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Cavitation phenomena widely exist in many fields such as medical treatment, 
chemical engineering, and hydraulic engineering. The boundary properties have 
a great influence on the collapse characteristics of a cavitation bubble. The in-
teraction between a cavitation bubble and a boundary of different properties is 
an important part in the cavitation erosion mechanism. In this paper, cavitation 
bubbles under in-water pulse discharge and cavitation erosion under ultrasonic 
vibration were used to study the effect of a deformable boundary on the collapse 
characteristics of a cavitation bubble, which reveals the cavitation-resistance 
performance of different materials on the macroscopic scale. The main experi-
mental results showed that on a deformable boundary, the cavitation bubble does 
not collapse toward the boundary in the later collapse stage compared with on 
the rigid boundary. The collapse process of the cavitation bubble is aggravated 
on the deformable boundary. In the condition of same cavitation strength, the 
cavitation’s erosion loss amount on the rigid boundary material is much higher 
than that on the deformable boundary material. The experimental conclusions 
have an important reference value for the development of cavitation erosion pre-
vention and the exploration of cavitation-resistance materials. 
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Introduction 

Cavitation phenomena widely exist in many fields such as medical treatment, chem-
ical engineering, and hydraulic engineering. However, this phenomenon in hydraulic engi-
neering needs to be avoided as soon as possible [1-3]. When the liquid at a constant pressure 
is heated or the liquid at a constant temperature is decompressed by a static or dynamic meth-
od, there are steam bubbles or cavitation bubbles filled with steam under certain conditions, 
which called cavitation phenomenon. When the collapse of cavitation bubbles occurs within a 
certain distance from boundary surface, the solid wall surface will be subjected to impact ef-
fect that results in boundary material erosion or fatigue damage and fracture. Therefore, the 
interaction between a cavitation bubble and a wall surface has always been an important part 
of cavitation effect researches. 
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At present, many scholars have studied the interaction between cavitation bubbles 
and a free water surface or a rigid boundary. The cavitation bubble dynamics were classified 
by Plesset and Prosperetti [4]. Xu et al. [5] experimentally studied the movement relation-
ship between a cavitation bubble and an air bubble near a rigid boundary, obtained the criti-
cal conditions to change the collapse direction of the cavitation bubble, and revealed the 
vector synthesis mechanism among above three factor interaction. Luo et al. [6] studied a 
cavitation bubble and an air bubble, and interaction between two cavitation bubbles. Found 
that the air bubble could affect the cavitation bubble evolution period and the collapse direc-
tion among multiple cavitation bubbles. Zhang et al. [7] studied the interaction between a 
cavitation bubble and a free water surface, and obtained the collapse direction of the cavita-
tion bubble under the free surface. 

The interaction between cavitation bubbles and deformable boundaries has attract-
ed much attention for many years. With schlieren photography and Mach-Zehnder interfer-
ometry techniques, Shaw et al. [8] presented a sequence of schlieren images of the evolution 
of a laser generated cavitation bubble created in-water near the inertial boundary, followed 
by the corresponding interferometry sequence. Sankin and Zhong [9] measured the impact 
of cavitation bubbles near a silicone rubber membrane and discussed the influencing factors 
of impact force. Brujan et al. [10] and Vogel et al. [11] studied the interaction between cavi-
tation bubble and elastic boundary, and their dependence on the distance between the bubble 
and the boundary. It was considered that the micro-jet was caused by the interaction of reac-
tion force caused by the rebound on the elastic boundary and the Bjerknes attraction force to 
the boundary. Gibson and Black [12] experimented with several different surface coatings, 
believed that the form of cavitation bubble collapse near the boundary can be described by 
inertia and stiffness. Shima et al. [13] and Tomita and Kodama [14] observed similar phe-
nomena in experiments, found that bubble migration depends on its size and the distance 
from the bubble to the boundary surface. Duncan and Zhang [15] and Duncan et al. [16] 
simulated numerically similar cases to the experiments and modeled coating material as a 
spring foundation with parameters such as spring mass, spring stiffness and coating radius. 
Their simulation results were qualitatively consistent with the experimental data. Goh et al. 
[17] investigated interaction between a spark-generated bubble and an elastic sphere. The 
simulation results were in accordance with the experimental data. The numerical model was 
then extended to study the effects of elasticity and experimental parameters. Gong et al. [18] 
studied the interaction between a spark-generated bubble and a two-layered composite 
beam. Both numerical and experimental approaches were employed to investigate the dy-
namics of bubble collapse near the two-layered composite beam, which revealed that the 
bubble collapse time is greatly influenced by the nearby two-layered composite beam. 

Previous studies using experiments or numerical simulation, most studies were 
based on a rigid wall or an elastic membrane. There were a few studies on the collapse char-
acteristics of a cavitation bubble near a boundary with deformable materials and the effects 
of cavitation bubble collapse on the erosion of boundary materials. Therefore, the paper 
studied the collapse process of different size cavitation bubbles near the boundary, and ana-
lyzed their collapse direction and evolution period, by in-water pulse discharge technology 
to induce a cavitation bubble and high-speed photography. The erosion characteristics of the 
boundary materials were observed and analyzed through above experiments and the ultra-
sonic vibration cavitation experiments. The conclusions can provide a reference for the de-
velopment of the cavitation erosion prevention and the exploration of the cavitation-
resistance materials. 
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Experimental equipment and method 

Experimental equipment 

The experimental system to induce a cavitation bubble with in-water pulse dis-
charge was shown in fig. 1(a). The 220 V AC power was boosted by a transformer and rec-
tified by a silicon stack to the DC, which could reach a maximum of 30 kV. Then the charge 
energy was stored in a capacitor of 500 kV and 0.25 μF. When the electric quantity stored in 
the capacitor reached a certain value, water body between the electrodes placed into a tank 
could be punctured, and the breakdown energy could induce a cavitation bubble at the cen-
ter of the electrodes. By adjusting the value of the resistor, the discharge intensity was var-
ied with controlling the discharge pulse width, so that the size of a cavitation bubble was 
changed. Due to the very short time and smaller scale of cavitation bubbles growth and col-
lapse, the high-speed camera recording system with Fastcam SA-Z was used for photog-
raphy, whose type of the lens was Nikon IF Aspherical Macro. For the high-speed dynamic 
acquisition and analysis system, demand on the lighting conditions of shooting environment 
was very strictly. Therefore, it was necessary to use a cold light source with extremely low 
calorific power as a light-filling device during the experiment. It was necessary to verify the 
mesoscopic mechanism of the interaction between a cavitation bubble and a deformable 
boundary by the macroscopic erosion experiments of ultrasonic cavitation. The test system 
of ultrasonic vibration cavitation included an ultrasonic generator, a piezoelectric ultrasonic 
transducer, a horn, and a beaker, as shown in fig. 1(b). The system was based on the princi-
ple presented in ASTM G32-16. The frequency and power of the experimental equipment 
were 10-100 KHz and 0-500 W, respectively. 

 
Figure 1. Diagram of the experimental equipment; (a) the experimental system to induce a cavitation 
bubble with in-water pulse discharge, (b) the test system of ultrasonic vibration cavitation  

Experimental method 

Since the cavitation bubble was quite sensitive to the outside temperature and pres-
sure environment, the microscopic interaction between a cavitation bubble and a deformable 
boundary had to be conducted in a constant temperature and pressure environment. The at-
mospheric pressure and in-water temperature of the experimental tank were 94.77 kPa and 
25±2 °C, respectively. The discharge electrodes in-water were placed in a transparent glass 
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tank with length × width × height of 400 mm × 150 mm × 250 mm. Secondary deionized wa-
ter containing extremely low impurities and gas nucleus was used in the experiment, whose 
liquid level in the tank was 200 mm. The electrodes were located in 100 mm below the water 
top surface. The positions of the electrodes and boundary material were shown in fig. 1(a). 
The material of deformable boundary was made of silicone rubber in line with relevant speci-
fications and had well hydrophobicity and stability. The rigid boundary material was made of 
304 stainless steel, whose surface was treated with mirror polishing. The mechanical proper-
ties of boundary materials were shown in tab. 1. The whole processing of the growth and col-
lapse of cavitation bubbles were photographed and recorded with the high-speed camera in 
the experiments. In order to simplify the research, the dimensionless distance from the center 
of the cavitation bubble to the boundary γ was defined: 

 
max

D
R

γ =  (1) 

where γ is the dimensionless distance from the cavitation bubble to the boundary,  
D [mm] – the distance from the center of the cavitation bubble to the boundary, and  
Rmax [mm] – the maximum radius of the cavitation bubble. 

Table 1. Parameters of experimental boundary materials 

Materials Silicone rubber 304 stainless steel 

Size (length × width × thickness) [mm] 30 × 30 × 10 30 × 30 × 10 

Tensile modulus [MPa] 0.13 29000 

Youngs modulus [MPa] 0.50 193000 

The cavitation erosion experiments at the macroscopic level were carried out by ul-
trasonically induced cavitation bubble cloud in different properties of boundary materials. The 
beaker liquid level was 100.0 ±2.0 mm with the medium of deionized water. The temperature 
of experimental water was controlled at constant 25 ±2 °C by the circulating water cooling 
system. The specimens of boundary materials were fixed below the radiating surface of the 
horn at a spacing of 5.0 ±0.1 mm. The working frequency and setting power of ultrasonic 
transducer operated were 20.0 ±0.2 KHz and 100 W, respectively. The cumulative experi-
mental time was 4.5 hours. The specimens were removed every 0.5 hours. After alcohol 
cleaned, constant temperature dried, and placed one day in the drier, the specimens were 
weighed by the analytical balance with an accuracy of 0.01 mg. Every specimens were 
weighed five times and their average weighting were taken as their weights. Therefore, the 
curves of cumulative erosion loss amount and erosion loss rate of the specimens were drawn 
out. 

Results analysis 

While a cavitation bubble collapsed within a certain distance from a rigid boundary, 
the boundary would be impacted by the shock wave and micro-jet of bubble collapse, which 
resulted in cavitation erosion of the boundary material. Collapse direction of a cavitation bub-
ble represented micro-jet direction. From collapse direction of a cavitation bubble, it could be 
judged whether there was a micro-jet impact on the boundary. The energy release rate of a 
cavitation bubble was reflected by its evolution time. By means of the high-speed photog-
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raphy, collapse direction and evolution time of the bubble were observed during the interac-
tion between the bubble and deformable boundary, which showed the mesoscopic mechanism 
of cavitation bubble collapse on the boundary. Through the above mesoscopic researches, the 
macroscopic characteristics of material erosion could be revealed. 

Boundary effect on the direction of the  
cavitation bubble collapse 

Changing the size of cavitation bubbles and the distance from the center of the cavi-
tation bubble to the boundary, the dimensionless distance, γ, could be controlled at 0.79-1.81.  

Figure 2 showed a cavitation bubble collapse process and the strong wall effect 
near the rigid boundary. The surrounding waterbody would quickly fill in the gap created by 
cavitation bubble contraction when the cavitation bubble reached the maximum volume 
shown in fig. 2(a) and entered the contraction phase. For the rigid boundary, the waterbody 
rate between the cavitation bubble and the boundary toward the bubble center was slower 
than that far from the boundary, fig. 2(b). The movement rate of cavitation bubble surface 
far from the boundary was faster than that near the boundary, fig. 2(c). Micro-jet pointing to 
the boundary was generated away from the boundary, fig. 2(d). The micro-jet pierced the 
bubble surface and stroked the rigid boundary at the final collapse stage, figs. 2(e) and 2(f), 
then the first collapse time was completed. The second collapse time of the cavitation bub-
ble occurred directly on the rigid boundary, and the cavitation bubble rebounded on the 
boundary, figs. 2(g) and 2(h). 

 
Figure 2. Cavitation bubble collapse process near the rigid boundary  
(frame rate: 200 000 fps, exposure time: 5 μs) 

 
Figure 3. Cavitation bubble collapse process near the deformable boundary  
(frame rate: 200 000 fps, exposure time: 5 μs) 

Figure 3 showed the collapse process of a cavitation bubble near the deformable 
boundary. In experiment group A, the maximum radius of the cavitation bubble was 
6.00 mm, the dimensionless distance, γ, was 1.30. In experiment group b, the maximum ra-
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dius of the cavitation bubble was 7.00 mm, the dimensionless distance, γ, was 0.85. In the 
first collapse period of cavitation bubble, there was no movement towards the boundary 
(showed as a1-a4, b1-b4 in fig. 3). The shape of the cavitation bubble was relatively sym-
metrical, and micro-jet did not occur obviously. The boundary material gradually bulged 
during this process. While the dimensionless distance was smaller, the boundary material 
bulged was more obviously (b5). When the cavitation bubble evolved to the second stage, 
the boundary material was gradually restored to the plane (a6, b6) along with the second 
expansion of the cavitation bubble. Since then, the cavitation bubble was gradually dissi-
pated and no longer had a significant effect on the boundary (a7 and a8, b7 and b8). 

As shown in fig. 4, the effect of the cavita-
tion bubble on the boundary material mainly hap-
pened during the first collapse time. When the 
cavitation bubble reached the maximum volume, 
the deformable boundary was in the original state 
(1). With the shrinkage of the cavitation bubble, 
the waterbody near the boundary was blocked on 
the boundary while the surrounding waterbody 
flowed back into the gap, so that the backflow 
was less than that on the non-boundary side. The 
surface of the deformable boundary material was 
gradually bulged, which filled up the gap of the 
waterbody near the boundary to a certain degree, 
so that the cavitation bubble had a more symmet-
rical shape during its contraction process, and 
there was no micro-jet (2). In the cavitation bub-
ble collapse stage,the boundary bulge reached the 
maximum amount (3). 

The collapse pattern and direction of the 
cavitation bubbles were distinctly different on a 
rigid boundary from that on a deformable bound-

ary. The reasons for this phenomenon were as follows: under the influence of the rigid 
boundary, in the cavitation bubble collapse stage, the waterbody near the boundary surface 
was blocked by the rigid boundary. While the waterbody far from the boundary belonged 
to unbounded domain that led to the asymmetry of cavitation contraction process. There-
fore, shrinkage rate of the cavitation bubble surface far from the boundary was larger than 
that near the boundary. Finally, a micro-jet was formed and directly impacted on the 
boundary. Since the deformable boundary material was more elasticity, the block of the 
waterbody backflow was weakened to a certain extent. Then the asymmetry of bubble con-
traction process was also weakened. Therefore, there was no tendency for the center of the 
cavitation bubble to move toward boundary surface, and no obvious micro-jet. 

Boundary influence on evolution period  
of cavitation bubbles 

Collected by the high-speed camera, the photographs were transposed into gray-
scale images to distinguish the number of pixels occupied by cavitation bubbles corre-
sponding to the grayscale range. Combined with the actual size of the pixel calibration, 
cavitation bubble radius changing with the time could be obtained during the evolution of 

 
Figure 4. Interaction schematic between a 
cavitation bubble and a deformable 
boundary 
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cavitation bubble. The curves in fig. 5 were derived from the evolution of cavitation bub-
bles in figs. 2 and 3(a). With the same Rmax, the first collapse period of the cavitation bub-
ble near the deformable boundary was 1155 μs, and the second collapse period was 550 μs. 
While the first collapse period of the cavitation bubble near the rigid boundary was 1275 
μs, and the second collapse period was 900 μs. Therefore, the collapse time of cavitation 
bubble near the deformable boundary was shorter than that near the rigid boundary. The 
first collapse period was shortened by 9% and the second collapse period was 40%. The 
minimum radius of the cavitation bubble collapse near the deformable boundary was 1.17 
mm, while those near the rigid boundary was 1.24 mm. Both above minimum radiuses 
were closer. The collapse period of the cavitation bubble near the deformable boundary 
was shorter, and the rate of expansion and contraction of the cavitation bubble surface near 
the deformable boundary was faster than that near the rigid boundary. The relationship be-
tween collapse time in the first period and the maximum radius of different bubbles was 
obtained by changing the size of cavitation bubbles, as shown in fig. 6. The evolution peri-
od of cavitation bubbles near the deformable boundary was shorter than that near the rigid 
boundary. It can be seen from the regression curves that when the Rmax was smaller, the 
evolution period of cavitation bubbles had less difference, and the differences in evolution 
period of cavitation bubbles increased with the Rmax gradually increasing. 

 
Figure 5. Radius of cavitation bubbles  
with their evolution time 
 

 
Figure 6. Relationship between the maximum 
radiuses of cavitation bubbles and their collapse 
time in the first period 

The cavitation bubble evolution period showed the waterbody blocked on the rig-
id boundary, and reduced the expansion and contraction process of cavitation bubble sur-
face. Especially in the second collapse period, the evolution period of the cavitation bubble 
surface on the rigid boundary was further increased. The deformable boundary had less 
blocked effect on the waterbody and less influence on the expansion and contraction pro-
cess of the cavitation bubble surface. The shorter the cavitation bubble collapse period was, 
the stronger the shock wave or micro-jet would be at the cavitation bubble collapse. Alt-
hough there was no movement towards the boundary while the cavitation bubble collapsed 
near the deformable boundary, collapse period was shorter and the shock wave generated 
by the cavitation bubble collapse might affect on boundary materials. 
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Cavitation erosion characteristics of the  
deformable boundary material 

From the mesoscopic analysis, it can be seen that, although cavitation bubbles near 
the deformable boundary were not moving towards the boundary during their collapse pro-
cess, a large deformation occurred on the boundary material, and the cavitation bubble col-
lapse period was shorter. For the deformable boundary material, with cavitation cloud gener-
ated by ultrasonic waves inducing direct action, cavitation erosion characteristics could be 
studied from the macroscopic level. 

The relationship between cumulative erosion loss amount (CELA) and erosion time 
on boundary materials was shown in fig. 7. At first, CELA on the rigid boundary material in-
creased slowly in the experiment, then increased uniformly after 1.5 hours. Final total CELA 
was 72.60 mg. The CELA on the deformable boundary material was far less than that on the 
rigid one, the change process was more uniform, and total CELA was only 11.90 mg. 

 
Figure 7. The CELA vs. time 

 
Figure 8. Erosion loss rate vs. time 

The relationship between erosion loss rate and erosion time was shown in fig. 8. 
Erosion loss rate of the rigid boundary material changed greatly, which increased gradually 
from 1.40 mg/h at the beginning to 18.58 mg/h. Erosion loss rate on the rigid boundary mate-
rial was divided into three stages: incubation stage, acceleration stage and stabilization stage. 
At the beginning of the experiment, the surface of the rigid boundary material was smooth 
and flat, and the resistance to cavitation erosion was better, which was the incubation stage. 
With the cavitation evolution, cavitation pits began to occur, and the surface of the rigid 
boundary material became rough as numbers of cavitation pits gradually increased, and the 
erosion loss rate increased also (0.5-1.5 hours), which was the acceleration stage. With the 
further action of cavitation, the surface roughness was relatively stable and the erosion loss 
rate was stable (1.5-4.5 hours), which was the stabilization stage. Initially the erosion loss rate 
of the deformable boundary material was lower, only 2.20 mg/h. Then there was no obvious 
acceleration or inflection point and the erosion loss rate remained lower. The material surface 
of the deformable boundary after the experiment was as smooth as it before experiment with-
out a pit or breakage. The natural weight loss of deformable boundary material was about 1.00 
mg per day when it was placed in the air. The experimental time interval was one day, and 
CELA in the experiment to 9th day was 11.90 mg. The CELA of the deformable boundary ma-
terial was essentially a systematic error caused by the natural weight loss of the material itself, 
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and there was no obvious cavitation phenomenon on the deformable boundary material. 
Therefore, CELA of the deformable boundary material was still much smaller, even if the 
boundary material was under the long-term action of cavitation cloud. 

Conclusions 

Through the experiments of a cavitation bubble induced by in-water pulse discharge 
and ultrasonic vibration cavitation erosion, the effect of the deformable boundary on the col-
lapse characteristics of the cavitation bubble was studied from mesoscopic level, which re-
vealed macroscopic cavitation erosion resistance of different materials. The experimental 
conclusions are shown as follows. 
• The boundary characteristics have a great impact on the collapse direction of the cavita-

tion bubble. Under the effect of the deformable boundary, the cavitation bubble does not 
collapse toward the boundary in the later collapse stage compared with the rigid bounda-
ry. There are obvious stretching and compression phenomena on the deformable bounda-
ry during the evolution of the cavitation bubble.  

• Under the conditions of same feature parameters of cavitation bubbles, duration time in 
the expansion stage of cavitation bubbles influenced on the deformable boundary is 
equivalent to that on the rigid boundary, while duration time in the contraction stage is ef-
fected by the deformable boundary, i. e. the deformable boundary aggravates the collapse 
process of cavitation bubbles.  

• Under the conditions of same cavitation strength, cavitation erosion loss amount on the 
rigid boundary material is much higher than that on the deformable boundary material.  

• The present results are also helpful to design an optimal bubble electrospinning setup for 
fabrication of nanofibers [19-21]. 
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