a K-type thermocouple submerged into the liq-
uid melt. Characteristics of the melt alloy can be found in Table 1.

This entire sample holder arrangement could be moved verti-
cally so that, as acoustic cavitation is being developed, the position
of the region of interest could be manipulated with respect to the
X-ray beam and the imaging camera. To produce ultrasound and
consequently cavitation bubbles a 50-W ultrasonic piezoelectric
transducer (Hielscher UP50H) was deployed. The Ti sonotrode with
a tip diameter of 1 mm was immersed to a depth of �4 mm in the
melt. The use of a Ti sonotrode was justified by the short term
exposure to the melt. A constant peak-to-peak amplitude of
140 lm and a frequency of 30 kHz were maintained (performance
data of the ultrasonic processor was received from the manufac-
turer – Hielscher). The transducer generated an intensity of
93.8 W/mm2 and a pressure of 16.9 MPa at the 1 mm radiation
face, calculated using the analytical model in [28]. The duration
of the test was 30 s and recordings of bubbles dynamic perfor-
mance were collected for various time ranges.

The high flux pink X-ray beam passing through the sample was
recorded with a PCO-Edge camera. The camera with a field of view
of 2.1 � 1.8 mm2 was used to collect images with pixel size (at the
sample) of 0.81 lm. The 0.025 s exposure time was adopted in this
study and the final image frame rate of 1/(0.025 + 0.053) � 13 fps
was obtained while the average overhead time in the data acquisi-
tion process was 0.053 s per frame. In addition, the sonication
pulse was generated in a way such that the power was charged
for 0.5 s then discharged for 0.5 s in every 1.0 s (i.e., the cycle is
1.0 s). The working distance between the scintillator and the sam-
ple was adjusted to 7.5 cm to achieve some in line phase contrast.
3. Results and discussion

Solid aluminium is normally covered with a thin oxide film that
is strong and thermally stable with a thickness of 2–30 nm [29].
This oxide film can become thicker on heating the solid metal in
air. As a result, the molten alloy inside the experimental crucible
was enveloped by an oxide film that might contain irregularities
like micro-channels, folds and grooves. Fig. 2 (see white arrow)
shows such an irregularity with characteristic dimensions of
850 lm length and an average width of 25 lm. This particular fea-
ture happened to be in the field of view just below the sonotrode
and at a vertical distance of about 0.5 mm from its tip. In this study
the abrupt change of a contrast of this feature (called ‘‘groove’’
hereafter) during ultrasonic processing is discussed and linked to
a capillary behaviour.

In the series of synchrotron radiation X-ray images in Fig. 2 a
cloud of cavitation bubbles in the melt was observed near by the
top entrance of the studied groove. Cavitation bubbles of different
sizes can be clearly distinguished by the sharp contrast between
bubbles and the melt, most of the bubbles are concentrated near
the radiation face of the sonotrode, and became scattered and
smaller with distance away from the sonotrode tip [19]. These bub-
bles are mainly formed by the dissolved gases, mostly hydrogen,
released from the melt due to the applied external forces from
the ultrasonic transducer. When the amplitude of the acoustic
pressure exceeds a threshold (e.g. �0.7 MPa for molten aluminium
for frequencies around 20 kHz and for a particular gas and inclu-
sions content) then cavitation bubbles are formed [16]. Some of
these bubbles may pre-exist in the melt before the ultrasonic pro-
cessing has started [18], originating from entrapped air or residual
moisture in the porous BN crucible or in double-oxides in the melt.
Consequently, upon crossing the cavitation threshold there is a
transition to a regime of developed cavitation, when all bubbles
rapidly expand during the half period of rarefaction. The pressure
inside the cavitation bubble becomes much lower than the static
ambient pressure, so the bubbles start to violently collapse during
the subsequent compression half periods, generating high-speed
liquid jets and shock waves. The initial velocity of the produced
high-speed jets, with a typical diameter about 1/10 of the maxi-
mum bubble diameter, vary from 300 to 1000 m/s while the corre-
sponding local hydrodynamic impact pressures usually lie between
0.2 and 2 GPa according the experimental results in [30] but can
also be as high as 10 GPa in some cases [31,32]. These
high-speed jets are supposed to overcome the capillary pressure
in channels/grooves and allow the liquid metal to pass through
easily.

The observations in Fig. 2 show that the groove which was hid-
den in the background for up to 10 s, instantaneously (between
consecutive frames) changes its contrast to brighter and then stays
with the same contrast and geometry for many ultrasonic pulses.
The interpretation of this observation can be hypothesised in dif-
ferent ways. The brighter (lighter) contrast means that the X-rays
experience less absorption on their path so the contents of the
groove should change from background material (aluminium alloy
melt) to something less absorbing.

There is a choice of such substances. Aluminium oxide has
about 40% less (1.8 � 104 eV) photon energy absorption potential
as compared to the Al–10 wt% Cu alloy (2.9 � 104 eV) and the gases
(hydrogen, air) absorb much less energy than solid and liquid
phases [33] (that is why the gas-filled cavitation bubbles have
the brightest contrast, see red arrow in Fig. 2a). An aluminium melt
always contains submicron oxide particles [16], also oxide
films can easily break to individual particles typically between
0.5 and 1.5 lm in size [34]. Moreover, oxides are formed around
the gas cavitation bubbles giving them a slightly darker rim.
Gases like H2, which can be found in the surrounding atmosphere
in a form of free gas or water vapour, are absorbed and dissolved
into the aluminium melt and facilitate the cavitation acting as
nuclei [16].

The nature of the groove is also debatable and different possible
scenarios are shown schematically in Fig. 3. It may come to exis-
tence as groove at the external oxide envelope that under the
action of oscillating liquid phase pops in the interior of the melt
as shown in Fig. 3a. In such a case the convex groove filled with liq-
uid becomes a concave groove filled with gas and therefore
appears brighter. The other possibility is that the groove convex
initially filled with the melt acts as a site for precipitation of hydro-
gen porosity, accelerated by cavitation activity. In this case, a
hydrogen bubble (or several coalesced bubbles) precipitate at the
alumina surface of the groove and spread along its surface forming
an elongated gas pocket, Fig. 3b. Yet another possibility is that the
external oxide envelope experiencing oscillations fold onto itself
locally forming a bi-film tube-like groove filled with liquid as
shown in Fig. 3c. This explains why it blends with the background
initially. The change in the contrast results from the cavitation
activity that forces the liquid through this tube accompanied (as
will be argued below) with sedimentation of oxide particles or
gas inside the tube.

It is worth to note here, that although the groove becomes
brighter it seems to be less bright than the gas-filled bubbles.
The first and second mechanisms of groove formation assume that
the changes in the groove orientation (Fig. 3a) or contents
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Fig. 2. Radiographs of the pre-existing groove (white arrow) which (a) is filled by liquid melt until the moment when (b) refill takes place and the groove is revealed. The
bubbly cavitation cloud on top (red arrow) is also shown. A series of images showing (c) the groove in the beginning of the experiment at t1 with the majority of active
cavitation bubbles in a distance of 200–300 lm from the groove inlet, (d) the time moment just before the re-filling process after about 10 s of ultrasonic processing and (e)
the re-filling process of the groove, activity from cavitation bubbles (powerful collapses) at the inlet of the groove pushed the bulk fluid towards the groove. Zoomed in views
clearly show the state (f) before (hidden) and (g) after (revealed) the re-filling of the groove highlighting the sono-capilary effect. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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(elongated gas bubble, Fig. 3b) commonly happen under the oscil-
lating conditions imposed onto the oxide envelope. The oscillations
induce turbulence in the liquid phase and should be felt through-
out the sample with the events matching the first two scenarios
occurring rather frequently. We, however, have not observed any-
thing like that throughout a series of similar experiments. Also in
these two cases the oscillations of the liquid should reflect the
change of geometry of the groove. The contrast and geometry of
the groove, however, remains the same for a very long time (on
the scale of vibration frequency and frame rate). This leaves us
with the suggestion that our observation is a result of several
events that happen to occur in the right place at the right time,
making them possible but not common. The third case gives us a
rather rigid structure (an external oxide skin folded inside to form
a bi-film tube [35]) that is not common but quite possible (Fig. 3c).
Additionally, the probability of this mechanism happening on the
pathway of X-rays is relatively small so we have not observed this
phenomenon frequently. This case also assumes that the mecha-
nisms resulting in the contrast change are triggered by the cavita-
tion activity of the bubbles accumulated close to the inlet of the
tube, which does require some coincidence. The contrast changing
in this bi-film tube is hypothesized to be due to the forced
through-flow of the melt with entrained oxide particles or gas
enabled by high-speed jets from bubbles collapsing close to the
one end of the tube. Below this mechanism is explained in more
detail. Before going further we need to note that all three mecha-
nisms are possible, we just think that the third one is more likely
to fit all the observations in our experiment.



Fig. 3. Schematic representation of different scenarios leading to the appearance of
the observed phenomenon: (a) oxide film which pops into the Al–Cu melt due to
the ultrasonic vibration of the melt to form a concave groove, the length of the X-
ray pathway trough the melt is reduced and a brighter in contrast area should be
revealed; (b) an elongated gas bubble formed inside the convex groove, effectively
leading to the same contrast change as in (a); and (c) a tube-like groove formed by a
folded oxide film filled with the melt, side view shows that the groove is opened
from two sides. Oscillating and collapsing cavitation bubbles at the entry to the
tube force the melt with the entrained oxide particles or gas through the groove,
whereas gas or oxide particles sediment inside the groove causing the change in the
absorption contrast.
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If we assume that a single bubble collapses on average every
33 ls (a full acoustic cycle), then there are potentially 2500 col-
lapse events happening within each time-frame of 78 ms. Thus,
the chances of numerous projectile micro-jets targeting the open-
ing of the tube are very high. As the aluminium melt inevitably
contains microscopic oxide particles and oxide films, those will
be entrained by the liquid jet, acquire momentum and move into
the tube along with the melt. In a repeated action of melt being
pushed through the tube by collapsing cavitation bubbles, oxide
particles accumulate in the groove (due to their higher mass den-
sity than the surrounding liquid) causing the change of the contrast
(Fig. 2).

Thus, the difference in contrast after the re-filling process
reveals the secondary effect of the liquid penetration through the
groove, apart from the filling mechanism, which is related with
the density distribution of the oxides inside the groove, and prac-
tically to the filtration of aluminium melt from oxides. Eventually
the observation in Fig. 2 can be explained as follows:

(a) Initially, the tube-like groove is filled with the matrix alloy
(Fig. 3c) and the composition of the melt and the concentra-
tion of oxides in the groove are the same as in the bulk melt.
Thus, the contrast remains the same and tube blends with
the background.

(b) The jet with a finite volume Vjet from a collapsing cavitation
bubble (or a series of collapsing bubbles) at the entry of the
tube entrains the bulk liquid, which is a mixture of the Al–Cu
alloy and oxides.

(c) Due to high momentum created by cavitation bubble implo-
sion, the liquid jet with the volume Vjet enters the tube.

(d) Due to mass continuity, the jet pushes the liquid/oxide mix-
ture within the tube and the corresponding mass of the orig-
inal liquid with the same volume is displaced out of the tube.

(e) The concentration of oxides inside the tube-like groove
increases due to the settling and capturing of oxide particles
(as explained in more detail below, see Eq. (14)).

(f) A sequential number of such events can force substantial
amounts of liquid melt through the groove; therefore, the
concentration of oxides in the groove increases further.

A similar explanation was given by Ohl et al. [36] where they
used high intensity focused ultrasound to deliver antibacterial
nanoparticles into simulated tubular dental channels with similar
aspect ratio to the studied groove and the oxide particles. They
experimentally showed that the bubbles collapsing at the opening
of tubular dental micro-channels were able to propel nanoparticles
along the whole length of the channel due to the pressure associ-
ated with the high speed micro-jets, covering a large percentage
of those channels with nanoparticles. In line with these results
was also the work by Pavard et al. [37] where they demonstrated
the importance of the high speed micro-jet in pushing liquid and
microparticles through a capillary tube (open in both ends) even
when the cavitation bubbles were generated far away from the
entrance of the capillary tube.

Let us now justify these propositions by some analytical calcu-
lations that can prove that the liquid jets from imploding bubbles
are able to overcome the capillary pressure in channels/tubes and
allow the liquid metal to pass through. In this stage we need to
mention that since that tube-like groove was revealed after 10 s
of sonication time, the acoustic pressure (16.9 MPa) generated by
ultrasonic waves cannot be responsible for that filling.

Initially, in order to understand the mechanism of the forces
which push the Al–Cu melt through the tube, the liquid jet dynam-
ics was calculated according to [38].

The momentum flux F (jet force) is defined as follows:

F ¼ qðM0Þ ð1Þ

where q is the liquid density of the Al–Cu alloy and M0 is the initial
kinematic momentum flux which is defined as:

M0 ¼
Z

A
U2dA ¼ pR2U2

0 ð2Þ

where R is the initial jet radius and U0 is the initial jet velocity.
Then the pressure, Pjet, exerted by the jet force at the entrance of

the tube is given by the relation:

Pjet ¼
F
Aj
¼ F

pb2
=4
¼ F

pðc1xÞ2
ð3Þ

where Aj is the area of the jet cross section at the distance x, b = 2c1 x
is the typical jet diameter at distance x, and c1 is the experimental
jet expansion coefficient equal to 0.15 [38]. The initial jet kinematic
mass flux l0(x) (i.e. volume flux) is equal to

l0 ¼ pR2U0 ð4Þ

while the jet kinematic mass flux l(x) arrives at the entrance of the
groove is related with the jet kinematic momentum flux M0:

lðxÞ ¼ f ðm; xÞ ¼ cx
ffiffiffiffiffiffiffi
M0

p
ð5Þ

where c is an experimental constant equal to 0.25 [38].
The duration (i.e. lifetime) of the jet Tjet, emerging from the

implosion of a single bubble is approximately equal to the travel
time of the jet (emerging from the imploding bubble with initial
jet velocity U0) to reach the inlet of groove at distance x.
Therefore the duration of the jet Tjet is approximately equal to
the ratio of the distance x to the initial jet velocity U0. The liquid
volume l0(x) which reaches the entrance of tube (groove) during
jet’s lifetime is given by:

l0ðxÞ ¼ lðxÞT jet ð6Þ

The calculations for the above jet parameters are shown in
Table 2, assuming distance x of the jet from the inlet of the
tube-like groove at 30 lm (almost touching the tube inlet) to a dis-
tance of 300 lm (assumed a maximum typical distance according
to the location of the cavitation bubbles in Fig. 2), jet diameters
from 3 to 12 lm (as according to our previous study, using exactly
the same equipment, the majority of cavitation bubbles in the Al–
Cu melt are found in the range of 15–60 lm in radius [19] so as



Table 2
Cavitation liquid jet dynamics: calculations of hydrodynamic pressure exerted by the jet and the kinematic mass flux of the jet for various bubble sizes, jet velocities and distances
from the groove entrance were performed.

2R,
diameter
of jet
(cm)

U0,
initial
jet
velocity
(cm/s)

l0(x),
initial jet
kinematic
mass flux
(cm3/s)

M0, jet
kinematic
momemtum
flux (cm4/s2)

x, distance of
jet origin from
upper side of
the groove
(cm)

b, jet
diameter
at
distance
x (cm)

F, jet
force (N)

Aj, jet
area at
groove
(cm2)

Pjet pressure
exerted by the
jet at the
entrance of the
groove (MPa)

l(x), jet
kinematic
mass flux
(cm3/s)

Tjet, jet
duration
(s)

l0(x), jet
volume at
groove
entrance
during jet life
(cm3)

0.0003 30000 0.002 63.6 0.03 0.009 1.65E�03 6.4E�05 0.3 0.06 1.00E�06 5.98E�08
0.0012 30000 0.034 1017.4 0.03 0.009 2.65E�02 6.4E�05 4 0.24 1.00E�06 2.39E�07
0.0003 100000 0.007 706.5 0.03 0.009 1.84E�02 6.4E�05 3 0.20 3.00E�07 5.98E�08
0.0012 100000 0.113 11304.0 0.03 0.009 2.94E�01 6.4E�05 46 0.80 3.00E�07 2.39E�07
0.0003 30000 0.002 63.6 0.003 0.0009 1.65E�03 6.4E�07 26 0.01 1.00E�07 5.98E�10
0.0012 30000 0.034 1017.4 0.003 0.0009 2.65E�02 6.4E�07 416 0.02 1.00E�07 2.39E�09
0.0003 100000 0.007 706.5 0.003 0.0009 1.84E�02 6.4E�07 289 0.02 3.00E�08 5.98E�10
0.0012 100000 0.113 11304.0 0.003 0.0009 2.94E�01 6.4E�07 4622 0.08 3.00E�08 2.39E�09

Table 3
Analytical calculations of the amount of hydrodynamic pressure required to fill the
tube-like groove at different time steps. Filling can be accomplished in time steps
below 3 ls.

Time of
filling the
groove (s)

Mean velocity of the
flow profile filling the
groove (m/s)

Max velocity of flow
profile filling the
groove (m/s)

Required
pressure to fill
the groove
(MPa)

5.00E�05 17.0 34.0 1.3
3.30E�05 25.8 51.5 1.9
1.65E�05 51.5 103.0 3.9
5.00E�06 170.0 340.0 12.8
4.00E�06 212.5 425.0 16.0
3.00E�06 283.3 566.7 21.3
2.00E�06 425.0 850.0 31.9
1.00E�06 850.0 1700.0 63.8

I. Tzanakis et al. / Ultrasonics Sonochemistry 27 (2015) 72–80 77
mentioned before in the beginning of this section the effective jet
radius should be about 1/10th of the maximum) and initial jet
velocities U0 from 300 to 1000 m/s.

Note that the pressure delivered by the jet at the inlet of the
tube depends on the distance of the imploding bubble from the
tube and from the aggressiveness of the bubble which is deter-
mined by the initial jet velocity and jet diameter. Using a combina-
tion of initial parameters, based on estimations from our
experimental observations, it can be seen from Table 2, that the
pressure can reach very high values, from less than 1 MPa up to
more than 4 GPa. This pressure is several orders of magnitude
higher than the capillary pressure in the case when the tube is ini-
tially filled with air, which is higher than when the tube is filled
with the same liquid. This maximum capillary pressure is
0.135 MPa at a contact angle of 140� according to the following
expression [16]:

H ¼ 4r cosðh� 90�Þ
qgd

ð7Þ

where H is the metallostatic head required for the melt to pass
through the capillary, r is the surface tension, q is the melt density,
d is the capillary diameter, h is the contact angle, and g is the gravity
acceleration. Thus, the pressure jet exerted from the collapse of a
bubble near the entrance of the tube-like groove can easily over-
come this pressure barrier and fill the groove with the Al–Cu melt.

As shown from Table 2, the jet kinematic mass flux (i.e. the jet
volume flux) l(x) increases with distance from the jet origin (i.e.
bubble implosion), so increases the area of the jet at any cross sec-
tion perpendicular to jet axis. The jet force (F) is constant but the
pressure (Pjet = F/Aj) at any cross-section decreases substantially
with increasing distance from the jet origin. When a bubble is fur-
ther away, i.e. 300 lm, the jet arrives at the groove with a larger
cross-section and with a smaller pressure, hence the transfer of
mass to the groove is reduced. The mass transfer to the groove
can be even zero if the pressure is not high enough to overcome
the friction within the groove. The exerted pressure at the groove
inlet is the critical parameter, which forces the mass into the
groove. It is observed from Table 2 that the pressure is higher for
short distances.

Let us consider the flow within the tube-like groove, and for
simplicity we approximate the tube by two parallel rigid planes
25 lm apart. For this geometry, the fluid moves in the x direction
parallel to the plates, assuming that there is no velocity in the y
or z directions. The driving force of the Al–Cu flow in the tube is
the pressure gradient between the upper and lower end of the
tube. A first approximation is to assume that the flow is laminar.

It is suggested in the literature that the typical period of time for
a single oscillation of an aluminium cavitation bubble with a
maximum radius of �100 lm is in the order of �50 ls predicted
by using classic Gilmore model [20]. Thus, we advocate that the
filling of the groove can be accomplished in a very short time Dt.
For that reason we have chosen typical time periods related to
the oscillation of a non-linear bubble (50 ls), to the collapse of typ-
ical cavitation bubbles (1–2 ls) [39,40] and some additional times
close to the latter (3–5 ls). In order to have a complete analysis
and logical understanding of the groove filling mechanism we also
decided to investigate different time steps: at 33 and 16.5 ls which
is the full and the half acoustic cycle from the ultrasonic source,
respectively. In such a way we will be able to answer the question
on which mechanism (according the pressure acquired to fill the
groove, see Table 3) is responsible for that filling i.e. the high speed
micro-jet during bubble collapse, the acoustic pressure emissions
during bubble oscillation, or the acoustic field during the move-
ment of the sonotrode.

Knowing the characteristic dimensions of the tube (850 lm in
length and 25 lm in width), the mean velocity of the liquid melt
within the tube during the filling time of Dt can be found by the
following expression Umean = l/Dt where l is the length of the
groove. The Reynolds number of the flow inside the groove can
be estimated as follows:
Re ¼ qUmeand
l

ð8Þ
where q is the density of the melt, Umean is the mean velocity, d is
the characteristic width of the tube and l the dynamic viscosity of
the melt. This Reynolds number indicates that in time steps larger
than 10 ls (Re < 2400) the flow within the groove can be considered
as laminar. However, the basic idea of the filling mechanism will be
not changed, if we assume that the flow in the tube is turbulent as
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in the case of a very short period of time, i.e. 1 or 2 ls, Re can be as
high as 24,000.

For steady, laminar flow between fixed parallel plates there is
an analytical solution of the flow, described by the Navier–Stokes
equations. The solution regarding the velocity profile within the
groove is given by the following equation [41]:

uðyÞ ¼ pð0Þ � pðlÞ
2 ll

yðd� yÞ ð9Þ

where y is Cartesian coordinate perpendicular to the assumed rigid
plane of the groove, p(0) and p(l) the pressure at the upper and
lower end of the groove. For y = 0 and y = d, the velocity u(y) van-
ishes (non-slip condition).

The maximum velocity Umax within the groove is obtained for
y = d/2 as:

Umax ¼
pð0Þ � pðlÞ

8 ll
d2 ¼ Dp

8 ll
d2 ð10Þ

where Dp = p(0) � p(l). The mean velocity Umean within the groove
is expressed by the following equation:

Umean ¼
2
3

Umax ð11Þ

Thus by substituting Eqs. (10) and (11) and solving for Dp, the
required pressure to accomplish the groove filling is obtained as:

Dp ¼ 12 ll

d2 Umean ð12Þ

Results using the above calculations for different time steps can
be found in Table 3.

Considering the fact that the bi-film tube-like groove,
pre-existed for a significant period of time (>10 s) without any
changes, it is very unlikely that the acoustic pressure of 16.9 MPa
developed at the sonotrode tip is responsible for the observed phe-
nomenon. This pressure is still much higher than 3.9 MPa which
would be required to fill the tube at the filling time of 16.5 ls (cor-
responds to the half positive cycle displacement of the sonotrode)
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Fig. 4. Probability of three different sizes (0.5, 1 and 1.5 lm) of Al oxide pa
or even at 5 ls when the required pressure is at 12.8 MPa (Table 3).
As no changes in the contrast happened under general sonication
conditions until the cavitation bubbles appeared close to the tube,
the filling hardly happened at these time scales. Thus, the filling of
the groove would require even shorter times, less than 5 ls, corre-
sponding to pressures higher than 16.9 MPa. Such a high pressure
implies involvement of collapsing cavitation bubbles. Apparently,
the required pressure to fill the groove is within the range of pres-
sures exerted by the jet from collapsing bubbles (see Table 2). We
already mentioned, that the acting bubbles are most likely to be
those at about 200–300 lm from the entrance of the groove, as
seen by Fig. 2. The pressure delivered by the high speed
micro-jet at the inlet of the groove after the collapse of bubbles
at a distance of 300 lm from that inlet is in the range of 0.3–
46 MPa (Table 2) which, on the upper side, is enough to fill the
groove. The bubbles which implode at such distances from the
groove, entrain ambient fluid and reach the groove with a volume
flux l(x) about 10–30 times larger than the initial volume flux
l0(x) (see Table 2), which implies that also a large number of
entrained oxides are forced to enter the groove, enhancing the
increment in the number of oxides within the groove (discussed
in Fig. 3) in a shorter time.

The calculated pressures in Table 3 are in a good agreement
with the calculations in Table 2 where the required pressure for
filling the groove is in the same range with the calculations of
the hydrodynamic impact pressure delivered by the micro-jet at
the entrance of the groove, hence transport of liquid mass and
oxide particles inside the groove will occur.

Finally, we check the hypothesis about oxide particle accumu-
lation. For a certain size rs, which are determined by the Stokes
number (Eq. (13)), particles no longer move with streamlines.
Inertia (viscosity, gravity) plus the jet momentum tend to
straighten the trajectories of these particles in those points where
the stream changes its direction. As a result, the probability of a
particle being retained by the tube significantly increases. This
mechanism is called inertial impaction and is well explained in
[16,42].
.00 10.00 100.00 

s Number  

rticles precipitate into the groove as a function of the Stokes number.
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Under conditions of potential melt flow (see Table 3) within the
groove (Re = 400 � 24,000) driven by the collapse of the bubble
clouds nearby the entrance of the groove, particles will precipitate
on the filter in the groove if [16]:

Stkcr ¼
2Reqmr2

s

9qiR
2 P 0:08 ð13Þ

In the case of potential flow, the probability of a particle being
precipitated in inertial impact is determined as [16]:

Ei ¼
Stk2

ðStkþ 0:06Þ2
ð14Þ

For the critical value of Stk = 0.08 (Eq. (13)), the probability of
precipitation Ei = 0.33. Hence, only one third of inclusions with
critical and larger sizes can be accumulated by inertial impact
inside the groove.

Fig. 4 gives the probability of particles capture (Ei, Eq. (14)) in
the tube for various oxide particle sizes and Stokes numbers (Eq.
(13)). It is obvious that for Al oxide particles with a typical diame-
ter between 0.5 and 1.5 lm and for the time of filling the tube
between 50 and 1 ls which is tied up with the collapse of bubbles
(see Table 3), the precipitation percentage of particles inside the
tube varies from 13.5% to 99.2%. In particular, for smaller particles
of 0.5 lm in diameter, the precipitation percentage inside the
groove varies from 13.5% to 93.5%. For particles with a size of
1 lm the precipitation probability is higher, from 48.7% up to
98.3%; while for even larger particles of 1.5 lm in size, the precip-
itation percentage varies from 70.4% up to 99.2%. Consequently,
these results in combination with the number of collapsing events
in the frame rate window of 78 ms and the volume of melt and oxi-
des carried out by the jet inside the tube (Table 2) clearly show that
the precipitation of Al oxides inside a capillary is a process that is
tied up with the collapse of bubbles and particularly with the dis-
tance of the incoming high speed jet from the entrance of the
groove, the speed of the jet, the size of the jet and the duration
of the filling. This mechanism is also related with the ultrasonic
melt filtration [16]. Results are in a very good agreement with
the studies in [36] where the physical mechanism of particle deliv-
ery inside a capillary tube due to the action from the high speed
micro-jet was experimentally shown.

4. Conclusions

Very few studies of the ultrasonic capillary effect (UCE) in liquid
metals have been performed due to the complex nature of the
physical processes involved. This lack of real-time observations,
due to the challenges of high temperature experimentation and
opaqueness of the melts, has restricted the validation of existing
UCE theories.

In this study, the re-filling of a pre-existing oxide film tube-like
groove, with the action of ultrasound upon an Al–Cu melt was
monitored. Analytical solutions of the hydrodynamic impact pres-
sure exerted from the cavitation implosion jet and the hydrody-
namic pressures required to fill the studied groove, have shown
that the mechanism responsible for the re-filling of the groove
with the melt is the collapse of cavitation bubbles near by the
groove inlet. This is important evidence that clarifies for first time
ever the existence of UCE in liquid metals.

Additionally, during the re-filling mechanism, a secondary
effect is also revealed from the changing contrast of the X-ray syn-
chrotron images. It was shown that the concentration percentage
of oxides, that are captured in the groove during melt flow through
it, is likely to increase. The precipitation of Al oxides inside the
groove is a process related to the collapse of bubbles and particu-
larly to the distance of the incoming high speed melt jet from the
inlet of the tube-like groove, the speed of the jet, the size of the jet
and the duration of the filling. The observed phenomenon is related
to the ultrasound-assisted filtration of the melt from oxide
inclusion.
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