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Abstract

Knowledge of the kinetics of gas bubble formation and evolution under cavitation
conditions in molten alloys is important for the control casting defects such as porosity and
dissolved hydrogen. Using in situ synchrotron X-ray radiography, we studied the dynamic
behaviour of ultrasonic cavitation gas bubbles in a molten Al-10 wt% Cu alloy. The size
distribution, average radius and growth rate of cavitation gas bubbles were quantified under
an acoustic intensity of 800 W/cm?® and a maximum acoustic pressure of 4.5 MPa (45 atm).
Bubbles exhibited a log-normal size distribution with an average radius of 15.3 = 0.5 um.
Under applied sonication conditions the growth rate of bubble radius, R(¢), followed a power
law with a form of R(f)=af’, and 0=0.0021 & P=0.89. The observed tendencies were
discussed in relation to bubble growth mechanisms of Al alloy melts.
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Graphical abstract

Experimental setup and the dynamics of cavitation gas bubble growth in a liquid Al-Cu alloy
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1. Introduction

Liquid metal engineering, including the application of external physical fields, is
regarded as an important approach for the control of microstructure and the resulting
mechanical properties of many metallic materials [1-3]. Ultrasonic treatment has been
employed in solidification processing to achieve structure control [4], grain refinement [5]
and degassing [6]. Particularly, its application to light metal (Al and Mg-based) alloys has
attracted great interest recently [7]. The mechanisms of ultrasonic treatment include
formation, oscillation and collapse of cavitation bubbles; thus promoting melt degassing,
wetting and dispersion of solidification phases, including refinement of primary
intermetallics and dendrite fragmentation [5-8]. Understanding of ultrasonic cavitation
mechanisms and cavitation bubbles through experimental investigation can significantly
contribute to reducing casting defects such as porosity through effective control of the
dissolved hydrogen content [6]. In addition, such studies can provide insights on other
cavitation-related phenomena such as fragmentation and deagglomeration [8-10], and for the
validation of numerical models [9, 10].

With conventional characterisation techniques, it has been difficult to directly observe
ultrasonic cavitation in molten metals due to their opaqueness and high temperature. In recent
years, synchrotron X-ray imaging has been extensively applied to the in sifu study of
solidification [2, 11, 12], fragmentation [8, 13] and coarsening mechanisms [14], pore and
bubble growth during solidification [15, 16], and semi-solid processing [17-19]. Huang et al.
[20] recently reported measurement of the size distribution of cavitation gas bubbles in an Al-
Cu alloy melt using the synchrotron X-ray radiography whilst the current authors used it to
study the ultrasonic capillary effect in a molten metallic alloy [21]. Tan et al. [22] observed
shockwaves and flows upon cavitation in Bi-based alloys. However, the growth behaviour,

number density and underlying mechanisms of cavitation bubble have not been investigated.



Page 4 of 24

In this article we report an in situ synchrotron X-ray radiography experiment in which
we observed cavitation bubbles induced by an external ultrasound field in a molten Al-10 wt%
Cu alloy. Collected statistical data of cavitation bubbles was used to analyse their size
distribution and dynamics. The results are discussed in relation to ultrasonic melt degassing.

2. Methods

2.1. Experiments

In situ synchrotron X-ray radiography was conducted at the [13-2 Diamond-
Manchester Imaging Branchline of Diamond Light Source, UK. The experimental setup is
shown in Fig. 1(a) with key dimensions of the boron nitride (BN) crucible and furnace shown
in Fig. 1(b). A bespoke PID-controlled resistance furnace (‘Etna’) [17] equipped with an X-
ray translucent window, was integrated into the beamline to melt and contain the samples. Al-
10 wt% Cu alloy samples were pre-machined in order to fit the cavity of the crucible and

both were placed at the centre of the furnace cavity.

(b) Field of vie

Fig. 1. (a) In situ ultrasonic processing setup on Diamond-Manchester branchline. (b)
Schematic diagram of the furnace and crucible (inset is the view along X-ray beam). Main
components: I — furnace; Il — Ti sonotrode integrated with the ultrasonic processor; III —

camera.
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The crucible was machined from BN due to the material’s low X-ray attenuation
relative to the Al-Cu alloy. Its cavity was 1.00 = 0.05 mm wide (in the direction of beam
propagation), which provided reasonable imaging capability under the filtered pink beam
(mode energy ~15 keV). The alloy was melted and stabilized at 660+10 °C (~30 °C above the
liquidus). Subsequently, a Ti sonotrode with a 1 mm diameter tip, mounted on an ultrasonic
processor operating at 30 kHz (Hielscher, Germany), was immersed to a depth of ~4 mm in
the melt. The ultrasonic processor was used to generate longitudinal mechanical vibrations by
means of electric excitation (reverse piezoelectric effect). A CdWO, scintillator-coupled
pco.edge 5.5 (PCO AG, Germany) camera along with %8 optical magnification module
provided a field of view of 2.1x1.8 mm and an effective pixel size of 0.81 um. The camera
operated at 13 frames per second (fps) with an exposure time of 25 ms. The movement
(perpendicular to the travelling route of X-rays) of sonotrode was controlled using a special
designed mechanical arm with a vertical movement precision of 0.1 mm. The centre of the
viewing window was then positioned at a distance of 5.00 + 0.05 mm below the sonotrode tip
during ultrasonication. The ultrasonic processing parameters used in this work are
summarized in Table I. As a result, an output pressure of 4.5 MPa is effectively generated on

the tip of the sonotrode in the melt, calculated using the analytical model in [23].

Table I. Conditions of external ultrasound field imposed on the alloy melt.

Parameters Working specification

Driving frequency 30 kHz

Amplitude (peak-to-peak) 28 pm

Pulse-pulse mode factor 50% per second (i.e. one cycle duration: 1 s)
Acoustic power density 800 W/cm?

Processing time 44 s (i.e. 44 cycles)
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2.2. Image analysis

Cavitation bubbles were usually found to be approximately spherical, i.e., circular in
2D radiographs. Some may also be hemispherical or truncated spheres if touching or attached
to the crucible. We used an automated technique for multiple-circle detection in 2D
radiographs, based on the Circular Hough Transform (CHT) [24] to determine bubble radius.
This CHT-based approach employs a Sobel edge detector [25] to highlight sharp changes in
intensity and a thinning algorithm [26] to repeatedly remove pixels from the edges of circular
objects until they are reduced to single-pixel-wide shapes (i.e. topological skeletonisation).
This image processing pipeline was integrated into the ImageJ software package [27].

3. Results and discussion

3.1. Time-resolved radiographs

Figs. 2(a)-(d) show a series of radiographs collected via in situ synchrotron radiation
X-ray imaging while an Al-10 wt% Cu alloy melt was subjected to an imposed ultrasound
field. Note that Fig. 2 presents a local region from the bottom part of the field of view (~5-6
mm away from the sonotrode tip) where bubbles were minimally disturbed by the cavitation
zone in our observation. The gas (bubble interior) and the alloy have very different X-ray
attenuation coefficients; this produced good contrast which enabled us to identify bubbles
easily. The sonicator pulse sequence is shown in Fig. 2(g). Fig. 2(e) and (f) were generated by

subtracting (b) from (a) and (c) from (b), respectively.
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Fig. 2. Typical behaviour of cavitation bubbles under present sonication conditions (see Table

I): (a) 78 ms after the start of sonication; (b) sonication stops at 500 ms; (c) end of cycle

(1000 ms); (d) 78 ms after the start of a new cycle; (e) image difference by subtracting frame
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(b) from frame (a); (f) image difference by subtracting frame (c) from frame (b). (g)
Schematic pulse model of the sonication corresponding to radiographs from (a)-(d). Note that
the respective local regions containing bubbles marked with ‘A’ and ‘B’ are magnified for

each frame, as shown by images (a.A), (b.A), (c.A) and (a.B), (b.B), (c.B), respectively.

Fig. 2(a), (b) and (c) represent the typical appearance of cavitation bubbles in the
presence of an ultrasound field during one cycle (1000 ms). Fig. 2(a) shows the cavitation
bubbles generated in the ultrasound field shortly after the start of sonication (78 ms). Fig. 2(b)
suggests that the ultrasonication enables a steady growth of cavitation bubbles before it stops
at 500 ms. When a new cycle starts, existing bubbles disappear and new cavitation bubbles
are formed, as shown in Fig. 2(d). It is also apparent that the majority of bubbles grow
slightly in size within our observation capacity. The growth of bubbles can be observed more
clearly by detecting the movements of bubble edges and/or the changes of relative distances
between bubbles, since bubbles in this region are less disturbed by the liquid flow induced by
the sonotrode. As a qualitative example directly appearing in the images, the growth in radius
of bubbles indexed with ‘A’ and ‘B’ in Fig. 2 can be noticed clearly in their magnified
images, as shown by Fig. 2(a.A), 2(b.A), 2(c.A) and Fig. 2(a.B), 2(b.B), 2(c.B), respectively.
Additionally, the edges of the two closely positioned bubbles in the dashed box in Fig. 2(a)
overlap (in the 2D radiography images) in its sequential images in Figs. 2(b) & (c), indicating
the growth and/or movement of bubbles with time. It is measured that the radii of bubbles
marked with ‘A’, ‘B’ and ‘C’ in Fig. 2 are increased from 32+1 um to 44+1 um, from 81«1
um to 971 um, and from 1011 pm to 118£1 um as the time is progresses from 78 ms to
1000 ms (i.e. the end of the cycle), respectively. This suggests a fast initial growth within a
very short time (from the beginning of a cycle to ~78 ms) followed by relatively slower

growth during the rest of the cycle (from 78 ms to the end of a cycle).
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By subtracting image (b) from image (a), the bubble evolution under sonicating
conditions can be determined. As can be seen from the difference image in Fig. 2(e), i.e. from
the crescent shapes on one side of cavitation bubbles (indicated by solid white arrows), the
majority of bubbles increased in size, while the centre of most bubbles shifted slightly
downwards. This downward motion is assumed to be caused by pressure wave of the
sonication source, which is located above and out of the image.

Interestingly, instead of collapsing/dissolving or floating upwards to the melt surface
when sonication is ceased at 500 ms of each cycle, most cavitation bubbles stayed in their
positions and continued to grow in size until the end of a cycle at 1000 ms. We thus think that
the observed bubbles in these radiographs (Fig. 2a-d) are probably attached to the inner
surface of the crucible in most of the time of each cycle, i.e. from 78 ms to 1000 ms in each
cycle. As can be seen from the difference image in Fig. 2(f), formed by subtracting frame (c)
from frame (b), the white ring-like shapes suggest that cavitation bubbles grew in size
relatively more homogeneous as compared to those during the period from 78 ms to 500 ms
(their growth indicated in Fig. 2e) and minimal bubble motion was observed during this
period of time. Note that the image noise in Fig. 2(e) is much larger than that in Fig. 2(f) due
to the presence of the ultrasound field. It is also possible that the oxides and/or inclusions in
the melts may contribute to the image noise due to their brighter contrast relative to melts

under X-ray radiographs [21].
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Fig. 3. Sketch map of cavitation gas bubble activities under current ultrasonication (Table I): 1)
bubble generation in cavitation zone (region close to the sonotrode tip); ii) bubble travelling
downwards towards the bottom of the crucible; iii) bubble attachment onto the inner surface
of the container, some of which are located within the field of view where X-rays are passing

through the melts. A number of key dimensions are indicated.

As demonstrated in Fig. 3, we can hypothesize that the following sequence of bubble
activities might have happened in a sonication cycle under current sonication conditions
(Table I): 1) cavitation gas bubbles were generated in cavitation zone just below the sonotrode
tip; i) bubbles then grew rapidly to near the observed size due to the ultrasonication within a
very short time (<< 78 ms in this work). In the meantime, these bubbles were transported

downwards towards the bottom of the crucible by acoustic streaming/fluid convection, some

10
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of which travelled into the cavity of the crucible; iii) bubbles then attached to the inner
surface of the crucible or internal oxidation layer between melt and crucible, some of which
were located within the field of view where X-rays are passing through the melts. The above
three steps should last no longer than 78 ms after the starting of sonication as the bubbles
stabilized within the first radiography of a cycle (see Fig. 2a). After that, bubbles grew in size
relatively slow during the period of 78 ms to 500 ms due to the rectified diffusion of
dissolved hydrogen into the bubble caused by ultrasonication [7, 28], and continued to grow
in size even when the sonotrode was static in a cycle (from 500 ms to 1000 ms). We
hypothesize that the growth of bubbles attached to the surface of the container at this stage
(500 ms to 1000 ms) is probably due to the hydrogen diffusion through/along the crucible
wall into the bubbles. The natural growth of bubbles due to the gas diffusion in the absence of
ultrasonic field has also been observed in water [28]. Thus, it seems that under these
particular ultrasonication conditions (Table I), cavitation zone was restricted to the region just
below the sonotrode tip and the observed cavitation gas bubbles in this work (e.g. those
shown in Figs. 2a-d) are probably attached on the surface of container hence not floating up
or collapsing/dissolving. The formation of gas bubbles (porosities) on the surface of sample
contained in the BN crucible during solidification has also been reported in the literature [29].

It should be noticed that there are some bubbles would be generated elsewhere in the
melts other than the close vicinity of sonotrode tip. One example is shown by the bubble
marked with ‘1’ in Fig. 5, which will be discussed in detail in the following section. This
bubble nucleates and grows in radius at a distance of about 5 mm below the sonotrode tip in
the melts, which is within the field of view of X-rays. It is worth mentioning that this kind of
bubbling event appears to be relatively rare as compared to the majority of bubbles. This is
probably due to the small size of the crucible used in this study, within the melts the

formation of standing ultrasound waves and the location of a bubble close to the anti-nodes

11
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(regions of maximum pressure) are unlikely because the sound wavelength in liquid Al at 30
kHz is about 15.7 cm [30, 31]. Hence, despite a high pressure close to the sonotrode tip, the
bubbles observed at a distance (e.g. a region of field of view that is 5 mm below the
sonotrode tip) actually experienced only small pressure oscillations. Additionally, there
maybe also some bubbles formed due to the air entrapment as the surface/volume ratio in the
small synchrotron samples is very larger compared to the commercial practice [30, 31].
Hydrogen is the only known gas with a measureable solubility in molten aluminium
or its alloys [32, 33], and when the local pressure is altered or supersaturation conditions are
met, gas bubbles can form, mostly on existing substrates in the melt [6, 7, 34], that grow due
to the rectified diffusion of dissolved hydrogen into the bubble [6, 7, 28]. When an external
force is applied, e.g. via ultrasound, and cavitation conditions are met above the threshold
acoustic pressure amplitude, a bubble of a given size will form and grow, while smaller
bubbles will tend to dissolve by diffusing gas back into the melt [6, 7, 35] that might be
happened for some bubbles (not attached to the crucible surface) above the field of view in

this experiment.

3.2. Growth patterns of cavitation gas bubbles

Cavitation is a multi-scale and multi-physics phenomenon [7, 9, 10, 36, 37]. It
includes many elementary processes such as bubble nucleation, growth, collapse,
travelling/movement, and so on. In this section, we quantify the size growth of cavitation gas
bubbles in the liquid Al-10 wt% Cu alloy under external ultrasound field and investigate the
underlying mechanisms of their growth.

It is known that a cavitation bubble can expand its initial size during most of the
negative pressure portion of the ultrasound field, approaching a maximum bubble radius, and
then contract rapidly and eventually collapse in the succeeding compression phase (the whole

time period being a few tens of microseconds [7, 8, 20]). Calculations based on the Minnaert

12
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equation [38] for the current processing condition suggest that cavitation gas bubbles in
liquid Al can collapse if they reach a critical size (i.e. the resonance size) around 60-70 pm in
radius, providing the acoustic pressure is sufficiently high [21, 39]. However, the intensity of
the acoustic field may not be sufficient to drive the majority of bubbles to collapse, if 1) the
position of bubbles is relatively far away from the ultrasonic source and outside the cavitation
zone, ii) regular collapses are prevented by the large surface tension (o), i.e. the pressure
inside the bubble (P,) is higher than that in the liquid (#;) immediately adjacent to the bubble
(Laplace pressure, P, — P; = 20/R) [40], and iii) bubbles are stabilized by attaching to the
surface of the container.

Fig. 4(a) shows the measured radii of 10 representative bubbles as a function of time
(1) within one cycle. Log-log axes are used as it is common while presenting growth
behaviour of gas bubbles in liquids [15, 16, 41]. Slightly different growth rates are observed
for different gas bubbles that have different initial radii at the time of 78 ms (at which the first
radiograph of a cycle was taken). Fig. 4(b) gives the gas bubble growth statistics as a function
of time obtained from 130 different measurements. The normalized bubble radius Rporm
increases with time within each cycle following a power relation: Ruorm(?)=0", with 0=0.0021
and $=0.89 (78 ms < ¢ < 1000 ms). The normalized bubble radius is defined as Rporm=(R—
Ruin)/(Rmax—Rmin), Where Rpin and Rpy.x are the minimum and maximum radii of bubbles
within each cycle. The regression coefficient R°=0.94 obtained from the fitting process

suggests a reasonable correlation.
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Fig. 4. Cavitation gas bubble growth: (a) radii of cavitation bubbles (R) vs time (f) of 10
representative cases; (b) normalized radii of cavitation gas bubbles (Rnom) as a function of ¢
for 130 different measurements. The average growth rate of bubble radii is suggested by a
power relation: Rnom(£)=0.0021x/"* (78 ms < ¢ < 1000 ms), as indicated by the solid blue

line. The ultrasound pulse mode is indexed in (a).

According to the literature [8, 20, 42] the typical period of time for a single oscillation
of an aluminium cavitation bubble with a maximum radius of ~100 um is in the order of ~50
us, predicted using the classical Gilmore model [7, 8, 20, 42]. The captured bubbles in each
frame in this work might have already experienced a few hundred oscillations if not

imploding since the exposure time used in this work is 25 ms, followed by attaching to the

14
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container surface. This cavitation activity could be considered as ‘stable cavitation’ in terms
of lifetime according to Leighton’s definition [43], in which case the observed cavitation
bubbles exist at relatively low ultrasonic intensities (the acoustic intensity is 800 W/cm” at
the tip of the transducer but this intensity quickly dissipates inside the cavitation zone and
attenuates in the melt [23]), and oscillate for many acoustic cycles with increasing radius
before reaching their maximum size followed by their dissolution, implosion or flotation if
not touching the container.

It is interesting to note that during first 78 ms of a cycle the radii of bubbles were
scattered across a range from ~10 um to ~100 pum (see Fig. 2a and 4a). This indicates
significantly different growth rates of cavitation gas bubbles at their initial stage (1 < 78 ms)
as compared with later stages (78 ms < ¢ < 1000 ms). This could be due to the inhomogeneity
of pressure fluctuation in the liquid melts and the migration of bubbles from the active
cavitation zone (just below the sonotrode’s tip surface) downwards.

Thus, the average growth in the later stages of gas bubbles (originated from the
cavitation zone, travelled downwards and then attached to the container inner surface) is

described by a power relation Ryem(#)=0.0021x"%

(78 ms < ¢t < 1000 ms) under the current
ultrasonication conditions (Table I). In contrast, we also observed that some bubbles behaved
differently. Fig. 5 exhibits such a case where evolution in time of a single cavitation gas
bubble (bubble ‘1’ shown by white arrows in the dashed boxes) is traced from a series of
radiographs (within one sonication cycle, 1.0 s). Fig. 5(a) is taken before the nucleation of
this bubble. Fig. 5(b) indicates that the growth process of this bubble has been started and is
represented by the light dotted area in the top left region of the existing stable bubble (white
arrow) but assumed to be behind/in front in the direction into the page. The bubble rapidly

grows until the end of the cycle, with a relatively faster growth rate as compared to the

majority of bubbles during most of time of a cycle, as seen in Fig. 5(c) & (d).

15



Page 16 of 24

Fig. 5. Nucleation and fast growth of a single cavitation gas bubble: (a) just before nucleation;
(b) <78 ms after the nucleation process starts and is represented by the light dotted area on
top left region of the bubble’s periphery (white arrow); (c) in growth process; (d) the end of

growing process at the end of cycle (1.0 s).

We also observed bubble size reduction and even shape change, such as bubble ‘2’
indicated by the red arrows. We think that this is probably due to dissolving of bubble 2’
with the release of hydrogen into the melt. The radius of bubble ‘2’ is measured to be ~20+1
um at 78 ms (see Fig. 4a) and ~14+1 pum (an equivalent radius due to the slightly irregular
bubble shape) at the end of cycle (see Fig. 4d). The size of the bubble is much smaller than a
calculated value ~65 um — the resonance size of a hydrogen gas bubble in the liquid Al-10 wt%
Cu alloy under current experimental conditions according to the calculation method described
in Ref. [38]. It is known that bubbles smaller than the resonance size tend to dissolve into the
melt [35], increasing the local hydrogen concentration in the melt and providing additional

stimulus (via gas gradient) for the growth of larger cavitation bubbles.
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3.3. Size distribution of gas bubbles
Fig. 6(a) shows the statistical size distribution of gas bubbles obtained from 44

radiographs (the first frames of 44 cycles) of X-ray images with full field of view (2.1x1.8
mm). A log-normal distribution of bubble radii is suggested by a fitted curve. It can be seen
that the cavitation bubble radius ranges mainly from 10 pm to 80 pm. The inset in Fig. 6(a)
shows that cavitation gas bubbles with larger radii (>80 pm) constitute only a few percent in
the statistical distribution of number density, but do represent a larger fraction of the bubble
volume. The average radius of gas bubbles is 15.3+0.5 pm at the time of 78 ms. In an earlier
work by Huang et al. [20], the average size of cavitation bubbles in Al-10 wt% Cu melts was
measured to be 30-50 um. The finer average bubble size in this study is mostly due to the
difference in the driving frequency. In ref. [20], a frequency of 20 kHz was used in contrast to
the current study where the frequency was 30 kHz. The size of the bubbles is mostly related

to the frequency with a higher frequency producing finer bubbles [40, 43].
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Fig. 6. (a) Cavitation bubbles size distribution obtained from the X-ray image series at 78 ms
of each cycle. A lognormal size distribution is suggested (blue line). The inset is the
enlargement of the tail of the distribution indicated by the dashed box; (b) bubble number

density, N,.

The bubble number density per unit volume, N, (mm™) generated in a specific volume
melt was re-calculated from 2D images and shown in Fig. 6(b). Under present ultrasonication
conditions (Table I), the possibility of finding 30 bubbles in 1 mm’ of the liquid Al-10 wt%

Cu alloy in each time step of 78 ms is around 32%, while the chance of finding 30-60 bubbles
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in 1 mm’ under current conditions is around 80%. These results are significant as they can be

used for validation and further improvement of existing numerical models.
4. Conclusions

We used in situ synchrotron X-ray radiography to reveal ultrasound cavitation and
bubble dynamics in a molten Al-10 wt% Cu alloy. Stable cavitation was observed at a driving
frequency of 30 kHz, acoustic intensity of 800 W/cm® and a maximum acoustic pressure of
4.5 MPa (45 atm). The majority of bubbles formed and grew rapidly within very short time
(<<78 ms) after the start of sonication. Bubbles then travelled downwards by acoustic
streaming/fluid convection and some of these bubbles attached on the container surface
within the first captured frame (78 ms), followed by a power law growth until the end of each
cycle (1000 ms). The average growth is represented by a relation: R(f)=as® with 0=0.0021 and
B=0.89 (78 ms < ¢ < 1000 ms). The observed bubble kinetics is typical of ultrasonic degassing
mechanism which is a process strongly related with rectified diffusion. Statistical
considerations show that cavitation gas bubbles exhibit a log-normal size distribution with
average radius of 15.3 £ 0.5 pum for this particular experiment. The number density of
cavitation bubbles was also quantified for the first time in liquid Al and found that the
possibility of finding 30-60 bubbles in 1 mm® alloy melts was around 80% under the applied
sonication conditions.
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