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the cavitation erosion.

Spherical and irregular microparticles both in the size of 5 um were put into the de-ionized water respec-
tively to form different suspensions, and vibrating cavitation experiments were performed in the two
kinds of suspensions. After the experiment, the damages on the specimen surfaces were measured and
free radicals in suspensions were detected. It was found that suspensions with particles cause more severe
cavitation erosion than those without particles. Compared with a spherical particle, the shape of the irreg-
ular particle haslittle effect on the number of the cavities, but it causes abrasion on the solid surface besides

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The cavities formed on solid particle surface are proved to play
an important role in the cavitation erosion, and this work continues
the previous study on the effect of the microparticle in cavitation
erosion [1]. Besides the size, the shape and the surface profile of the
microparticle would also affect the cavity formation according to
Harvey’s theory [2]. Many experiments reviewed by Jones [3] have
proved that the cavity formation would like to occur on the surface
with crevices and concaves. However, most of the experiments were
performed on large plane surfaces. Recently, cavity was found to
grow both on spherical microparticles with smooth surfaces [4] and
on almost spherical microparticles with concaves on the surfaces
[5]. It seems that the cavity formation on the microparticle surface
is a little different from that on the plane surface, and the effect of
the microparticle’s shape on the nucleation is still obscure.

On the other hand, abrasion by microparticles couples cavitation
erosion on the damages on solid surface, which has been investi-
gated by the experiments including artificial particles [6,7], and the
experiments in sandy water [8,9]. In Li’s recent study [10], the cavi-
tation on microparticle’s surface was found to even enhance the silt
erosion directly. In those experiments, the size and the shape of the
particles are proved to be important to the abrasion on the speci-
men surface. The specimen surface was damaged not only by the
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cavitation erosion from the collapse impingement, but also by the
abrasion from the particle’s collision, and the irregular shape of the
micro sands was proved to play an important role in the abrasion.

In our ongoing study, vibration cavitation erosion experiment
was performed in suspensions containing microparticles with the
same size and different shapes. According to the measurement on
damaged surface and free radicals detection in the suspension, the
effects of the microparticle’s shape on the cavitation erosion and
abrasion are investigated.

2. Experimental
2.1. Particles and suspensions

Fig. 1(a) shows the vibration cavitation apparatus used in the
experiment, which was described in detail in the previous work [1].
The vibration horn performs an axial vibration with the frequency
of 20 kHz and the amplitude of 6 pwm. The sample piece is installed
at the tip of the vibration horn. The specimen used here was made of
40 Cr stainless steel, and its testing surface is polished. The surface
roughness is tested by an Atomic Force Microscope (AFM, CSPM

4000), and the root mean square (Rq) value of four testing regions
is28.5 + 1.5 nm. The experiment is performed in a beaker filled with
de-ionized water at the room temperature.

Two kinds of particles were put into de-ionized water to form
suspensions. One is spherical SiO, particle and the other is irreg-
ular SiO, particle. The mean diameter of spherical particles is
5.0 £0.5 wm, and the sphericity is 0.1% of the diameter. The size
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Fig. 1. (a) Vibration cavitation apparatus, (b) SEM picture of spherical particles, and (c) irregular particles.

Table 1
Suspensions and specimen for the experiments

Suspension no. Suspension description Specimen no.

0 200 ml TA suspension, not used in the experiment |/

I 200 ml TA suspension +0.2 wt% spherical particle — 1#
Il 200 ml TA suspension + 0.2 wt% irregular particle — 2#
111 200 ml TA suspension 3#

of irregular particles is 5.0 £ 1.0 wm. Fig. 1 shows the particles
observed by Scanning Electrical Microscope (SEM, FEI Quanta 200).
The surface of the spherical SiO, particle is smooth, while crevices
and concaves are found on the irregular particle surface.

Terephthalic acid (TA) in the suspension was used as a cavitation
detector according to a fluorescence testing theory [11]: the ther-
mal and mechanical energy released by bubble collapse is sufficient
to cause the sonolysis of water and lead to free radical formation,
mainly the hydroxyl (OH*) and hydrogen (H*) radicals. Terephthalic
acid is a scavenger of OH® and a well-known dosimeter for ionizing
radiation [12]. It rapidly reacts with the resulting OH* to produce
intensely fluorescent hydroxyterephthalate (HTA) [13]. TA suspen-
sion was prepared by dissolving the TA in about 800 ml de-ionized
water into which 5ml 1M NaOH was added. The suspension was
stirred for about 1 h and water was added to adjust the volume to
11. Then, 200 ml suspension was picked up and put into a beaker
where 0.2 wt% particles were added. In this experiment, spheri-
cal particles and irregular particles were added into TA solutions
respectively to form different kinds of suspensions. The composi-
tion of each kind of suspensions and the corresponding specimen
used in it are listed in Table 1.

2.2. Cavitation damages on surfaces

and the surface roughness increased. It is a typical damaged sur-
face at the incubation stage of the cavitation erosion under the
collapse impingements. The mean surface roughness and the num-
ber of erosion pits are marked in Fig. 2 and Table 2, respectively.
It was found that the surface roughness of specimen and the
number of erosion pits in different suspensions were different.
The surface testing results indicate that the suspensions contain-
ing particles cause more severe erosion than suspension without
particles, and suspension containing irregular particles causes
more severe erosion than the suspension containing spherical
particles.

There is another difference between the damaged surface in sus-
pension Il and the surfaces in the other two suspensions. As shown
in Fig. 3(a) and (c), the pit has a round shape with rim around it. It
is a typical erosion pit by the collapse impingement [15]. However,
as shown in Fig. 3(b), some indentations and scratches appear on
the specimen surface besides the typical erosion pits. Such indenta-
tions are smaller than the erosion pits, and they have sharp triangle
shapes. Such marks are not found on the other two surfaces, and
they are assumed to be the result from the collision of the irregular
particles to the polished solid surface.

The assumption was validated by the elemental composition
detection on the surface. The energy spectrums of two damaged
surfaces of specimens 1# and 2# were shown in Fig. 4. Because there
is little Si on the original stainless steel surface before the exper-
iment, the Si peak appearing in the curves represents the direct
contact of the particles to the specimen surfaces. Compared with
the few concentration of Si on the surface of specimen 1#, irreg-

Table 2
Pits on the specimen surface

Specimen no. Number of pits Average depth Average diameter
The duration of each vibration cavitation experiment was set of pits (p.m) of pits (p.m)
to 1 min based on Karimi’s study [14]. Fig. 2 shows the damaged 1# 410 £ 75 0.60 =+ 0.06 133 + 0.22
surface of each specimen after the experiment. Plastic deforma- 24 510 +£5.0 0.50 + 0.05 0.85 +0.50
tions and erosion pits appeared on the original smooth surface, i ERD 5 5 0 Lol 5 03
400 1# Rq=75%8.5 nm 2#Rg=135¢7.5nm 400 3# Rq=67+7.5 nm

400 -500

800 -1000

Fig. 2. Damaged surfaces of specimen under Wyko MHT-III interferometer with measured surface roughness.
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Fig. 3. Pits on specimen surfaces in different suspensions. (a) specimen 1#, (b) 2# specimen, and (c) 3# specimen.
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Fig. 4. Energy spectrum done by EDS in Quanta 200 SEM. (a) Elements on 1# specimen surface and (b) elements on 2# specimen surface.

ular particles must have much more chances to collide with the
specimen surface.

2.3. Free radicals detection

The fact that irregular particles collide with the specimen sur-
face makes it hard to determine the effect of the microparticles
on cavitation erosion. Whether the more severe damages on the
surface are caused by the more collapse impingement due to
the particle’s irregular shape, or by the additional abrasion from
the collision? This problem can hardly be clarified according to
the surface damages, because the plastic deformations from the
two reasons may be superposed. Here, free radicals detection is
adopted to determine the number of collapse in different sus-
pensions. Each kind of suspension was centrifuged at the speed
of 15,000 round/min for 10 min after the cavitation experiment.
The particles were separated from the suspension, and the clar-
ified suspensions were picked up for the fluorescence test. The
exciting wavelength is 310nm and the emission wavelength is
423nm. Fig. 5 shows the fluorescence intensities of different
suspensions.

3. Explanation and discussion

According to the experimental results, microparticles show
great effects on the cavitation erosion on solid surfaces. Firstly,
based on the fluorescence intensity of suspension, the particles,
either spherical or irregular, increase the number of cavities col-
lapsed in the liquid, and the solid surface has more chances to be
damaged by the impingement. This result copes with the higher
surface roughness and more erosion pits on specimen 1# and 2#. It
indicates that the solid particles help to increase the cavitation ero-

sion on solid surfaces through increasing the number of the cavities.
Furthermore, the fluorescence intensity of suspension containing
spherical balls is almost the same as that of suspension containing
irregular particles, which indicates that the shape of the particles
has little effect on the number of the collapsed cavities. This result
seems to conflict with Harvey’s theory to some extent, because the
crevices and concaves on the solid surfaces are usually thought to
help the growth of the cavities. Herein, the micro size of the par-
ticle is considered as the main reason. In the experiment done by
Arora et al., large vapor cavities were directly seen to grow from
small regions on spherical particle surface through high speed pho-
tographs [4]. The relationship between the particle radius and the
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Fig. 5. Experimental data of fluorescence intensity for different suspensions using
PerkinElmer LS-55.
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cavity radius before separation was also provided in his work. Thus,
for microparticles, cavities can grow from their surfaces, and the
number of such cavities is almost independent of the particles’
shape, or, at least the shape is not so important as the particle’s
other properties, such as the size [1].

Secondly, it can be deduced from the indentations and the
existence of Si on the sample surface that the irregular parti-
cles directly collide the surface. Thus, the irregular particles not
only increase the cavitation erosion but also cause the particle
abrasion on the surface. On the other hand, few abrasive dam-
ages were found on the surface in suspension containing spherical
particles. Since both of the two kinds of particles have the same
size and same hardness, the shape of the particle is a key fac-
tor to cause that difference. The microparticle is like an indenter
when it collides the steel surface, because the 40 Cr steel is softer
than SiO, particle (the hardness of SiO, is HV750-1200, 40Cr
steel is HV600). Since an indentation is much easier to be formed
by a sharp triangle indenter than by a spherical indenter, it is
easy for irregular particles to cause indentation, while it is not
easy for spherical particles to do so. This postulation was vali-
dated by the sharp edge of the indentations on the sample surface
shown in Fig. 3(b). Therefore, for irregular particles, additional
abrasive effect needs to be considered in the cavitation erosion
when calculating the mass loss rate or analyzing the fatigue pro-
cess.

It should be notified that all the results and explanations pro-
vided here are based on the fact that the particles are in the size of
5 wm, and they may be not proper for larger or smaller particles.

4. Conclusions

Under the condition that the particles are in the size of 5 wm,
some conclusions can be drawn as follows based on the experiment
results discussed above.

(1) Microparticles, either spherical or irregular, increase the cav-
itation erosion through increasing the number of cavities in
the suspension, and the particle’s shape has little effect on the
cavitation erosion.

(2) Detection on specimen surface proves that the irregular par-
ticles directly collide the specimen surface while spherical
particles may not. This result indicates that the particle abrasive

effect needs to be considered in cavitation erosion when the
suspension contains irregular particles.
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