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After a 1 min cavitation experiment performed in an ultrasonic vibration system, needle-like erosion pits
appeared on a polished stainless steel surface, and a special ring area was formed around each pit. The
shape of the pit and the plastic deformation of the ring area indicate that the mechanical impaction on
the surface is the main reason for the cavitation erosion. On the other hand, the iridescent color, the
decreased surface hardness and the appearance of the precipitated carbon ring prove that the ring area
has experienced a tempering process with the temperature higher than 300°C. Also, the lack of oxygen
in the ring area proves that it is not a chemical oxygen result.

© 2008 Elsevier B.V. All rights reserved.

It has been acknowledged that a mechanical damage process of
the cavitation erosion is often accompanied by a thermal effect [1].
Numerical results acquired by Plesset [2] and experimental phe-
nomenon observed by Nowotny [3] and Gavranek et al. [4] show
that a high temperature is reached in the cavity at the end stage of
bubble collapse. The temperature is so high that the metal strength
is reduced and sometimes the metal surface even melts. Numerical
results given by Wu and Robert [5] and Ying and An [6] recently
show that the temperature in the cavity reaches 10,000°C at the
moment of collapsing. However, the thermal effect is not consid-
ered as the main reason for the cavitation erosion. Knapp et al. [7]
have pointed out that the heat is hard to be transferred to the sur-
face effectively, and the surface of some materials with good heat
conductivity cannot reach a high temperature. Additionally, the
color changed on the metal surface is considered as a chemical oxy-
genized result under a lower temperature. In the undergoing study,
characteristics of the erosion pit at the incipient stage of the cavita-
tion erosion are observed to investigate how the erosion pit forms
and whether the thermal effect takes part in the formation of the
pit. A sample made of stainless steel (1Cr18Ni9Ti) is installed on a
static platform and the bubbles generated by an ultrasonic vibration
system rush forward to the sample surface. After the experiment,
surface profile, surface hardness and elemental composition of the
erosion pit are tested.
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Fig. 1 shows an ultrasonic vibration cavitation system. The vibra-
tion horn performs an axial vibration with the frequency of 20 kHz
and the amplitude of 6 wm. A sample piece is installed on the sup-
port arm of a two dimensional table. The testing surface of the
sample faces the tip of the vibration stick, and the interval between
them is adjusted by the translation stage, while the pitch angle of
the sample surface is adjusted by the rotation stage. The experi-
ment is performed in a beaker filled with de-ionized water. The
sample is designed according to Chinese standard (GB6383-86) on
vibration cavitation erosion system. The sample surface is polished,
and the root mean square (Rq) value of the surface roughness is
15.5 4+ 2.5 nm, which is tested by an Atomic Force Microscope (AFM)

CSPM 4000. It should be noted here that there are three measur-

ing regions on the sample surface marked as 1-3 in Fig. 1(b). Each
region is the size of 5 wm x 5 wm, and the surface roughness is the
mean value of the three regions. The composition of the stainless
steel specimen is listed in Table 1.

The experiment lasted 1 min. Fig. 2(a) shows the erosion pit on
the steel surface observed by an Olympus LEXT OLS3100 confocal
laser-scanning microscope. It was found that an area with a distin-
guished round shape and an iridescent color was formed around
each erosion pit. Here, the area is called ‘ring area’ according to its
shape. The surface profile of the erosion pit with an obvious ring
area is shown in Fig. 2(b). The continuous line represents the sur-
face profile of the cross section of the sample surface, and it shows
both the shapes of the pit and of the ring. The erosion pit is narrow
and deep, and it is usually called needle-liked pit [1], which is a
characteristic phenomenon appeared at the incipient stage of the
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Fig. 1. (a) Vibration cavitation system, and (b) the picture of the sample with testing regions.

cavitation erosion. The ring area is a little bit raised from the base,
which is also found on the aluminum surface in the erosion exper-
iment done by Knapp [8]. The ring area is believed to be the result
of the plastic deformation of the material following the pit’s forma-
tion caused by the impaction at the moment of the bubble collapse
[9]. So both the formation of the erosion pit and the deformation of
the ring area indicate that a mechanical action with high pressures
is the main damage mechanism for the cavitation erosion.

The hardness of the damaged surface shown in Fig. 2 was tested
by a Nano Tester (MML Co.). 10 indents were made on the sam-
ple surface along the radius direction, which are shown in Fig. 3(a).
The interval between the indents is 10 pm, and the maximum load
was 50 mN. The hardness data of the surface within and outside

. /

the ring area is shown in Fig. 3(b). It is found that the mean value = /

of the hardness inside the ring is obviously lower than that out- e @)
side the ring. Also, obvious plastic deformations were seen around LR N

the indents inside the ring, while the edge of the triangle shape of
the indent outside of the ring is clear. Moreover, as shown in Fig. 2
and Fig. 3(a), the ring is colorful and the color of the surface within
the ring changes from red to blue gradually. The appearance of the
iridescent color indicates that the temperature on the steel sur-
face may reach 300°C according to Wang’s experiment [10]. On the
other hand, it is known that the hardness of the steel decreases
when the steel is tempered under the temperature higher than
300°C. So, the iridescent color and the decreased surface hardness
both indicate that the ring area has experienced a high temperature 0 20 40 60 80 100 120 140
tempering process. testing length / (um)
Based on the heat treatment theory [11], the surface hardness . o

. . . . . Fig. 2. Surface profile of the erosion pit with ring are tested by confocal laser scan-
.red?”:tlon during t]_]e tempering process is caused by the precip- ning microscope. (a) Picture of the pits scattered on the surface and (b) surface
itation of the carbides on the surface. Therefore, the elemental profile of the cross section of the pit.
composition of surface materials on the damaged surface was
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tested by EPMA-1600 electronic probe with a wavelength disper-  ysing line scan along the horizontal diametric line across the ero-
sive spectrometry (WDS)- Six elements as ferro, carl?on, oXygen, sion pit. Y-axis represents the percentage of each element counts
chrome, nickel and titanium were detected within the ring area. The compared with its maximum atom counts except for oxygen whose

quantitative concentrations of the six elements are shown in Fig. 4 value is the percentage of counts compared with 100. The numbers

Table 1
The composition of the stainless steel specimen

C(®) Mn (%) AlL(%) Cr (%) Ni (%) Ti (%) Si (%) S(%) P (%)
<012 <2.00 <0.001 17.0-19.0 8.0-11.0 0.3-0.8 <1.00 <0.03 <0.035
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Fig. 3. Surface hardness testing, (a) is the pit with indents, (b) is the hardness in and outside the ring.

marked in the figure are the true maximum and minimum atom
counts for each element. In Fig. 4, it is found that the carbon also
forms a ring in the ring area, which is called ‘carbon ring’ here. The
carbon concentration increased in the ring while the concentra-
tions of the other five elements did not change much. It proves that
the carbon and carbides precipitate on the surface, and the ring area
has experienced a tempering process. The concentration variation
of the oxygen on the surface indicates that the ring area is not a
chemical oxygenized result under a lower temperature. The special
distribution of the carbon in the ring area is considered here to be
related to the bubble profile at the final stage of the collapse near
the surface. The numerical results acquired by Best [12] and Zhang
etal.[13] show that a bubble will change its shape from spherical to
toroidal after the first collapse, and the temperature in the toroidal
bubble is still high. Because the ring area is raised after the first

impaction caused by the micro-jet, its surface becomes closer to
the toroidal bubble or even contact it, then the surface is tempered
with higher temperature at the place where the ring forms.

The characteristics of the pits at the incipient stage of the
cavitation erosion are investigated after 1 min cavitation erosion
experiment, and some of the conclusions are drawn as follows:

(1) The surface profile of the erosion pit shows that a raised ring
area is formed around each pit. The narrow and deep profile of
the pit and the plastic deformation of the ring area indicate that
the mechanical impaction is the main reason for the cavitation
erosion at the incipient stage.

(2) The iridescent color, the surface hardness reduction and the
appearance of the precipitated carbon rings on the surface all
indicate that the ring area has experienced a tempering process

100 (Counts)
N ' I \ I C-Ka CH.2  LS12L
' (U A F. 8. 7073 Max. : 073
il B.G. 0 Min. : 935
i dvr. : 3790
Cr-Ka CH.4 LIF
F. 8. 2127 Max. : 2127
B. G. 0 Win, : 1806
80 — Avr. @ 1976
Fe-ka CH.4 LIF
F.8 13727 Max. : 13727
B.G. 0 Min. = 11733
E Avr. @ 12989
Ni-Ka CH.3 LIF
F.S. 243 Max. : 243
B.G. 0 Min, : 143
60 — — Avr, @ 181
0-Ka CH.1 RAP
\ F.S. 100 Max. : 36
B. G. 0 Min. : 3
5 1 Avr. : 14
40— —
20— — File Name : 304-2
File Comment
Position Comment :
E Acc. V(kV) : 15.0
Stage-Scan Y-#xis
0.5000(sec) 1.00{um)  150(points)

O T I T I
38.100

ag.200  (mm)

Fig. 4. The line scan results of the elemental composition of surface materials tested by EPMA-1600 electronic probe.
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with a temperature higher than 300 °C. The lack of oxygen in the
ring area also proves that it is not a chemical oxygenized action
under a lower temperature. The carbon ring is considered to be
heated by the toroidal bubble on the ring area at the final stage
of the bubble collapse.
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