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In the incubation period of ultrasonic cavitation, due to the impact of microjets on the
material surface, the needle-like microjet-pits are formed. Because the formation of
microjet-pits relates with the evolution of cavitation erosion on engineering materials,
corresponding study will promote the understanding on the mechanism of cavitation
erosion. However, little study on the microjet-pits has been carried out, especially in
the particles-water mixture. In this study, we firstly demonstrated the microjet-pits
on the carbon steel would be significantly inhibited by Al particles in water. Such
inhibition effect indicated that particular particles might not only provide growth sites
for cavitation bubbles but also affect the collapse of cavitation bubbles near a solid
surface. Our study deepened the understanding on the ultrasonic cavitation erosion
in the particles-water mixture. C 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4927505]

I. INTRODUCTION

In the ultrasonic cavitation, the oscillation of pressure in water breaks the attractive hydrogen
bond interaction among water molecules and form cavitation bubbles.1 Despite the theoretical ten-
sile strength of water is about 1000 bar, due to the existence of inhomogeneities in the water, the
measured value (on the order of 1bar) is much lower than the theoretical value.2 The pockets of
gases stabilized at the bottom of cracks or crevices on impurities serve as the weak points that
prevented water from sustaining a large tensile strength.2,3 For the water-particles mixture, the gas
nuclei in crevices on the surface of particle grow into cavitation bubbles when they are irradiated
by the ultrasound wave.4,5 Therefore, in contrast to the pure water, the cavitation threshold of
particles-water mixture is decreased, which results in an increased cavitation level.6,7 Meanwhile,
because the cavitation erosion is due to the collapse of cavitation bubbles, the particles-water
mixture causes stronger cavitation erosion than the pure water does. Chen et al.1,8 reported that
both CeO2 particles and SiO2 particles enhanced the ultrasonic cavitation erosion on stainless steel.
Huang et al.9 discovered that the ultrasonic cavitation erosion occurred in the solid-water mixtures
were more significant than that occurred in the pure water. Recently, Zmij et al.10 applied B4C
particles to enhance the ultrasonic cavitation erosion in the resistance tests on a coated steel.

For the incubation period of ultrasonic cavitation erosion on engineering materials (stainless
steel, brass, and aluminum), two types damage are formed. One is the microjet-pit, which is due to
the highly erosive microjet with the impact of stress larger than the strength of specimen.11 Another
is the shockwave-pit, which is attributed to the plastic flow of surface material under the impact
of shockwave.11 The microjet-pits are found to be smaller in size and are deeper compared with
the shockwave-pits.11 Because the microjet-pits directly relate to the impact of microjet, the study
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focusing on the microjet-pits will definitely reveal more details about the collapse of cavitation
bubbles and the mechanism of cavitation erosion. Currently, the study focusing on the microjet-pits
is lacking, particularly for the case in the particles-water mixture. Whether the particles in mixture
will definitely generate more microjet-pits on carbon steel is still unknown.

Because the size of microjet-pits is just about several micrometers,11 it is not practical to mea-
sure the weight loss owing to the formation of microjet-pits in the incubation period by electronic
balances which are always harnessed to characterize the cavitation erosion stage. In addition, it is
also hard to distinguish the microjet-pits on many engineering materials via using electron scanning
microscope under low resolution. However, due to corrosion effect, for carbon steel, including
AISI104512 and ASTM A283,13 the microjet-pit is always surrounded by a ring area with a size
much larger than the microjet-pit. As a result, it is convenient to investigate the generation of
microjet-pits using SEM under low resolution, which enables us to scan a relative large area on the
carbon steel.

The amount of microjet-pits directly reflects the ultrasonic cavitation level. To characterize
the cavitation level in the particles-water mixture, methylene blue (MB) was harnessed as the
sonochemical indicator. MB solution changes from blue into colorless when MB reacts with hy-
droxyl free radicals generated in the collapse of cavitation bubbles.14 The declined absorbency
of the absorption spectrum of MB solution characterizes the ultrasonic cavitation level.15 MB
has been used to characterize the hydroxyl free radicals induced in Venturi cavitation flow.16 Be-
sides, different from saline solutions (such as NaCl) which induces the noticeable corrosion on
carbon steel,17 MB shows the corrosion inhibition effect on carbon steel.18 Ultimately, the under-
lying mechanism was discussed. This study provided an approach to study the ultrasonic cavita-
tion erosion merely due to the attack of shockwaves, which would facilitate the research on the
mechanism of cavitation erosion.

II. METHODS AND EXPERIMENTS

The schematic of ultrasound irradiation device is shown in Fig. 1(a). The titanium horn with a
tip diameter of 15 mm driven by the piezoelectric transducer oscillated to generate ultrasound wave
in water to induce the cavitation. The cavitation erosion occurred on the specimen screwed at the tip
of horn. The frequency and the power of piezoelectric transducer were 20 KHz and 400W, respec-
tively. A beaker containing 200 mL aqueous solution was under the horn. The distance between the

FIG. 1. Experimental set up (a) and SEM images of particles (b).
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surface of specimen and the base of beaker was 20 mm. The photo of specimen is shown in the right
inset of Fig. 1(a). The specimen was made of AISI 1045 steel. Its surface has been polished with a
surface roughness of Ra 43.3 nm.

The SEM images of SiC particles, Al2O3 particles, and Al particles are shown in Fig. 1(b). The
nominal sizes of all particles were 5 µm. The real sizes were characterized by Laser Particle Size
and Potential Analyzer (ZETA3000HS). Corresponding mean size was 5.5 µm, 5.5 µm, and 7.5 µm,
respectively. The surfaces of SiC particles and Al2O3 particles were smooth. In contrast, the surfaces
of Al particles were rough and lamellar. Noticeable nano scale crevices appeared on the surfaces of
Al particles (the inset in Fig. 1(b)), which were due to their unique structures that each Al particle
was piled up with tens of thin sheets.

The experimental protocols are illustrated as following. First of all, the ultrasonic cavita-
tion was performed in deionized water. Then, experiments were performed in four 0.05 wt%
particles-water mixtures containing different kinds of particles, respectively. In each experiment,
the horn oscillated 15 times with each time lasting 20 s. The interval time between two oscillations
was 7 s. The total ultrasonic oscillating time was 5 min. When experiments ended, specimens
were washed by ethanol to avoid rusting. The cavitation erosion on the surface of carbon steel was
characterized using SEM.

Similarly, to qualify the ultrasonic cavitation level, the same experiments were performed in
the MB solution and particles-MB solution mixtures again. 8 mM MB solutions were prepared
by dissolving MB powders in deionized water with the electromagnetic stirring for 10 min. After
the ultrasonic cavitation, the particles-MB solution mixtures were centrifuged for 10 min by the
ultracentrifuge at a speed of 15000 rpm. The particles precipitated at the bottom of centrifuge
tube. 10 mL upper layer pellucid MB solution in centrifuge tube was collected. Furthermore,
10 mL initial pure MB solution and 10 mL pure MB solution undergone experiment were also
collected, respectively. Ultimately, collected MB solutions were characterized using Ultraviolet-
Visible Spectrophotometer (HP HEWLETT Packard 8425).

III. RESULTS AND DISCUSSION

In contrast to deionized water, the appearance of ultrasonic microjet-pits on carbon steel can
be enhanced or completely repressed in particular particles-water mixtures. As shown in SEM
images, large amount of white circular spots with black needle-like centers appear on the carbon
steel upon the ultrasonic cavitation in deionized water (Fig. 2(a)), SiC-water mixture (Fig. 2(b)),
and Al2O3-water mixture (Fig. 2(c)). By contrast, almost no similar white spots appear on the
carbon steel upon the ultrasonic cavitation in Al-water mixture (Fig. 2(d)). Other than these damage
morphologies, the plastic protuberances noticeably appear on surfaces of all specimens experi-
enced the ultrasonic cavitation. Interlaced plastic protuberances form net-like structures covering
the whole surface of carbon steel.

To better investigate these two material deformations upon the ultrasonic cavitation, the slant
observation model of SEM was used. The specimen holder was tilted to form an angle of 60◦ be-
tween the normal of the specimen surface and the axis of electronic gun in SEM. As shown in
Fig. 2(e), the protuberant feature of the plastic deformation and the sunken feature of microjet-pits
are clearly illustrated simultaneously. The black central dot in the white circular spot shown in
Fig. 2(a), 2(b), and 2(c) actually is an ultrasonic microjet-pit surrounded by a ring area consisted
of irregular oxide structures. The diameter of the microjet-pit and its peripheral ring area are about
2 µm and 20 µm, respectively. A cut on the microje-pit by Focused Ion Beam (FIB) revealed that the
depth of pit was about 5 µm (the upper-right inset in Fig. 2(e)). Considering the morphology simi-
larity among the vibratory cavitation erosion on other materials (stainless steel, brass, aluminum),
the plastic protuberance should be caused by the plastic flow of material under the impact of
shockwave generated in the collapse of cavitation bubble.11 Liu et al.19 observed the similar plas-
tic protuberances on the surface of carbon steel upon the ultrasonic cavitation. They pointed out
that the plastic protuberances and the surfaces encircled by protuberances were ferrite phases and
pearlite phases in carbon steel, respectively.19 Because of the mechanical strength of ferrite phase
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FIG. 2. SEM images of carbon steel surface after the ultrasonic cavitation in (a) deionized water, (b) SiC-water mixture,
(c) Al2O3-water mixture, and (d) Al-water mixture. (e) Slant observation on the carbon steel upon the ultrasonic cavitation in
deionized water.

was lower than that of pearlite phase, the plastic deformation tended to occur on ferrite phase and
forced it bulged up.19

Al particles are able to depress the generation of microjet-pits even other particles co-exist
in the mixture. We further investigated the generation of microjet-pits on carbon steel upon the
ultrasonic cavitation in the hybrid particles-water mixture, which was prepared by mixing 0.1 g SiC
particles or Al2O3 particles (5 µm) with 0.1 g Al particles (5 µm) in the 200 mL deionized water.
The ultrasonic oscillating time of each case was 5 min. As demonstrated above, both SiC particles
and Al2O3 particles are able to enhance the microjet-pits number on the carbon steel. However,
it was found that Al particles disable SiC particles’ power by inhibiting almost all microjet-pits

 All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license. See:

http://creativecommons.org/licenses/by/3.0/ Downloaded to IP:  128.164.115.25 On: Thu, 23 Jul 2015 19:45:56



077159-5 Yan, Wang, and Liu AIP Advances 5, 077159 (2015)

FIG. 3. SEM of the carbon steel upon the ultrasonic cavitation. (a) SiC (0.05wt%)-water mixture. (b) SiC (0.05wt%)/Al
(0.05wt%)-water mixture. (c) Al2O3 (0.05wt%)-water mixture. (d) Al2O3 (0.05wt%)/Al (0.05wt%)-water mixture.

appeared on the carbon steel (Fig. 3(a), 3(b)) albeit the net-like plastic protuberances still appeared
on the carbon steel (Fig. 3(b)). However, Al particles would only partially inhibit the microjet-pits
when Al2O3 particles exist in the mixture (Fig. 3(c), 3(d)). Similarly, the net-like plastic protuber-
ances (Fig. 3(d)) have not been affected by Al particles. Above phenomena indicate that the anti
microjet-pits capacity of Al particles may relate with its unique chemical property, which is absent
on SiC particles and Al2O3 particles.

In the hybrid particles-water mixture, the anti microjet-pits capacity of Al particles is also
affected by the relative amount of Al particles to other particles. We investigated the anti microjet-
pits capacity of Al (5 µm)/SiC (2.5 µm)-water mixture upon the ultrasonic cavitation. Specifically,
we prepared 1:1 and 3:1 hybrid particles-water mixtures by mixing 0.1 g Al particles with 0.1 g
SiC particles and mixing 0.3 g Al particles with 0.1 g SiC particles in the 200 mL deionized
water, respectively. The ultrasonic oscillating time of each case was 5 min. When the whole mass
of particles is fixed, the size of particles is inverse proportional to the number of particles. Thus,
in contrast to the ultrasonic cavitation performed in SiC (5 µm)-water mixture (Fig. 2(b)), more
microjet-pits was found on the carbon steel when the ultrasonic cavitation was performed in SiC
(2.5 µm)-water mixture (Fig. 4(a)). When the mass ratio of Al particles to SiC particles was 1,
significant microjet-pits still generated on the carbon steel (Fig. 4(b)). However, when the mass
ratio of Al particles to SiC particles increased to 3, no microjet-pits appeared on the carbon steel
(Fig. 4(c)).

The plastic protuberances on the carbon steel are not inhibited by Al particles. We investigated
the evolution of carbon steel surface after the ultrasonic cavitation in 0.05 wt% Al-water mixture.
As shown in Fig. 5, even the experiment lasts 20 min, the microjet-pits do not appear on the carbon
steel. In contrast, as the time of ultrasonic irradiation increases, the plastic protuberances gradually
from and become distinguishable on the carbon steel. Other than the plastic protuberances, the
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FIG. 4. SEM of the carbon steel upon the ultrasonic cavitation. (a) SiC 2.5 µm (0.05wt%)-water mixture. (b) SiC 2.5 µm
(0.05wt%)/Al 2.5 µm (0.05wt%)-water mixture. (c) SiC 2.5 µm (0.05wt%)/Al 2.5 µm (0.15wt%)-water mixture.

surface of carbon steel encircled by the net-like plastic protuberances also significantly varies over
the 20 min of ultrasonic cavitation. As shown in the left bottom inset of Fig. 5, the smooth surface
encircled by the plastic protuberances has been replaced with the lamellar structures. The original
material in the gaps of lamellar structures has been lost in the ultrasonic cavitation. Leu et al.19

FIG. 5. The time-lapse SEM images of carbon steel after the ultrasonic cavitation performed in 0.05 wt% Al-H2O mixture.
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FIG. 6. Absorption spectra of MB solution and particles-MB mixtures without (a) and with (b) the ultrasonic cavitation.

proposed that the lamellar structures were formed by the loss of cementite phase in pearlite phase
due to the continuous shockwave impact on pearlite phase during ultrasonic cavitation erosion.

Furthermore, the ultrasonic cavitation level in the particles-H2O mixture demonstrates that
Al particles significantly enhance the ultrasonic cavitation level in water. Despite MB molecules
slightly absorb on Al2O3 particles and SiC particles, no absorption of MB on Al particles has been
found (Fig. 6(a)). Comparing the absorption curves in Fig. 6(a) and Fig. 6(b), we found that only
the absorbance at 664 nm of MB solutions from Al-MB mixture significantly declined upon the
ultrasonic cavitation. SiC particles and Al2O3 particles slightly and does not increase the ultrasonic
cavitation after experiment, respectively. For the experiment performed in the pure MB solution and
Al-MB mixture, the decreased absorbency at 664 nm was 0.071 and 0.248, respectively. According
to the Lambert – Bear Law, the ratio of absorbency variation in MB solutions is equal to the ratio
of the MB concentration variation.20 For the ultrasonic cavitation, it is also equal to the ratio of the
cavitation level variation.15 Thus, in contrast to the pure MB solution, the cavitation level in the
Al-MB mixture increases 3.49 times.

It is commonly acknowledged that particles in water enhance the ultrasonic cavitation yield.6,7

Therefore, in comparison with the pure MB solution, the cavitation level in particles-water mixture
is enhanced. However, the enhancement of cavitation level varies with the surface roughness of
particles. Particles with rough surfaces facilitate the entrapment and the stabilization of gas nuclei.21

As shown in Fig. 1(b), the crevices on the surface of Al particles will facilitate capturing and
stabilizing the gas nuclei. Therefore, in contrast to SiC particles and Al2O3 particles, Al particles
noticeably enhance the ultrasonic cavitation level.

Based above discussion, Al particles are able to inhibit the appearance of microjet-pits on
carbon steel, but not the plastic protuberances due to the impact of shockwave generated in the
collapse of cavitation bubbles.11 Thus, the collapse of cavitation bubbles has not been interfered by
Al particles. The high ultrasonic cavitation level in Al-water mixture also supports this conclusion
(Fig. 6(b)). Because the microjet-pits are due to the collapse of cavitation bubble near or directly
contact with the solid surface,22 the impact process of microjet on the surface of specimen may
have been interfered by Al particles. We proposed that Al particles might play a role more than
just providing nucleation sites for the cavitation bubbles. Al particles may make cavitation bubbles
to collapse at adequate large distance away from the surface of specimen, because the impact of
microjet on the solid surface will be destructive when bubbles collapse close to the solid surface.23

Since the shockwave can propagate in the water, thus even Al particles cause the cavitation bubbles
to collapse at a place where is relative far away from the surface of carbon steel, the shockwave is
still able to cause plastic deformation on the carbon steel.

If this proposition is right, what is the correlation between the inhibition of microjet-pits on the
carbon steel and the high cavitation level in the particle-water mixture? In contrast to the smooth
surfaces of SiC particles and Al2O3 particles, the lamellar surfaces of Al particles provide abundant
crevices and high specific surface area for gas nuclei to grow into cavitation bubbles, gas nuclei on
the surface of these particles are the weakest point of tensile strength in the particle-water mixture.2
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Thus, cavitation bubbles will mainly grow from the surfaces of these particles. Then, collapse posi-
tion of the cavitation bubbles may be affected by the position and the movement of these particles
in water. Li et al.24 discovered that the long range repulsive electrostatic double layer interaction
between SiO2 particles and the surface of aluminum bronze in water had an effect on preventing
SiO2 particles approaching the surface of aluminum bronze. If such repulsive interaction also exist
between Al particles and the surface of AISI 1045 steel, the larger distance between the collapsing
bubbles and the solid surface will attenuate the impact of microjet even cavitation bubbles collapse.
Despite the evidence to support this model is still lacking, the anti microjet-pits capacity of Al
particles in the hybrid particles-water mixture can be explained based on this model. Because Al
particles are more suitable to carry gas nuclei than SiC or Al2O3 particles, when Al particles and SiC
particles or Al2O3 particles mix, the gas nuclei may still tend to exist on Al particles. As a result,
Al may still dominate whether the microjet-pits will form or not even other particles exist in the
mixture. While, other than the surface morphology, the surface property of particles, such as sur-
face hydrophobicity, may also affects the capture and the stabilization of gas nuclei on particles.21

That explains why the anti micro-jet pits capacity of Al/Al2O3-water mixture is worse than that of
Al/SiC-water mixture. Actually, due to the oxidation on Al particles, a thin oxide layer formed on
Al particles. Thus, from the chemical perspective, Al2O3 particles are more similar to Al particles
than SiC particles.

IV. CONCLUSIONS

In summary, the significant inhibition of microjet-pits on carbon steel (AISI 1045) was discov-
ered in the Al/Al2O3-water mixtures with a strong cavitation yield. On the contrary, the plastic
deformation due to the impact of shockwave has not been noticeably affected by Al particles. The
microjet-pits were also inhibited in the Al/SiC and Al/Al2O3 hybrid water mixtures, though Al2O3
particles weakened the anti microjet-pits capacity of Al particles. Though the underlying mech-
anism was still obscure, we proposed that the unique surface morphology and surface chemical
property of Al particles might make most gas nuclei existing on Al particles and collapse at a
relative far distance from the surface of carbon steel. As a result, the microjet energy were attenu-
ated too low to form the needle like pits on carbon steel. In addition, because the microjet-pits on
carbon steel are noticeably inhibited in Al-H2O mixture, this study provided a promising route to
investigate the ultrasonic cavitation erosion on the carbon steel merely due to the shockwave, which
might facilitate further study on the mechanism of cavitation erosion.
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