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Abstract: The impact of cavitation erosion behavior on different metals in a water flowing system
was investigated experimentally. A flowing system of water was built and a transparent observation
window is designed to capture the cavitation flow. Erosion tests were carried out on red copper,
brass, pure aluminum, and an aluminum alloy. The cavitation behaviors are presented by the weight
loss and cavitation erosion rate, and related changes in the topography of the metal surface are also
discussed. The variation in the cavitation erosion on metallic specimens with increasing time could
be divided into three stages: rising stage, stable stage, and attenuation stage. The pure aluminum
material had the lowest yield strength, and suffered the most severe cavitation erosion while brass had
the highest yield strength and good mechanical properties, which suffered the least cavitation erosion.
Furthermore, the roughness of the material surface was also one of the important factors affecting
the cavitation erosion rate. The weight loss of milling specimens with higher surface roughness

lcll;%la(t?sr was slightly lower than that of grinding. The high roughness of the metallic surface increased the
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Song, J. Cavitation Erosion experimental reference for the anti-cavitation ability improvement in metal materials and promotes
Characteristics for Different Metal an understanding of the related mechanism.
Surface and Influencing Factors in
Water Flowing System. Appl. Sci. Keywords: cavitation erosion; metallic materials; surface topography; yield strength; roughness
2022, 12, 5840. https://doi.org/
10.3390/app12125840
Academic Editors: Jiaqi Li,
Bozidar Sarler, Haiping Liu 1. Introduction
and Jian Zhang Turbine and auxiliary machinery are key equipment in the hydropower industry,

which is important to reduce environmental pollution by improving the efficiency of energy
conservation and emissions reduction [1]. The reliability and advancement of hydraulic
machinery such as propellers, turbines, pump, and valves as well as hydraulic discharge
structures are largely dependent on the quality and performance of machinable metal
materials [2]. Cavitation erosion is one of the main failure modes in hydraulic machinery,
which is often caused by the action of stress pulses on the surface of metallic materials [3].
The main mechanisms of cavitation erosion on metal materials are shock wave and micro jet.
Hammitt [4] believed that the microjet penetrates the inside of the bubble and hits the solid

wall, causing damage to the solid surface. William [5] proposed that when the cavitation
bubble collapses, the energy accumulated inside the bubble is released and a shock wave is
formed, which erodes the solid surface. The pressure wave or high-speed jet is generated
in the process of bubble collapse, which varies from several hundred MPa to one thousand
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Therefore, the research on the anti-cavitation erosion ability of metallic materials used
for hydraulic machinery is not only of profound theoretical significance, but also of great
practical engineering significance.

Recently, while researchers have conducted much work on cavitation erosion, the
technology of the anti-cavitation ability improvement of metallic materials needs more
effort. Soyama [8] pointed out that only cavitation impacts with an energy larger than
a certain threshold level affect the cavitation erosion of materials, and this fundamental
threshold was obtained from the relationship between the erosion rate and the energy
of the cavitation impacts. Dockar [9] found that the pitting damage on the surface of
the material is mainly caused by the micro jet generated by the collapse of bubbles. The
cavitation erosion phenomenon of a single hydrofoil was studied experimentally in the
work of Dular [10], and it was found that the degree of cavitation erosion was related
to the cavitation structure. Lv [11] studied the cavitation erosion in fluid jet machining,
and pointed out that the cavitation intensity is related to the ultrasonic frequency. The
lower the frequency, the more severe the cavitation erosion. Hutli [12] showed that the
jet width and jet diffusion angle had a great influence on the strength of the cavitation.
A larger jet velocity will lead to the larger area of erosion and deeper erosion depth. Li [13]
investigated the erosion strength and efficiency of the cavitation jet. When the inlet pressure
was 10 MPa and 15 MPa, the nozzle inner surface roughness value was 12.5 um, and the
erosion efficiency was the best. When the inlet pressure was 20 MPa and 25 MPa, the surface
roughness value of the nozzle was reduced to 6.3 pm. Paolantonio [14] revealed that there
were deep and rough spongy structural damages on the surface of the 316 LVM during the
cavitation erosion stage. With the increase in time, small-sized cavitation pits first appeared
on the surface of the material and then the surface plastic deformation increased. Four
very similar Venturi shapes were used to observe the cavitation erosion test, and Sarc [15]
pointed that despite the same convergence angle cavitation size, the appearance varied
significantly when the divergence angle was changed. Wang [16] show that the greater
flow velocity will cause more serious cavitation erosion. When the erosion forms a series
of erosion points, it may act as a guided wave, so the mechanical impact of the cavitation
bubbles becomes concentrated, and then the damage is accelerated [8,17].

In this paper, the failure mechanism of metallic materials under the cavitation flow
was studied experimentally, and the impact of the cavitation erosion on different metallic
materials and the change in the surface morphology were also discussed. A flowing system
of water was built and a transparent observation window was designed to observe the
cavitation flow. A comparative analysis of the advantages and disadvantages of the anti-
cavitation erosion ability of the selected four metallic materials, red copper, brass, pure
aluminum, and aluminum alloy, was presented. The cavitation damage of the samples was
quantitatively analyzed by the weight loss method and cavitation erosion rate, and the
failure mechanism of the metal materials was proposed. Recently, hydraulic machinery
is gradually developing toward the direction of large, high speed, high power, and high
performance, so there is an urgent need to find suitable materials and understand its
anti-cavitation erosion ability for hydraulic machinery.

2. Materials and Methods
2.1. Experimental Device

The experimental system was mainly composed of six parts: a pump, water tank,
pressure control valve, flow meter, transparent experimental section, and pressure gauge,
as shown in Figure 1a. The water tank was composed of a water storage tank and buffer
tank in series. The buffer tank can be used for water cooling, and prevent the change in
temperature during this experiment. Figure 1b shows the main part of this experimental
system. The pressure regulating valve was used to adjust the inlet and outlet pressure in
the experimental section and the flowmeter was used to measure the water flow in the
pipeline. The turbulence fairing mainly included a buffered device and a rectifier. The
buffered device was a variable-diameter square pipe, and the water was fully developed in
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it because of the increasing pipe diameter. The rectifier was used to reduce the turbulent
energy gradient. In order to capture the transient cavitation evolution process in the flow
channel, a high-speed camera was used and the impact of cavitation flow on the metallic
surfaces is presented.

Water Tank Transparent
'k experimental
v ~ t‘ o section
Control valve e e et e e

L SWEE- Flow meter

1. flowmeter 2. turbulence fairing 3. pressure gauge 4. flange 5. disturbing element 6. transparent viewing window
7. light source 8. pressure gauge 9. high-speed camera 10. data-processing systems

(b)

Figure 1. Experimental setup. (a) Water-cycling system. (b) Optical measurement part.

Figure 2 is the schematic of the transparent test section, which was made of PMMA
(polymethyl methacrylate), and was the place where cavitation occurred. There was a
40 mm x 40 mm square channel used to observe the cavitation flow. A disturbing element
was installed at the inlet port; when the water flows through this disturbing element,
the flow channel becomes smaller and the corresponding flow velocity increases, so the
pressure will be reduced. If the partial pressure is lower than the saturated vapor pressure
of water, the cavitation occurs near the disturbing element, and it will grow and collapse
downstream. A trapezoidal incision was provided to install the experimental base, which
was fixed at the bottom of the transparent test section by bolts. The metallic material was
pressed firmly against the experimental base, whose surface was exposed to the cavitation
flow. In the process of cavitation collapse, the surface of the metallic sample will be
damaged, so the topography of the damaged metallic surface was analyzed.
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1. main body 2. A disturbing element 3. base 4. plexiglass 5. cover plate

Figure 2. The transparent test section.
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2.2. Test Material Preparation

Red copper, brass, industry pure aluminum, and aluminum alloy copper were used in
this experimentally, respectively. H62 brass is composed of a copper and zinc alloy, which is
often used in the manufacture of valves, water pipes, and air conditioning connecting pipes.
It has a high hardness, high strength, good machinability and mechanical properties as well
as strong chemical and wear corrosion resistance. The characteristics of the 1060 industry
pure aluminum is high plasticity, good corrosion resistance, good electrical conductivity
and thermal conductivity, but low strength and hardness. The 1060 industry pure alu-
minum is widely used for chemical equipment such as capacitors, wires, cable protective
sleeves, nets, wire cores, and aircraft ventilation systems. T2 copper has good thermal
conductivity, electrical conductivity, machining performance, and corrosion resistance. The
6061 aluminum alloy has good machining performance, good corrosion resistance, and a
good oxidation effect. In order to investigate the anti-erosion ability of these four metals, a
150 mm length, 27 mm width metallic sample was used as the experimental sample, which
was stuck up to the base. The inlet pressure of the experimental section was adjusted to
0.5 MPa and the flow rate was 20.7 L /min. The surface of these samples were well prepared
by #800, #1000, #1500, and #2000 metallographic sandpaper in turn, and then polished
until no obvious scratches could be observed under the microscope. These samples were
then cleaned in an ultrasonic bath containing anhydrous ethanol for 5 min followed by air
drying. An analytical weighing balance with a measurement accuracy of 0.00001 g was
used to weigh these samples, which were finally stored in a dish-drying device. Table 1
shows the yield strength of the metallic materials in this experiment.

Table 1. The yield strength of the four selected metallic materials.

. T2 Red 6061 1060 Industry
Material H62 Brass Copper Aluminum-Alloy Pure Aluminum
Yield strength (MPa) 120 70-90 103 35

The weight loss of the above four metallic materials were measured using the weight-
lessness method. At the same time, the change in the sample surface topography was
observed. The origin of the smooth surface morphology was marked before the start of
the pump. Then, the pump was opened, and the cavitation flow maintained for 2 h. Then,
the sample was taken out and cleaned in an ultrasonic bath for 5 min followed by air
drying. The dried sample was weighed five times and the average value was taken as the
weight loss of the metallic materials. The surface topography of the marked point was
also photographed. Afterward, the sample was returned to the experimental section for
later experiments.

3. Results
3.1. Cavitation Erosion Behavior on Different Metallic Metals

Figure 3a shows the cavitation flow during the experiment, and Figure 3b shows the
shape and size of the disturbing element. The length of the disturbing element was 35 mm,
its width was 40 mm, the height was 35 mm, and the angle was 45 degrees. Two grooves
were machined at its bottom, and were fixed by bolts. It could be seen that the cavitation
clouds originated in the back of the disturbing element, which flowed downstream and
collapsed later. The intensity of the cavitation clouds decreased gradually far away from
the disturbing element.
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Figure 3. (a) Cavitation flows in the experimental section. (b) Shape of the disturbing element.

In order to calculate the cavitation damage of the metallic metals under the condition
of cavitation flow quantitatively, the weight loss of the four different metallic samples
under the action of cavitation flow from 2 h to 20 h was calculated. The weight loss was
calculated as follows:

AW =Wy —W; 1)

The cavitation erosion rate was calculated as follows:
AW’ = (W;_y — W) /At @

where AW is the weight loss of metallic sample; W is the original weight before testing;
Wi; is the actual weight after testing; AW’ is the cavitation erosion rate; At is the cavitation
acting time.

Figure 4 is the weight loss of the metallic sample with increasing acting time. The
right column is the surface morphology of the four different metallic materials after a 10 h
cavitation acting time. It could be seen that the weight loss of the four selected metallic
material samples increased gradually with the increasing acting time, and there were
obvious differences among the surface morphologies of the four metals after cavitation
erosion. As mentioned in Table 1, the yield strength of the four metallic material samples
was: H62 brass > 6061 aluminum alloy > T2 red copper > 1060 industry pure aluminum.
The 1060 industry pure aluminum material had the lowest yield strength, so the industry
pure aluminum sample suffered the most severe cavitation damage during the experiment.
This is the reason why the weight loss of the 1060 industry pure aluminum sample was
much higher than other metallic materials. Large corrosion pits could be found on the
surface of the industry pure aluminum specimen. H62 brass had the highest yield strength
and good mechanical properties, so the cavitation damage in the experiment was the least.
A small number of erosion pits appeared on the surface of the H62 brass, and most areas
did not change significantly. Although the yield strength of the 6061 aluminum alloy was
slightly higher than of the T2 red copper, the weight loss was obviously higher than red
copper. A large number of corrosion pits appeared on the surface of the red copper samples
because of the reciprocal action by the microjet and shock wave generated during the
collapse of cavitation flow, which may be caused by the plastic deformation of the material
surface. The relatively serious cavitation damage on the surface of the aluminum alloy
was mainly because aluminum alloy materials often have coarse-grain defects, which will
reduce the mechanical properties and fatigue resistance of the material.

Figure 5 shows the change in the cavitation erosion rate of the metallic sample with
increasing acting time. The right column is the partially enlarged drawing of the damage
morphology subjected to 10 h cavitation flow. The cavitation erosion rate of pure aluminum
was the highest, the second was aluminum alloy, then red copper, and the lowest cavitation
erosion rate was brass. It was found that there were deep erosion pits on the surface
of the pure aluminum, which was a honeycomb morphology. That is to say, the pure
aluminum sample was most seriously damaged. There were spongy pits on the surface of
the aluminum alloy, while there were only pitted pits on the surface of the red copper. Only
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pinhole-like pits were found on the surface of the brass, which indicated that the material

suffered the smallest cavitation damage.
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Figure 4. The weight loss of different metallic materials samples vs. acting time.
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Figure 5. The cavitation erosion rate of different metallic materials samples vs. acting time.

3.2. Cavitation Erosion Behavior of Brass at Different Position

As we discussed above, the brass had the best anti-cavitation erosion ability and
the least weight loss, so the cavitation erosion behavior of brass was focused on in the
following part. In the process of cavitation flow downstream, the water flow is accompanied
by cavitation initiation, development, and collapse [18]. The degree of cavitation erosion
on the metallic surface is not the same at different positions. In order to investigate the
effect of the cavitation erosion of metallic materials at different flow positions of hydraulic
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machinery, three brass samples were selected and machined by grinding methods in order
to ensure the same surface roughness. Next, these three specimens were placed on the
baseplate as shown in Figure 6. Before the experiment, these three brass specimens were
cleaned in an ultrasonic bath for 5 min followed by air drying. An electronic analytical
balance with an accuracy of 0.1 mg was used for weighing. The inlet pressure of the
experimental section was 0.5 MPa and the flow rate was 20.7 L/min. Under the action of
cavitation flow for two hours, the specimens were taken out, cleaned, dried, and weighed,
and their weight loss was recorded, respectively. Then, the experiment was repeated again
for two hours.

Sample 2
Disturbing A
element :

Sample 1 Sample 3

Figure 6. The metallic material samples at different positions.

Figure 7a shows the accumulated weight loss of the three brass spaces at three different
test positions with an increasing action time. After the action of the cavitation flow for
20 h, the accumulated weight loss of specimen 1 was 11.4 mg, the second was specimen
2 at 11.1 mg, and the smallest one was specimen 3 at 10.4 mg. Furthermore, according to
Equation (2), the cavitation erosion rate of brass specimens is presented in Figure 7b. It
could be seen that the trends in the cavitation erosion rate of the brass specimens at different
test positions were almost the same. The cavitation erosion rate of sample 1 rose rapidly
with increasing acting time first, reached its maximum, then keep almost unchanged. The
maximum cavitation erosion of sample 1 was the highest, while that of sample 3 was the
lowest. That is to say, the cavitation damage of specimen 1 was the most serious, and
the cavitation damage of specimen 3 was the least. Because sample 1 was close to the
disturbing element, and this distribution and the position of unsteady cloud cavitation near
sample 1 were similar as reported in [19]. Here, the strength of the cavitation flow was the
highest, and the collapse of the cavitation clouds was stronger. The microjet induced by
cavitation collapse will damage the surface of the brass or produce plastic deformation, so
the damage of sample 1 was the most serious. As sample 3 was far from the disturbing
element, the cavitation strength was weak and the cavitation damage of sample 3 was the
weakest. Different positions from the disturbing element in the water cycling system will
induce different strengths of the cavitation flow, which will also result in different degrees
of cavitation damage.

As discussed above, sample 1 was more susceptible to damage by cavitation flow.
Figure 8 shows the cavitation erosion rate of brass sample 1 with increasing acting time.
The cavitation erosion curve of the brass specimen could be divided into three stages: the
rising stage, stable stage, and attenuation stage. The acting time of 0-12 h was the rising
stage and the cavitation erosion rate of the specimens increased rapidly with the increase
in time. The period from 13 h to 22 h was the stable stage, where the cavitation erosion
rate of the specimen showed a small fluctuation, and the overall trend was relatively stable.
When the acting time was longer than 22 h, the attenuation stage is approached, and the
cavitation erosion rate of the space showed a trend of decrease.
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Figure 7. (a) The cumulative weight loss curves of brass samples with increasing acting time.

(b) Curves of the cavitation erosion of brass samples with increasing action time.
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Figure 8. The developmental stage of the brass sample under increasing acting time.

3.3. Influence of Surface Roughness on Cavitation Erosion

The roughness of the material surface has attracted the interest of many researchers [20],
which is also one of the important factors affecting the cavitation erosion rate. The high
roughness of the metallic surface increases the pressure loss along the flow path, which
will suppress the strength of the cavitation flow. As discussed above, the brass has good
anti-cavitation ability, and different machining methods of the brass will induce different
surface topographies. The brass sample was machined by milling and grinding, respec-
tively, ensuring that the surface roughness range from 0.2 to 6.3 um. Then, the brass sample
was fixed in the experimental section, and two hours later, the brass sample was cleaned in
an ultrasonic bath for 5 min followed by air drying. The dried sample was weighed five
times with an electronic analytical balance and the average value was taken as the weight
loss of metallic materials. The surface roughness of the brass sample machined by milling
was greater than the grinding method. Figure 9a shows the change in the weight loss of
the brass with increasing acting time, which was machined by milling and grinding. It
was found that with the increasing action time, both the weight loss of the brass sample
machined by milling and grinding increased, and the weight loss of the milling specimens
was slightly lower than that of grinding. Figure 9b presents the variation in the cavitation
erosion rate of the milling and grinding specimens with increasing acting time. In the stable
period of cavitation erosion, the cavitation erosion rate of the milling specimen was lower
than that of the grinding specimen, because the roughness of the brass machined by milling
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4. Conclusions

Cavitation bubbles seriously affect the performance and service life of hydraulic de-
vices such as hydraulic valves, water pumps, and marine propellers. It is urgent to study
the mechanism of cavitation erosion in order to prolong the service life of hydraulic ma-
chinery. A cavitation test system was built, and four kinds of metallic samples—brass, red
copper, aluminum alloy, industry pure aluminum—were used to investigate the behaviors
of cavitation erosion on the metal surface. The experimental results showed that these four
different materials had different anti-cavitation erosion abilities because of their different
yield strengths. The anti-cavitation ability of brass was obviously better than that of the red
copper, pure aluminum, and aluminum alloy. The weight loss and cavitation erosion rate of
the brass were the lowest while the pure aluminum had the largest. The surface of the brass
only produced pinhole-like pits, while the pure aluminum sample had serious cavitation
damage, which presented a honeycomb-shaped surface topography. Furthermore, the
roughness of the surface topography plays an important role in cavitation erosion. Because
the roughness of the brass machined by milling was greater than grinding, the milling brass
sample could increase the pressure loss along the flow path and the suppressed cavitation
strength. However, there is not a simple linear relationship between the roughness of the
surface and the degree of the cavitation erosion and a reasonable surface morphology could
inhibit the occurrence of cavitation.
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