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on the ultrasonically agitated Al substrate 

Zhengwei Li , Zhiwu Xu *, Peng He *, Zhongwei Ma , Shu Chen , Jiuchun Yan 
State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin 150001, China   

A R T I C L E  I N F O   

Keywords: 
Wetting 
Cavitation 
Spreading 
Acoustic pressure 
Bubble dynamics 

A B S T R A C T   

The cavitation characteristics during the spreading of a pure Sn liquid droplet subjected to ultrasonication were 
studied for the first time through high-speed photography to reveal the wetting mechanism. Ultrasonic vibration 
realized the spreading of Sn droplet on the nonwetting pure Al substrate. However, the oxide layer of the sub-
strate at the spreading front is difficult to remove. The high-speed photography result shows that a noncavitation 
region consistently appears at the spreading front, because the acoustic pressure is below the cavitation threshold 
of 1.26 MPa. In particular, the width of the noncavitation region gradually increases as the size of the spreading 
area increases. Such a result accounts for the condition wherein the oxide layer at the spreading front is difficult 
to remove. Furthermore, the bubble density during spreading gradually decreases due to the decreased acoustic 
pressure of the thinned liquid. Finally, the bubble dynamics were calculated to verify the wetting mechanism.   

1. Introduction 

Ultrasonic melt processing has attracted considerable research in-
terest and has extensively been used in various industries [1,2]. One 
important application of ultrasonic melt processing is ultrasonic-assisted 
soldering [3]. During this process, a solder droplet spreads on a substrate 
and wets it within an extremely short time [4]. Wetting is realized by 
removing the oxide layer on the surface of the substrate [5]. Since its 
first development, ultrasonic-assisted soldering has been successfully 
used to join various types of materials, such as Al alloys [6,7], Mg alloys 
[8], Ti alloys [9], ceramics [10,11], and sapphire. However, the mech-
anism of oxide layer removal via ultrasonication remains unclear. 

Related to the above, the fundamental mechanism underlying this 
process is acoustic cavitation [12]. During ultrasonic-assisted soldering, 
the sonotrode generates high-frequency oscillations in the solder; this 
condition can result in the nucleation, growth, oscillation, collapse of 
cavitation bubbles, and acoustic streaming [13–15]. The collapse of 
cavitation bubbles give rise to various unique phenomena, such as local 
extremely high temperature, high pressure, microjet, and shock wave 
[16–25]. Such phenomena can rapidly remove the oxide layers on the 
surface of the substrate [26–28]. 

Given this background, studying the cavitation characteristics of 
liquid solder is of great importance [29,30]. However, the main phe-
nomena and mechanisms of acoustic cavitation within liquid metals 

remain unclear. The direct observation of the cavitation characteristics 
inside liquid metals is extremely difficult due to the opacity of these 
metals. In recent years, some researchers have applied synchrotron X- 
ray imaging to observe the cavitation characteristics in liquid metals 
[31–38]. Huang et al. [31] observed the cavitation characteristics inside 
Al-10Cu liquid and reported that the cavitation bubbles are approxi-
mately one order of magnitude larger than those found in aqueous so-
lutions due to the high acoustic pressure in the aluminum melt. Xu et al. 
[32] found that the cavitation bubbles inside Al-10Cu liquid have an 
average size of approximately 15.3 ± 0.5 μm. Wang et al. [35] studied 
the bubble variation process inside Bi-8Zn liquid and observed shock 
waves after bubble collapse. However, synchrotron X-ray imaging 
technology has several drawbacks. First, it is usually operated at several 
dozens of frames per second (fps) [31,38]. Low fps rates cannot accu-
rately record the changes in cavitation bubbles within one acoustic 
period (T) (the ultrasonic frequency is usually higher than 20 kHz), 
because most cavitation bubbles have lifetimes shorter than 1 T [39]. 
Thus far, only Mi’s group has achieved ultrafast synchrotron X-ray im-
aging (up to 271,554 fps, such high image acquisition rate is the fastest 
X-ray imaging beamline in the world [36]) on the dynamics of ultrasonic 
bubbles and acoustic flow in liquid metals as well as their effects on the 
solidification microstructures [35,37]. Second, the images acquired by 
synchrotron X-ray imaging reflect the superimposed images of all cavi-
tation bubbles in the liquid obtained along a specific direction [37]. 
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Thus, the details of the nucleation, growth, and collapse of a single 
bubble are difficult to acquire. Third, the liquid metal used during 
synchrotron X-ray imaging technology has to be thin enough to induce 
good penetration of the X-ray. This particular experimental setup makes 
it different from the actual wetting/welding process. 

High-speed photography can obtain high quality images at extremely 
high frame rates; thus, it is a promising method that can be used to re-
cord changes in cavitation bubbles over extremely short times [40,41]. 
Moreover, high-speed photography can record the cavitation charac-
teristics on a specific surface, thus providing a clear description of the 
evolution behavior of cavitation bubbles. During ultrasonic-assisted 
soldering, the cavitation bubbles that collapse near the solid substrate 
can help remove the oxide layer [42–44]. If we put a solder droplet on a 
transparent glass, the specular reflection at the solder/glass interface 
allows us to observe the cavitation characteristics at the solid/liquid 
wetting interface. This process can perfectly reveal the wetting mecha-
nism caused by the cavitation bubbles. 

In the current work, we aimed to reveal the wetting mechanism by 
observing the cavitation bubble characteristics at the solder/substrate 
interface through high-speed photography during the droplet spreading 
process. The cavitation characteristics and variation process were 
studied and then correlated by acoustic pressure simulation. This work 
provides a detailed analysis of the wetting mechanism of liquid solders 
on a substrate during ultrasonic-assisted spreading. Thus, the findings 
may be used as a reliable reference for future research on the mechanism 
of ultrasonic melt processing and cavitation. 

2. Experimental 

Pure Al sheet measuring 90 mm × 40 mm × 3 mm was selected as the 
substrate. A pure Sn droplet with a diameter of approximately 6 mm was 
placed on the pure Al substrate before ultrasonication. A UPM-U- 
P1010A01 ultrasonic system with a frequency of 20 kHz (here, T re-
fers to one acoustic period, which is 50 µs) and maximum rated power 
(Pm) of 1000 W was used. The system was operated under three output 
power modes: 1/3 Pm (Mode I), 2/3 Pm (Mode II), and Pm (Mode III). 
The sonotrode was kept in place against the substrate by its own weight. 
The pure Sn droplet was heated to 250 ◦C, after which the ultrasonic 
vibration was turned on. The ultrasonic time was set to 1 s. After 
spreading, the microstructure at the Sn/substrate interface was studied 
on a Zeiss scanning electron microscope (SEM) to investigate the wetting 
condition. 

The cavitation characteristics during the spreading of the pure Sn 
droplet were studied to reveal the wetting mechanism. Therein, a square 
groove was machined at the right side of the substrate, and a transient 
glass slide was placed in this groove to observe the cavitation charac-
teristics (Fig. 1). The pure Sn droplet with the same diameter was 

manually placed at the center of the glass. During the spreading of the Sn 
droplet, the cavitation characteristics were recorded with a high-speed 
camera (Phantom VEO 719L) equipped with a macro lens (CANON 
MP-E 65 mm f/2.8 1–5x). The camera was assembled below the glass 
slide to observe the droplet spreading and the resulting cavitation 
bubbles. A high-intensity light source was used to provide sufficient 
light to the observation region. Images were obtained at an acquisition 
rate of 5000 fps (1280 × 800 pixels) for general spreading process. 

3. Results 

3.1. Spreading of Sn droplet on a nonwetted Al substrate 

Fig. 2a shows the cross section of Sn droplet on the Al substrate after 
ultrasonic-assisted spreading for 1 s. The ultrasonic successfully realizes 
the spreading of the Sn droplet on the aluminum plate. The contacting 
angles at the spreading fronts are 113◦ and 147◦, indicating that the 
spreading is realized under a nonwetting condition. The spreading 
radius also reached 13 mm within 1 s, showing an extremely fast 
spreading velocity. The rapid spreading behavior of the solder droplet 
on nonwetting substrate under ultrasonication was introduced in detail 
in one of our studies [45], but was not discussed in detail here. Fig. 2b 
shows the microstructure at the solder/substrate interface at the 
spreading front, and as can be seen, the oxide layer remains intact. Such 
a result indicates that no cavitation occurs at the spreading [46] front. 

Meanwhile, Fig. 2c shows the interface adjacent to the spreading 
front. As shown in the figure, discontinuous erosion pits are observed. 
The oxide layer floats above the erosion pits due to the undermining. 
Small cracks are observed above the erosion pit (as shown in the 
enlarged figure). Fig. 2d shows the microstructure near the spreading 
center and indicates the presence of continuous erosion pits. Further-
more, the oxide layer is obviously broken, and discontinuous oxide 
fragments float above the erosion pits. However, the oxide layer is 
incompletely removed due to the relatively short ultrasonic time. 

The removal of oxide layer at the interface mainly depends on the 
cavitation of the solder. Thus, studying the cavitation at the wetting 
interface is extremely important in revealing how the wetting process 
occurs. The cavitation at the wetting interface was studied by using 
high-speed photography, and numerical simulations were conducted in 
the follow-up work. 

Fig. 1. Schematic of the cavitation recording experiment.  

Fig. 2. Spreading of pure Sn droplet on pure Al substrate: (a) cross-section of 
the Sn droplet after spreading, (b) region b, (c) region c, and (d) region d. 
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3.2. Cavitation characteristics at the wetting interface during spreading 

Fig. 3 shows the process of cavitation evolution during ultrasonic- 
assisted spreading. Here, the ultrasonication power was Mode II, and 
the images were obtained at an acquisition rate of 5000 fps. The Sn 
droplet presents a circular shape after melting on the glass at 0 s. The 
relative white region is the oxide layer on Sn droplet. This oxide layer 
can block the view and prevent the observation of the cavitation bubble 
in the Sn droplet. A period longer than 0.5 s is needed to remove such 
oxide layer. Cavitation bubbles can only be observed after the oxide 
layer is completely removed. 

Numerous tiny cavitation bubbles and several large bubbles are also 

observed at 0.7798 s. These tiny bubbles form a cavitation cluster. A 
large cavitation cloud is observed at 0.798 s, along with some large 
bubbles. The bubble density gradually decreases with the increase in 
time, and large and tiny bubbles are observed during the whole time. 
The cavitation intensity remarkably decreases after 4 s, after which only 
a small number of cavitation bubbles are observed at 4.0746 s. The 
continuous generation and collapse of these cavitation bubbles produce 
a series of extreme and distinct phenomena in which the oxide film on 
the substrate is removed and the wetting of the solder to substrate is 
realized. Fig. 3 shows that the spreading area of the droplets gradually 
increases, whereas the cavitation intensity decreases with time during 
the spreading process of the droplet. 

Meanwhile, Fig. 4 shows the spreading diameters of the droplets at 
different times using different ultrasonic powers. As can be seen, all the 
droplets spread rapidly during the first 0.1 s of ultrasonication, and the 
spreading velocity gradually decreases with time. Slow spreading is 
observed after 1 s, while large spreading diameters are obtained at high 
ultrasonication powers. A spreading diameter of 6.62 mm is achieved at 
0.1 s at Mode I, and this value increases to 7.22 mm at Mode III. Simi-
larly, a spreading diameter of 7.42 mm is achieved after 4 s of ultra-
sonication, and this value increases to 7.97 mm when using 
ultrasonication power of Mode III. Furthermore, Fig. 3 shows that high 
bubble densities can be obtained at the early-spreading stage. 
Combining the data shown in Figs. 3 and 4, we can conclude that fast 
solder spreading is always accompanied by strong cavitation effects and 
that droplets spread slowly under decreased cavitation intensities. This 
phenomenon can be attributed to a decrease in acoustic pressure at the 
late-spreading stage, which is discussed in the following sections. 

Fig. 5 shows the cavitation characteristics of the droplet as it spreads 
under varied ultrasonic powers, resulting in different spreading speeds 
that, in turn, lead to different liquid thicknesses. Different acoustic 
pressures and cavitation characteristics can be obtained under such 
conditions. As shown in Fig. 5a, a few single bubbles are observed at 1 s, 
and the size of these bubbles is extremely small at Mode I. The bubble 

Fig. 3. Cavitation characteristics at different times during the ultrasonic-induced spreading of pure Sn droplet.  

Fig. 4. Droplet diameters during spreading under different ultrasonic 
power modes. 
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density gradually decreases with the increase in time. Only several 
bubbles are obtained at 1.5 and 2 s. Fig. 5b shows the cavitation char-
acteristic using Mode II. Compared with those in Mode I, cavitation 
bubbles are larger in size and greater in number after using Mode II. 
Accordingly, more bubbles than those observed at Modes I and II are 
generated at the glass/droplet interface when the ultrasonic power is 

Mode III. A bubble cluster is also observed at 1 s. Similar to those 
observed using Modes I and II, the bubble density gradually decreases 
with the increase in time. The results in Fig. 5 demonstrate that 
increasing the ultrasonic power remarkably enhances the cavitation 
intensity. 

A noncavitation region can be observed at the spreading front during 
the entire spreading process, as shown in Fig. 3. The contour recognition 
of the cavitation and noncavitation regions was manually marked based 
on the droplet morphology observed by the high-speed camera. The 
noncavitation region can be observed under all power modes (Fig. 5). 
The results shown in Figs. 3 and 5 reveal that the widths of the non-
cavitation regions gradually increase with the increase in the size of the 
spreading area. Meanwhile, Fig. 6 shows the widths of the noncavitation 
regions under different ultrasonic powers. Three main conclusions can 
be obtained. First, the noncavitation region has a large width when 
using low ultrasonic powers; however, this decreases with the increase 
in ultrasonic power. Second, the width of the noncavitation region 
gradually increases with time. Third, the widths of the noncavitation 
region under ultrasonication of Mode I show unstable variation. As re-
ported, the oxide layer removal mainly depends on the collapse of 
cavitation bubbles during ultrasonic-assisted spreading. Therefore, the 
oxide layer on the substrate cannot be eliminated at the noncavitation 
region, as shown in Fig. 2. 

Fig. 5. Cavitation characteristics under different ultrasonic power modes: (a) I, (b) II, and (c) III.  

Fig. 6. Widths of noncavitation regions under different ultrasonic 
power modes. 
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4. Discussion 

4.1. Vibration and acoustic pressure simulation 

The cavitation intensity is closely related to the vibration on the 
substrate surface [39]. Specifically, stronger vibrations on a substrate 
surface lead to stronger cavitation effects in the liquid. Here, we simu-
lated the vibrations on the substrate surface by ANSYS. A solid model is 
established by ANSYS APDL 15.0 and meshed by the Brick 20 Node 186 
unit at 1 mm intervals. The same parameters applied to the cavitation 
recording experiment were used during the simulation. The ultrasonic 
vibration was applied on the left side of the substrate (marked by the 
dotted circle). The corners of the substrate remained fixed. The calcu-
lation was convergent during the calculation. Fig. 7 shows the surface 
vibration characteristics of the pure aluminum substrate at Mode I (i.e., 

Harmonic analysis) and shows the stable vibration condition after 
applying the ultrasonic vibration. Different colors represent various vi-
bration amplitudes. The vibration on the substrate surface is distributed 
symmetrically around the X-axis. The weakest vibrations are experi-
enced by the area near the sonotrode because this area tightly contacts 
the latter. In comparison, the strongest vibrations are experienced by the 
sheet edge, which has less constraint. The vibration amplitudes along 
the dotted line are extracted and analyzed because the liquid droplet 
spreads along this line. 

Fig. 8 shows the amplitudes along the vibration extraction line using 
different ultrasonic powers. As can be seen, the amplitude first de-
creases, increases, and further decreases from the left to the right side. 
The maximum amplitude of 10.2 µm is obtained when using Mode I. 
Higher ultrasonic power results in stronger vibration. The maximum 
amplitude increases to 13.0 and 17.0 µm when using Modes II and III. At 
the same time, a region with extremely low vibration amplitude is found 
at 4.6 mm from the left side of the observation window. The low vi-
bration amplitude in this region does not produce low acoustic pressure 
and low bubble density. Details of this phenomenon were discussed in 
one of our studies [47]. 

A geometric model with a diameter of 20 mm × 10 mm was estab-
lished on GAMBIT software prior to the simulation of acoustic pressure. 
The model was then meshed with a grid width of 0.1 mm, and the 
boundary conditions were defined. As marked in Fig. 9a, the left and 
right surfaces of the model were defined as walls. The lower surface and 
upper surface were defined as a vibratory wall and a pressure outlet, 
respectively. The model was loaded in FLUENT for calculation. Vibra-
tions that were extracted from the results shown in Fig. 8 were applied to 
the bottom surface of the model during the calculations. The parameters 
applied during the calculation are as follows: surface tension of pure Sn, 
0.556 N/m; density of pure Sn, 7.31 g/cm3; viscosity of pure Sn, 2.64 ×
10-3 Pa∙s; contact angle between Sn and substrates, 130◦; and surface 
roughness of the substrate, 0.0015 mm. The droplet was assumed to 
have a semicircular morphology with a diameter of 6 mm, as shown in 
Fig. 9b. In the figure, the atmospheric environment is in red and the Sn 
liquid is in blue. 

4.2. Droplet spreading process 

Fig. 10 shows the spreading morphology and acoustic pressure fields 
of the droplet within 60 T. Here, the ultrasonication power is Mode II. At 
1 T, the droplet just spreads, and its initial semicircular morphology is 
retained (Fig. 10a). The internal acoustic pressure of the droplet has a 
positive value, and the maximum value of 1.60 × 106 Pa is obtained in 
the droplet center (Fig. 10b). Fig. 10c shows the spreading morphology 
at 10 T. The droplet spreads to a radius of approximately 7.1 mm. 
Fig. 10d shows the acoustic pressure field at 10 T. Compared with that 
shown in Fig. 10b, the droplet spreading leads to thinner liquid, which 
then decreases the acoustic pressure to 1.43 × 106 Pa. The droplet shows 
obvious spreading at 30 T, and the spreading diameter increases to 8.1 

Fig. 7. Vibration conditions on the surface of pure Al using Mode I (unit m).  

Fig. 8. Amplitudes on the substrate surface under different ultrasonic 
power modes. 

Fig. 9. Simulation system: (a) boundary conditions and (b) initial state.  
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mm (Fig. 10e). The acoustic pressure inside the droplet decreases to 
1.42 × 106 Pa with its further spread (Fig. 10f). The spreading diameter 
increases to approximately 10 mm at 60 T (Fig. 10g), after which the 
pressure at the droplet center decreases to 1.40 × 106 Pa (Fig. 10h). 

Some important information can be obtained from Fig. 10. First, the 
acoustic pressure gradually decreases with the spreading of the droplet. 
This phenomenon corresponds well with the results obtained in Fig. 2, 
that is, the cavitation intensity decreases gradually with the spreading of 
the droplet. The decreased acoustic pressure due to the spreading of the 
droplet well explains the phenomenon in which the width of the non-
cavitation region gradually increases with time. The acoustic pressure at 
the late spreading stage is lower than that at the initial spreading stage 
due to thinner liquid. Accordingly, the acoustic pressures in more 

regions are below the cavitation threshold after the droplet spreads. 
Second, the peak acoustic pressure is obtained at the droplet center and 
gradually decreases outward from this region. This pressure gradient 
facilitates the outward flow of the liquid and realizes the spreading 
process of the droplet [45]. 

Fig. 11 shows the acoustic pressure near the solder/substrate inter-
face (0.01, 0.0001) within 3 T, using different ultrasonic powers. The 
result shows that higher acoustic pressure can be obtained when using 
higher ultrasonic powers. In particular, the maximum pressure is 2.38 
MPa when using Mode I, and this value increases to 3.86 and 5.45 MPa 
when Modes II and III are used, respectively. Higher acoustic pressure 
always results in stronger cavitation. Thus, the acoustic pressure varia-
tion in Fig. 11 corresponds well with the results in Fig. 5, that is, the 

Fig. 10. Droplet morphology and pressure field at 1 T (a and b, respectively), 10 T (c and d, respectively), 30 T (e and f, respectively), 60 T (g and h, respectively) at 
Mode II. 
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cavitation intensity increases when using higher ultrasonic power. The 
phenomenon in which the widths of the noncavitation regions decrease 
with the increase in ultrasonic power can be explained by the acoustic 
pressure results. As introduced in Fig. 11, higher acoustic pressure can 
be obtained at the same thick liquid when using higher ultrasonic power. 
This result indicates that more region of the liquid reaches the cavitation 
threshold, resulting in cavitation. Thus, narrower noncavitation regions 
can be obtained when using higher ultrasonic power. 

4.3. Noncavitation at the spreading front 

Figs. 5 and 6 show that a noncavitation region exists at the spreading 
front during spreading. A previous study has reported that cavitation is 
closely influenced by the acoustic pressure inside a liquid [46]. A certain 
pressure inside the liquid, known as the cavitation threshold, must be 
overcome to initiate cavitation. In this study, the acoustic pressure from 
the droplet center to its spreading front was extracted and analyzed to 
investigate the phenomenon of noncavitation. Fig. 12 shows the 
spreading morphology and acoustic pressure field inside the droplet at 
1000 T. As can be seen, the droplet shows obvious spreading at the 
three-phase interface (Fig. 12a), and the width of the noncavitation 
region at this point is 0.7 mm. Fig. 12b illustrates that the acoustic 
pressure inside the solder droplet has a positive value and that the 

pressure gradually decreases from the center of the droplet to its 
exterior. 

Fig. 13 shows the acoustic pressure and phase extracted from the 
droplet center to the spreading front (marked by the dotted line in 
Fig. 12b). As shown in Fig. 13, pressure gradually decreases from the 
droplet center to its spreading front and becomes stable in the atmo-
sphere. The air phase ratio is 0 in the droplet and 1 in the atmosphere. 
These findings, combined with the spreading morphology and data in 
Figs. 12a and 13, reveal that the spreading front is located at approxi-
mately x  = 15.7 mm. In addition, the width of the noncavitation zone at 
the droplet front is approximately 0.7 mm. Therefore, x  = 15.0 mm 
must be the edge of the cavitation zone, that is, the acoustic pressure at 
this point can be assumed to be the cavitation threshold of the pure Sn. 
Therefore, the sound pressure at x  = 15.0 mm is 126,396 Pa. 

To verify the cavitation threshold, we recorded the widths of the 
noncavitation regions and compared them with the simulation results. 
Fig. 14a shows the experimental and simulation results of the non-
cavitation regions at different spreading diameters. The data obtained 
by simulation corresponds well with those obtained by experiment, thus 
proving that the proposed method has high accuracy and credibility. In 
particular, the widths of the noncavitation regions show a linear rela-
tionship with the spreading diameter of the droplet. During spreading, 
the droplet can be divided into a cavitation region at its center and a 
noncavitation region at its surface. The acoustic pressure at the interface 
of the two regions is the cavitation threshold, which is 126, 396 Pa. 

In addition, Fig. 14b–14e show the spreading morphologies obtained 
by simulation and experiment. During simulation, a noncavitation re-
gion with a width of 0.6 mm emerged at the spreading front when the 
droplet spread to 7.5 mm. This result corresponds well with the cavi-
tation characteristic recorded by the high-speed camera, indicating the 
presence of a 0.62 mm-wide noncavitation region (Fig. 14b). Similarly, a 
1 mm-wide noncavitation width is observed in the simulation when the 
droplet spread to 9.3 mm. The experiment results reveal that the non-
cavitation region is approximately 0.92 mm at this moment (Fig. 14c). 
When the droplets spread to 11.9 and 15.3 mm, the noncavitation re-
gions obtained through simulation are also well proven by the experi-
ment results (Fig. 14d and e, respectively). 

4.4. Bubble dynamics calculation 

Fig. 15 shows the acoustic pressures at the point (0.01, 0.0001) near 
the solder/substrate interface in the droplet within 5 T at different 
spreading stages. As can be seen, the acoustic pressure at different 
spreading stages all presents sine-like morphologies. We fitted the 
acoustic pressure variation curves using Origin software. The acoustic 
pressure equations inside different channels are listed as follows:  

Fig. 11. Acoustic pressure within 3 T using different ultrasonic powers.  

Fig. 12. Spreading morphology (a) and acoustic pressure field (b) at 1000 T.  

Fig. 13. Phase and pressure at the extraction points at 1000 T.  
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The acoustic pressure equations at different times are expressed as 

P = Px +Py × sin[2πf (x − x0) ], (3)  

where P is the acoustic pressure inside the solder (whose unit is Pa), Py is 
the amplitude of the pressure variation, Px is the offset of the pressure 
equation, f is the frequency, and x0 is the initial phase of the fitted curve. 
The result shows that f is consistent with that of the applied ultrasonic, 
which is 20 kHz. 

As indicated in Eqs. (1) and (2), the maximum acoustic pressure 
during 55–60 T is 3.86 MPa. The acoustic pressure gradually decreases 
with the spreading of the liquid droplet, while the maximum pressure 
during 95–100 T is 3.47 MPa. The cavitation intensity is proportional to 
the acoustic pressure inside the solder, such that a higher acoustic 
pressure always results in stronger cavitation. Thus, more cavitation 
bubbles can be observed during the initial spreading stage, as shown in 
Fig. 2. 

Next, we calculated the cavitation bubble dynamics to investigate 
the wetting mechanism of the ultrasonic soldering using a modified 
Rayleigh–Plesset (R–P) equation: 

Fig. 14. Noncavitation region at the spreading front obtained through simulation and experiment at various spreading diameters of (a) 7.5 mm, (b) 9.3 mm, (c) 11.9 
mm, and (d) 15.3 mm. 

P = − 7782.14+(3.86 × 106) × sin{2π × 20, 000
[
x −

(
2.80×10− 5) ]}60 − 65T (1)   

P = − 11796.40+(3.47 × 106) × sin{2π × 20, 000
[
x −

(
2.80×10− 5) ]}95 − 100T (2)   
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The pressure generated when a cavitation bubble collapses can be 
calculated using Eq. (5): 

Pcollapse =

(

P0 +
2σ
R0

)

×

(
R0

R

)
3n −

2σ
R0

−
4μ
R

(
dR
dt

)

. (5) 

The temperature generated when a cavitation bubble collapses can 
be calculated with Equation (6): 

Tcollapse = T0

(
R0

R

)
3(n− 1) (6)  

where R0 is the initial diameter of the cavitation bubble; P0 is the hy-
drostatic pressure of the liquid metal; 2σ

R0 
is the surface tension of the 

bubble; µ is the viscosity coefficient of the liquid metal, which is 
assumed to be 0.0013; and n is the exponent reflecting the thermody-
namic state of the cavitation bubble. Suppose that the gas inside the 
cavitation bubble is air, the n = 1.4. PA is the acoustic pressure variation 
given in Eqs. (1) and (2). Given that Eq. (4) is a second-order ordinary 
differential equation, obtaining an analytical solution is difficult. Thus, 
we used the fourth Runge–Kutta method to obtain a numerical solution. 

In this section, the bubble dynamics and velocity of the bubble wall 
at different spreading stages were calculated, along with the pressure 
and temperature generated when the cavitation bubble collapses. The 

nucleation diameter of the cavitation bubble was assumed to be 20 µm. 
Fig. 16a shows the bubble dynamics within 3 T at different spreading 
stages. The black line represents the bubble during 55–60 T, and the red 
line represents the bubble during 95–100 T. The results show that all the 
cavitation bubbles oscillate approximately 0.5 T after nucleation. The 
cavitation bubbles also grow rapidly. In particular, the bubble formed 
during the 55–60 T rapidly grows to 61.8 times of its initial size within 

Fig. 16. Bubble dynamics: (a) R/R0 within three acoustic periods, (b) collapse velocities of bubble wall, (c) temperatures, and (d) pressures of bubble collapse.  

Fig. 15. Acoustic pressure within 5 T at different spreading stages.  
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0.8 T. At the same time, the acoustic pressure gradually decreases with 
the spreading of the droplet, resulting in slower bubble growth velocity 
and smaller bubble diameter. In comparison, the bubble formed within 
95–100 T only grows to 58.6 times of its initial size. Similarly, all the 
cavitation bubbles formed during the three stages do not collapse within 
1 T, and they all have lives of approximately 2.5 T before the first 
collapse. 

When ultrasonic soldering Al alloys, the wetting is realized only 
when the oxide layer of substrate is removed. The removal of the oxide 
layer involves several processes. The first process is mechanical shock, 
which is mainly caused by shock wave or microjet formed by bubble 
collapse. Fig. 16b shows the velocities of the bubble wall when they 
collapse. As can be seen, the bubble formed during the 95–100 T has a 
collapse wall velocity of 3679 m/s, which increases with the increase in 
the acoustic pressure of liquid. The bubble has a collapse velocity of 
4859 m/s when it formed during 55–60 T. Such large velocities of the 
bubble wall can lead to shock wave with large energy and pressure, 
which, in turn, can break the oxide layer directly [40]. The second 
mechanical shock format when removing the oxide layer is the microjet, 
which occurs when the cavitation bubble collapses near the solid wall. 
The microjet can have a velocity higher than 100 m/s, which can 
directly pierce the oxide layer. 

Fig. 16c shows the temperature generated when the cavitation 
bubble collapses. The result shows that the collapse of the cavitation 
bubble produces a high temperature of 3968 K when it formed during 
55–60 T. Such high temperature can directly melt the oxide layer or 
make it extremely soft. The collapse temperature, which changes by 
altering the acoustic pressure, decreases to 2733 K when it forms and 
collapses during 95–100 T. The high temperature during the collapse of 
the bubble has been reported by some researchers [17,20], and high 
collapse temperatures are obtained in all the references. Another 
particular phenomenon caused by bubble collapse is high pressure. 
Fig. 16d shows the pressure generated when the cavitation bubble col-
lapses. The cavitation bubble formed during 55–60 T results in an 
extremely high pressure of 1.89 × 1012 Pa, under which the oxide layer 
and the substrate can be directly broken. The pressure further increases 
to 2.98 × 1012 Pa when the cavitation bubble collapses during 95–100 T. 

Fig. 16 confirms that extreme conditions, such as high temperature 
and high pressure, are caused by the collapse of the cavitation bubbles. 
These phenomena can facilitate the easy removal of the oxide layer, 
erode the Al alloys rapidly during ultrasonic soldering, and account for 
the chemical reactions when ultrasonic soldering some hard-to-wet 
materials, such as ceramics and sapphires [48]. 

5. Conclusions  

1. Ultrasonication realizes the spreading of pure Sn droplet on pure Al 
substrate at a nonwetting condition. The oxide layer of the substrate 
at the spreading fronts is not removed because the cavitation cannot 
occur.  

2. The cavitation intensity at the droplet/substrate interface gradually 
decreases with the spreading of the droplet. In addition, higher ul-
trasonic power results in higher cavitation intensity. This condition is 
explained by the acoustic pressure simulation of the solder.  

3. A noncavitation region can be observed at the spreading front, 
because the acoustic pressure is lower than the cavitation threshold 
of 1.26 MPa when the temperature is 250 ◦C. The width of the 
noncavitation region gradually increases with the spreading process. 
Higher ultrasonic power reduces the width of the noncavitation 
region.  

4. The wetting mechanism caused by the collapse of the cavitation 
bubble is explained from the viewpoint of bubble dynamics calcu-
lation. The high velocity of the bubble wall, high pressure, and high 
temperature are all generated when the cavitation bubbles collapse. 
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