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Research into cavitation phenomena in various fields shows that the elastic modulus of a boundary has a po-
tential impact on cavitation erosion. To obtain the direct relationship between the elastic modulus of the
boundary and cavitiation erosion, single-layer samples with different chemical composition and moduli, and
double-layer samples with different elastic moduli and the same surface layer material, were prepared with

silicone rubber. The results of cavitation experiments on single-layer samples, show that the coating chemical
composition and mechanical properties together affect the cavitation morphology of the coating, and dominant
factors vary with erosion stage. Through the cavitation test of double-layer samples, it was found that there is a
positive correlation between the elastic modulus of the coating and the degree of cavitation. This study helps us
to understand the relationship between coating elastic modulus and cavitation more directly, and provides
theoretical and technical guidance for the application of anti-cavitation for elastic coating in engineering.

1. Introduction

Cavitation corrosion seriously damages the performance of fluid
machinery such as water pumps, propellers and so on, which will reduce
their service life [1,2]. Numerous studies have been conducted on
improving the cavitation resistance of materials by metal strengthening
[3-5] and spraying [6,7], where organic polymer coatings [8-10] are
considered to be one of the effective methods to protect flowing parts
from cavitation. It is generally believed that there are two factors why
organic polymer coatings can resist cavitation erosion: One is that the
chemical properties of polymer materials are not easily corroded, and
they can form a barrier between the fluid and protected parts. The other
factor is that the elastic wall of a polymer coating interacts with bubbles.

Many scholars have made important progress in the interaction be-
tween cavitation bubbles and elastic surfaces. In these researchs, the
coating is usually studied as an elastic surfaces, bubbles are mainly
produced from electric spark discharge and laser induction. An electric
spark discharge device is simple and widely used, Blake et al. [11,12]
studied the interaction between coatings on rigid boundaries, free
boundaries and flexible boundaries and bubbles generated by electric
sparks and showed that the changes in cavitation bubbles near bound-
aries can be described by inertia and stiffness. C.K. Turangan [13]

studied the interaction between cavitation bubbles and thin elastic
membranes. The coupling between bubble shrinkage and flexible sur-
face disturbances promotes bubble collapse and leads to the formation of
mushroom-shaped bubbles, bubble squeezing and splitting. Aghdam
[14] experimentally studied the interaction between two bubbles of
similar size and the elastic film underneath. Goh [15] studied the
interaction between bubbles and elastic spheres generated by sparks.
Elasticity, dimensionless distance and the size ratio for bubbles and
elastic spheres will affect the interaction mode. Laser-induced cavitation
has also been extensively studied. Shaw [16] used schlieren photog-
raphy and Mach-Zehnder interferometry to study the interaction be-
tween cavitation bubbles and flexible membranes and observed that the
movement of a flexible membrane surface is inconsistent during bubble
generation and rupture. Sankin [17] found that a bubble with the best
shock wave arrival time and separation distance can produce the largest
jet and penetrate into the membrane when it bursts. Brujan et al.
[18-20] observed the interaction between the bubbles generated by a
laser and the elastic boundary of a polyacrylamide gel with a modulus of
0.017-2.030 MPa and analyzed the formation of mushroom bubbles far
away from the boundary. The formation of a jet, the formation of a
radial jet that causes the bubble to split and the subsequent formation of
two jets in opposite directions, the liquid jet entering the boundary, and
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the deformation of the boundary material. They found that the jet
penetration at the boundary and the deformation generated by tensile
stress in the process of bubble collapse lead to boundary erosion. The
work of Gong et al. [21] is of great significance: They studied the scale
relationship of bubbles produced by different external sources based on
an improved Rayleigh model and experimental observations. The results
showed that when studying large-scale and complex physical problems,
sparks or laser-generated bubbles can be used to replace underwater
explosion bubbles.

In addition, the cavitation damage mechanism on the coating surface
has also received much attention. Dular et al. [22] used a thin aluminum
foil stuck to the surface of a Venturi tube to study its cavitation corro-
sion. Through the image results, it was found that the cavitation cloud
collapset with a spherical-shape, horseshoe-shaped and “distorted”
-shape is the main damage mechanism. In addition, the moment of
separation of the cavitation cloud and stagnation will also lead to
cavitation corrosion. Hoon et al. [23] used coarse-grained molecular
dynamics simulations to study the cavitation damage mechanism of
polystyrene (PS) films. The research results shown that the damage is
caused by collapsing nanobubbles located near the film and interaction
with the shock wave. The polymer molecules located near the jet extend
conformationally in the direction perpendicular to the jet’s motion,
while the chain molecules in the rest of the film are compressed.
Xiangnian Qiao [24] noted that the cavitation resistance of the coating is
related to the water resistance, hardness, adhesion strength and dynamic
mechanical properties of a coating, and the cavitation resistance of a
siloxane-modified polyurethane coating is better than that of a high-
strength epoxy resin. Furthermore, several studies have shown that
metal substrates and coatings interact with each other under impact.
The higher hardness stainless steel substrate and the TiN coating have
good adhesion properties, and the coating delamination is not easy to
occur under the impact of cavitation, and has better anti-cavitation
performance [25]. The entire depth of strain hardening caused by
cavitation shock was deeper for higher hardness S235JR-AR steel (4
mm) than for lower hardness S235JR-TT steel (2.5 mm) [26]. The
substrate behavior under impact load has a critical influence on cohesive
failure, cohesive-adhesive failure [27], cracking and delamination [28].

Most of the above studies paid attention to the interaction process
between coating elasticity and cavitation bubbles, but the relationship
between the elastic modulus of coating and cavitation erosion was
ignored. This is the valuable parts of elastic coatings application in en-
gineering. To solve this practical problem and analyze the effect of
elastic modulus of boundary materials on cavitation erosion, five kinds
of silicone rubber samples with different elastic moduli were designed
and tested for their cavitation resistance by an ultrasonic cavitation
instrument. However, the chemical composition of silicone rubber with
different moduli are also different, which cannot fully reflect the impact
of coating mechanical properties on the anti-cavitation performance.
For this reason, five samples of double-layer structures with different
elasticity were prepared, where the surface layer in direct contact with
water was composed of exactly the same material, while the bottom
layer consisted of materials with different elastic moduli. In this way,
differences in the chemical composition of the surface materials can be
avoid to affect the experimental conclusions.

2. Experimental method
2.1. Materials and method

2.1.1. Materials

The silicone rubber with five different hardness (shore A hardness/
molecular weight: 0/32000, 5/39000, 10/44000, 20/48000 and 30/
53000) which can be prepared with different elstic moduli as basic
matrix, was purchased from China Bluestar Chengrand Co., 1td, China.
The curing agent (tetrapropoxysilane, a silicone rubber hardener) is
purchased from Shanghai Macklin Biochemical Co., 1td, China.
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2.1.2. Experimental materials preparation

In this paper, single-layer and double-layer silicone rubber samples
with different elastic moduli and structure were prepared, where the
single-layer samples were made of five different hardnesses of silicone
rubbers with the following material preparation process: Firstly, 1.5 g of
tetrapropoxysilane was added to 100 g of each of the five silicone rub-
bers with different hardness and stirred at 1500 rpm for 10 min. Sec-
ondly, the mixed silicone rubbers with different elastic moduli were
placed in a vacuum chamber at 133 Pa for 30 min until the air bubbles
completely escaped. Finally, the vacuumed silicone rubbers of each of
the five different elastic moduli were poured into molds of 35 x 35 mm?
(length x width) and 1 mm thickness and placed in a 60 °C environment
to cure for 24 h. After waiting for curing then all experimental samples
were continued to be cured at room temperature for one week to obtain
five single-layer samples (S1, S2, S3, S4, and S5) with different elastic
moduli, and the specific preparation process is shown in Fig. 1 (a, b, c,
d.

For the double-layer samples, the bottom layer consisted of materials
with different moduli and the thickness of 3 mm, the surface layer was
the same material and only 1 mm thick. The bottom layer of the double-
layer sample is three times the thickness of the surface layer in order to
make the modulus of the double-layer sample closer to that of the bot-
tom layer. The preparation process of the double-layer samples was the
same as that of the single-layer samples, but the moulding process was
different. The specific difference was that the silicone rubber with
different elastic moduli (S1, S2, S3, S4, S5) was poured into a 35 x 35
mm? (length x width) mold with a thickness of 3 mm of the poured
material. It was placed in a 60 °C environment to cure for 2 h. Subse-
quently, the evacuated silicone rubbers with the same elastic modulus of
S2 were poured into the previously semi-solidified state of silicone
rubbers with different elastic moduli, whose thickness were kept at 1
mm, and cured at an environment of 60 °C for 24 h. Double-layer
samples with different elastic moduli (D1, D2, D3, D4, and D5) were
obtained. Waiting for curing then all experimental samples were
continued to be cured at room temperature for one week, the specific
preparation process is shown in Fig. 1 (a, b, ¢, e). The pictures of cured
single-layer and double-layer samples are shown in Fig. 1 (f).

Table 1 shows the different compositions of the double-layer samples
and the densities of the single-layer samples (S1-S5) are shown in the
Table 2.

2.2. Cavitation erosion resistance test

An ultrasonic cavitation tester machine (XOQS-2500, Nanjing Atpio
Instrument Manufacturing Co., 1td, China) was equipped according to
the ASTM G32-16 standard in water with a control system, as shown in
Fig. 2. This system uses high-power ultrasonic waves to act on a sample
to simulate the cavitation phenomenon for a contact surface between a
sample and liquid, analyzes the cavitation resistance of the material and
enables study of the inherent anti-cavitation performance of a given
material and its process in detail. Here, distilled water was used as the
cavitation medium, and the test temperature for water was maintained
at 25 + 0.2 °C by a temperature control system. The ultrasonic generator
continued to work at a frequency of 20 kHz and an amplitude of 50 +
2.5 pm, and the ultrasonic power was 2500 W. The horn was fabricated
from titanium alloy with a diameter of 15.9 mm, and the test sample was
firmly bonded onto a SUS 304 bracket by 3 M PR40 glue at a distance of
1 mm facing the cavitation horn tip surface. Clearance of 1 mm is widely
used for cavitation testing of metals [29] and non-metals [30], so this
representative clearance was selected in this study.Tests were carried
out for the same type of samples with different durations, and the sample
was cleaned and dried until the weight no longer changes; an analytical
balance was used to measure the weight of each sample before and after
the test, and then a cavitation curve was drawn.
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Fig. 1. (a-e) Preparation of the materials; (f) samples pictures.
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Table 1
The structure of the double-layer samples.
Sample D1 D2 D3 D4 D5
Surface layer (1 mm) S2
Bottom layer (3 mm) S1 S2 S3 S4 S5
Table 2
Densities of the S1-S5.
Sample S1 S2 S3 S4 S5
Density (g-cm™3) 1.14 1.15 1.15 1.16 1.15
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Fig. 2. Ultrasonic cavitation test device.
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2.3. Analysis and characterization

Scanning electron microscope (VEGA3 TESCAN, Czechia) and white
light interference microscopy (MFT-5000, Retc, USA) were used to
analyze the erosion appearance and erosion degree of the sample. The
depth data of all points were obtained by analyzing the 3D images with
the data processing software Gwyddion and using origin 9.0 to analyze

all depth data to obtain the depth distribution. XRD measurements were
performed at ambient temperature using an X-ray single crystal
diffractometer (R-AXIS RAPID II, Rigaku, Japan). The XRD patterns
were obtained using CuKa radiation with a 26 range of 5-60°. A Raman
microscope (DXR 3xi, Thermo Scientific, USA) was used to analyze the
material structure of the cavitation surface and the noncavitation area.
The contact angle test utilized a drop shape analyzer (DSA25S, KRUSS).
The elastic modulus tests were conducted using a rubber electronic
tensile testing machine (UTM5305, Youhong Measurement and Control
Technology Co., ltd, Shanghai, China), with a Transcell BSS-500 kg
(accuracy of 0.01 N) force transducer and a compression speed of 5 mm/
min. As shown in Fig. 3, the modulus of the double-layer samples were
measured by the normal compression of the stack, the thicknesses of
single-layer samples and double-layer samples used for modulus tests
were 4 mm.

3. Results and discussion

3.1. Cavitation erosion for single-layer coatings with different elastic
moduli

3.1.1. Cavitation erosion volume loss

As shown in Table 3, moduli of S1 to S5 increase form 0.16 MPa to
1.21 MPa. The modulus of silicone rubber is positively correlated with
its molecular weight.

Fig. 3. Test method for elastic modulus of samples. (a) single-layer samples; (b)
double-layer samples.
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Table 3

Modulus and molecular weight of S1-S5.
Sample S1 S2 S3 S4 S5
Modulus (MPa) 0.16 0.21 0.4 0.88 1.21

Molecular weight 32,000 39,000 44,000 48,000 53,000

The volume loss for a sample is an important and direct indicator to
measure the anti-cavitation performance of a coating. Therefore, in this
section, single-layer samples with five different elastic moduli were
subjected to cavitation tests at 4 h, 8 h, 12 h and 24 h. The volume loss
and the erosion rate for each sample at different stages were shown in
Fig. 4. As shown in Fig. 4(a), for all samples, the volume loss of the
samples showed an increasing trend with time. Among them, within 8 h
of the initial stage, the volume loss of S1 is the largest, said, indicating
that the anti-cavitation performance of S1 is poor at this stage. More-
over, within 12 h, the cavitation volume loss of S3 is smaller than that of
the other four samples, indicating that S3 exhibits better anti-cavitation
performance at this stage. When the cavitation test time of all samples
reaches 24 h, the cavitation volume loss value of S2 is smaller than that
of other samples, while the cavitation volume loss value of S5 increases
rapidly, indicating that S5 has the worst anti-cavitation performance. As
shown in Fig. 4(b), that the erosion rate reaches its first peak at 4 h,
reaches the lowest point at 8 h or 12 h, and then increases slowly. The
maximum erosion rates of S1 and S2 appeared at 4 h, S3 at 12 h, and S4
and S5 at 24 h.

3.1.2. Cavitation erosion morphology

Fig. 5 shows the surface morphology of different samples at different
erosion stages. Through comparison, it can be observed that when the
cavitation time is short, point defects exist on the surface of all samples.
The pits for S1 are small in diameter but denser, the pits for S2-S4 are
larger but sparsely distributed, and the pits for S5 are large and dense.
With increasing cavitation time, point defects gradually increase and
expand and continue to contact and fuse to form large pits, showing
surface erosion and corrosion. The number and quality of pitting pits in
the early stage of erosion are small, so the erosion volume loss is small.
The expansion and fusion of pitting pits in the later stage of erosion is the
main reason for the acceleration of erosion.

Fig. 6 (a- e) shows a 3D image of the eroded surface of S1-S5 at 24 h.
With increasing cavitation time, not only do the density and diameter of
the pits gradually increase, but their depths also increase significantly.
In addition, in order to analyze the change of cavitation resistance at
different time stages in Fig. 5, we take S5 as an example to test the
contact angle of S5 surface at different stages. Fig. 6(f) shows that for the
test time of 12 h, the contact angle of the sample surface increases
slowly, when the test time exceeds 12 h, the contact angle of the sample
surface increases rapidly. The surface of the sample is eroded by cavi-
tation, which increases the surface roughness of the sample and
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increases the contact time with cavitation [31,32], which in turn ac-
celerates the erosion process. In Fig. 7(a- d), the distribution data of
cavitation pits on the surface of S1-S5 samples after 24 h of cavitation
erosion test are given. S1 has a greater proportion of shallow pits, while
S5 has a greater proportion of deep pits. As shown in Fig. 7(f), S2 has the
smallest cavitation erosion depth, S5 has the maximum erosion depth.

3.1.3. Cavitation erosion affected by elastic modulus and chemical
composition

XRD profile and raman spectra of single-layer samples shown in
Fig. 8. The positions and widths of the main molecular groups of S1-S5
are the same, but the intensity of the groups decreases with increasing
modulus. Meanwhile, their elastic moduli and hardness are positively
correlated with molecular weight [33]. Obviously, for single-layer
coatings, chananges of chemical composition lead to changes in me-
chanical properties.

The low elastic modulus coating can buffer the shock wave caused by
cavitation bubbles, but its molecular chain is short, and the molecular
chain is easily broken under the same impact strength, which explains
why the volume loss of S1 in the early stage in Fig. 4 is very high.
Although the high elastic modulus coating has a weak buffering effect on
the cavitation shock wave, due to the high degree of cross-linking, the
molecular chain is not easy to break under the impact, so in Fig. 4,
although the volume loss of S5 is the largest in the later stage, it is
relatively small in the early stage.

In the initial stage of erosion (0-8 h), the elastic modulus of sample
S1 is lower, the volume loss of erosion is the largest, and there are small
point-like defects on the surface. But the sample S5 with the highest
elastic modulus, its volume loss is much smaller than that of S1. Fig. 9
shows the Raman spectra of the cavitation and nocavitation area of S2 at
24 h. The Raman spectral peak positions of the two regions are the same,
but the Raman peak intensity observed in this region is significantly
reduced after cavitation, which indicates that molecular chains on the
surface of the cavitation region are broken and lost. This means that the
elastic buffering effect of the coating has a weak effect on erosion, while
the crosslinking of the coating plays an important role in the early
erosion process. The larger the molecular weight of the coating, the less
likely the molecular chain is to be destroyed by cavitation impact.The
breakage of cavitation bubble damages the coating molecular chain is
shown in Fig. 10(a).With the increase of test time (12-24 h), the volume
loss of samples S4 and S5 with larger modulus increases rapidly, the
advantage of high molecular weight coating weakens, but the effect of
low elastic modulus begins to strengthen. As shown in Fig. 10(b),energy
generated by cavitation rupture elastic deformation absorption of
coating. The smaller the modulus of the coating, the greater the elastic
deformation will be produced and the more the energy generated by
cavitation rupture will be absorbed.

For the sample with the smallest modulus, a possible explanation for

12 16 20 24
Time (h)

-

Fig. 4. (a) Volume loss for samples S1 to S5; (b) erosion rate for samples S1 to S5.
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Fig. 5. Erosion micromorphology for S1-S5, (a- d) S1; (e- h) S2; (i- 1) S3; (m- p) S4; (q- t) S5.

the volume loss of S1 is greater than that of S2 and S3 may be although
the modulus of S1 is small, its elastic buffering effect is not enough to
make up for the shortcoming of too small cross-linking degree, so its
volume loss is always relatively high. These phenomena suggest that the
chemical composition of the samples plays a dominant role in the
cavitation characteristics in the early stage of erosion, while the role of
mechanical properties is gradually enhanced in the later stage of
erosion.

3.2. Cavitation erosion of the double-layer coatings

3.2.1. Cavitation erosion morphology

In Section 3.1, the cavitation resistance performance of the sample
under the combined action of the material chemical composition and the
mechanical properties is discussed. In this part, through analysis of the
double-layer structure sample, the effect of the elastic modulus of the
sample on the cavitation erosion performance is mainly discussed. Since
the surface layer of the double-layer sample in contact with water and

bubbles is the same material and has a thickness of only 1 mm, the
bottom layer is composed of a material with a different modulus and a
thickness of 3 mm. According to the relationship between coating
deformation and thickness in literature [34], the impact generated by
the rupture of the cavitation produces a deformation greater than 1 mm
on the elastic surface with a modulus less than 2 MPa, therefore, the
bottom layer of the double-layer sample in this study can also be
deformed under the action of the cavitation shock wave, the double-
layer sample can be regarded as an elastic body as a whole. In addi-
tion, it can be seen from the Fig. 6 that the maximum penetration depth
of all samples after 24 h of cavitation test does not exceed 0.25 mm,
therefore, cavitation erosion will not occur on the bottom layer. It can be
considered that the double-layer materials have different moduli, but
the surface chemical composition is consistent. Table 4 shows the
moduli of D1-D5. The modulus of D1 slightly increases compared with
S1. The modulus of D2 is the same as that of S2, and the moduli of D3, D4
and D5 is slightly smaller than that of S3, S4 and S5.

Fig. 11 shows the erosion morphologies of the double-layer sample
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Fig. 7. (a- e) Depth distribution of S1-S5 coatings subjected to 24 h cavitation erosion; (f) mean depth of erosion of S1-S5 at 24 h.

after 12 h of cavitation. The erosion for D1 and D2 is the least obvious,
with only sporadic pitting erosion observed. D3 and D4 show more
obvious erosion, and the density of the pitting pits increases signifi-
cantly. Due to the trend for mutual fusion, D5 erosion is the most serious,
the pitting erosion pits in some areas are fused with each other, and
there is basically no uneroded area. Fig. 12 shows the 3D images of the
eroded surfaces of the five double-layer samples and the mean erosion
depth for each of them. The surfaces for all eroded areas show different
degrees of pitting characteristics. It can be clearly observed that the

mean depth of erosion for D1 and D2 are shallower, and the mean depth
of erosion for D5 is the deepest. This shows that as the degree of erosion
increases, not only the number and area of erosion pits increase but also
the depth of erosion pits also increases.

3.2.2. The effect of elastic modulus alone on cavitation erosion

Fig. 13(a) shows the erosion volume loss curve for the double-layer
samples. Consistent with the erosion morphology characteristics, the
volume loss increases with the increase of modulus for all test times, the
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cavitation resistance is negatively correlated with the modulus. In
addition, the chemical composition of D2 and S2 are identical only with
different thicknesses, but there is little difference in volume loss between
them. The volume loss of S2 is slightly higher than that of D2 but less
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Water Bubble bursts

Bubbles

Molecular chain breakage

is temporarily stored in the form of elastic potential energy, and not all
of it is used to erode the coating. So this really illustrates the potential
role of elastic modulus in this cavitation erosion process.

Table 4

Modulus of D1-D5.
Sample D1 D2 D3 D4 D5
Modulus (MPa) 0.17 0.21 0.37 0.76 1.09
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Fig. 10. (a) The breakage of cavitation bubble damages the coating molecular chain; (b) the elastic deformation of the coating absorbs the cavitation impact energy.
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The elastic coating can be elastically deformed during the shock
wave and jet flow generated when a bubble bursts, dispersing the shock
load generated when the bubble bursts. This dispersing effect can be
summarized in two ways: One is the increase in the impact area, and the
other is that the shock wave continues to propagate inside the coating
after penetrating the surface of the sample, dispersing the surface shock
into the volume space. On the premise that the deformation of a surface
does not exceed the deformation limit of a material, the generation of
cavitation is avoided. When the modulus gradually increases, the
dispersion effect for surface deformation on the impact load is weak-
ened, and cavitation erosion is more likely to occur. In addition, there
exist situations that do not appear in this study, when the deformation of
a coating exceeds the limit strain of a material, the coating will also be
damaged. This situation is closely related to the position of the cavita-
tion. In an actual hydraulic component, coating design should be
emphatically considered.

4. Conclusions
The anti-cavitation performance of a coating is affected by many

factors, and the mechanical properties of a coating are one of the
important factors. The elastic modulus of a coating has an important
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Fig. 13. (a) Volume loss for double-layer samples; (b) mean depth of erosion for 12 h cavitation test of single-layer and double-layer samples.
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influence on the dynamic interaction between a cavitation bubble and
coating, which in turn determines the cavitation resistance of a coating
to a certain extent. This study establishes a more direct relationship
between the elastic modulus and cavitation resistance performance
through cavitation tests for coatings with different elastic moduli and
structure. The results show that when the elastic modulus is less than
1.09 MPa, and does not consider the influence of coating chemical
composition, cavitation resistance decreases with increasing modulus.
This study provides a reference for the design of anti-cavitation erosion
coatings for flow-through components.
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