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Abstract: With the aim of understanding cavitation damage of stainless steel under the effect of
cavitation collapse in an aqueous environment, morphology, phase, chemical state, electrochemical,
and other properties after cavitation and erosion are methodically examined. The obtained results
indicate that the addition of metal ions in pure water strengthens the dynamic effect of cavitation
collapse. When the cavitation collapses, it is capable of releasing a high temperature and transferring
it to the surface of the stainless steel in a short time. Then, through the rapid cooling of the pure
water environment, the martensitic structure is generated, but the presence of a massive amount of
metal ions leads to a decrease in the speed of heat conduction and absorption of some heat. After the
collapse of the bubble, the passivation film on the surface of the stainless steel incorporates into the
creation of initial micropores. A concentration difference and a growth of the current density at the
bottom of the hole, as well as a reduction in the pH value are detectable. Compared with pure water,
3.5% NaCl solution contains more free ions and its local current density is higher, so its corrosion
resistance is worse.
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1. Introduction

Cavitation is a common form of damage in engineering machinery, marine equipment,
and other fields. Meanwhile, cavitation of the pure water environment is a more severe
threat [1], which seriously limits the development and application of pure water environ-
ment engineering equipment. Cavitation damage of valve components is substantially
influenced by many factors, such as the energy release of cavitation collapse [2,3], which is
associated with dynamic and thermodynamic processes. The cavitation bubble generally
occurs near the downstream of the hydraulic valve throttle. The expansion of the down-
stream low-pressure area leads to the growth and development of bubbles and then their
collapse [4]. The bubbles collapse to a minimum volume [5] in the far field and release
high-intensity pressure pulses [6,7], and form a shock wave of high levels of pressure and
speed. The shock wave acts on the metal surface and causes local plastic deformation of the
surface [8] and the collapsed bubbles do not disappear. When they collapse to a minimum
volume and flow again in the locally low-pressure region, they will rapidly rebound and
create a very strong secondary shock wave [9]. During bubble regeneration and rebound,
two observable rebounds occur; however, the size of the rebound gradually decreases [10].
The pits formed by cavitation collapse are symmetric cones [11] that successively cause
surface hardening, plastic deformation, erosion, and cracking [12], expand in the depth
direction, and merge along the horizontal direction [13]. In the final stage of bubble col-
lapse, the thermal effect plays a very important role. In the process of the rapid collapse
of the bubble, a very high local and transient temperature appears in the bubble [3] and
the resulting heat at the moment of collapse spreads to the surrounding fluid, which has
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a vital effect on the fluid and solid wall outside the bubble. Qin et al. [14] developed a
bubble heat transfer model accounting for the effects of heat conduction and radiation, and
then examined the collapse and rebound process of bubbles when they move along the
flow. Yang et al. [15] explored the thermodynamic effect of bubble collapse by employing
the lattice Boltzmann method and appropriately characterized the temperature evolution
law of the gas-liquid phase. Under the action of the fluid’s pressure and velocity, the heat
generated by the high temperature during bubble collapse is transferred to the wall in
the direction of the jet [16]. The material properties of the fluid environment commonly
determine the degree of influence of the thermal effect of bubble collapse [17]. It can be
seen that cavitation is a type of damage caused by energy release after cavitation collapse.
The release of energy includes two forms, heat and force, but previous studies have not
provided specific explanations on the impact of thermal coupling on cavitation. Therefore,
aiming at cavitation in a pure water medium, this paper aims to examine the dynamics and
thermodynamic coupling effect produced by cavitation collapse, and a 3.5% NaCl solution
is utilized for a comparative study.

2. Cavitation Model and Analysis

Cavitation models were developed for pure water and 3.5% NaCl solution, respectively,
as demonstrated in Figure 1.

. v Cavitation
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collapse
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(@) (b)

Figure 1. Two cavitation models: (a) pure water cavitation model and (b) cavitation model of 3.5%
NaCl solution.

Model A: cavitation model of pure water. The pure water contains very little H*
and OH ™~ ions (about 1 x 10~7 mol/L), dynamics, and thermodynamic energy of bubble
collapse all act on the stainless-steel surface. The influence of cavitation collapse is somehow
equivalent to the water hammer effect, and because the release of collapse heat will be
accompanied by alterations of the chemical state of the elements; finally, due to the long
action time, the shape of the surface will be destroyed by cavitation.

Model B: cavitation model of 3.5% NaCl solution. In addition to H" and OH™ ions, the
water also contains a large number of Na* and C1~ ions. The dynamics and thermodynamic
energy of cavitation collapse are partly absorbed by ions and cannot fully act on the surface
of stainless steel. Therefore, its damage form is mostly dynamic damage, and the effect of
thermodynamic damage, also in the early stages of cavitation damage, is relatively low.

3. Experimental Approach

The ultrasonic cavitation testing machine (Nanjing Shunliu SLQS1000, Nanjing, China)
was utilized to simulate the cavitation damage test of a medium water valve. The experi-
mental device has been presented in Figure 2. The test parameters are as follows: ultrasonic
power, 500 W; 20 kHz ultrasonic frequency; Horn diameter ©15 mm, 1 mm from the sample
surface. The temperature was set as 20 °C. The stainless-steel sample should be polished to
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8000 mesh before testing; the dimensions are 20 mm x 20 mm x 0.5 mm. After the test, the
sample was cleaned, dried with cold air, and then sealed.

ultrasonic cavitation testin
machine

Figure 2. Photos of the experimental devices.

Experimental process: Cavitation tests were performed in pure water and 3.5% NaCl
solution for 24 and 48 h, and then changes in surface morphology, phase composition,
chemical state, and other parameters were carefully investigated using a scanning electron
microscope (FEI Inspect F50, FEI Company, Hillsboro, USA), an X-ray diffraction (Bruker
D8 advance, Bruker Company, Karlsruhe, Germany), an X-ray photoelectron spectroscopy
(Thermo EscaLab 250Xi, Thermo Fisher Scientific Company, Waltham, Massachusetts, USA),
and an electrochemical workstation (Shanghai Chenhua CHI1030B, Shanghai, China).

4. Results and Discussion

The SEM diagram of the surface after the cavitation of the aqueous environment
(Figure 3) indicates that the size of the surface particles caused by the cavitation of 3.5%
NaCl solution is smaller than that produced in the presence of the pure water cavitation.
This fact reveals that the addition of metal Na* in pure water strengthens the dynamic
effect of the cavitation collapse. Compared to water hammer performance in pure water
cavitation, the hardness of metal ions is much higher than that of water. Therefore, the
stronger the dynamic action caused by metal ions, the more severe the cavitation damage.

(b)

Figure 3. Levels of cavitation of the water environment: (a) original stainless-steel sample, (b) cavita-
tion of pure water for 48 h, and (c) cavitation of 3.5% NaCl solution for 48 h.

The components of the cavitation surface products were analyzed using XRD, as
shown in Figure 4. The results demonstrate that the stainless-steel samples in five groups
have three main peaks at 44.54°, 51.6°, and 75.44°, respectively, which are austenite 111,
200, and 220 structure, and a weak martensitic 110 structure.
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Figure 4. XRD surface damage due to the cavity.

In addition, there is a peak of 64.02° in the test samples under pure water cavitation
for 24 and 48 h, which represents a typical structure of martensite 222. The major reason is
that austenite can be transformed into martensite after high temperatures, which indicates
that cavitation collapse can release a high amount of heat and transfer it to the surface of
stainless steel in a short time, and the rapid cooling of the pure water medium leads to the
martensite structure. Nevertheless, in the cavitation condition of 3.5% NaCl solution, due
to the presence of ions in the solution, the speed of heat conduction decreases and part of
the heat is absorbed by the ions, so the heat transfer on the stainless steel surface would
be inadequate; thereby, 222 martensite is not produced. In order to further analyze the
element changes on the cavitation stainless steel surface, the XPS analysis and peak fitting
were performed on the sample surface, as demonstrated in Figure 5.

The plotted results in Figure 5a indicate that the XPS spectrum of Ols under the action
of pure water cavitation is substantially different from other samples since the O content
is remarkably lessened and the peak position is larger. Figure 5b displays that the fitting
peaks at the binding energies of 707.1 and 713.8 eV of the original stainless-steel sample are
associated with the simple substance Fe, while the binding energy of 710.5 eV is pertinent
to the compound of Fe3* [18,19], namely Fe;O3. The demonstrated graphs in Figure 5¢
show that the fitting peak at the binding energy of 706.7 eV is associated with the simple
substance Fe, whereas the binding energy of 709.6 eV corresponds to the compound of
Fe?*, i.e., FeO, and the binding energy of 711.6 eV is pertinent to the compound of Fe>*,
which is Fe;O3. The depicted results in Figure 5d are provided for the case of 3.5% NaCl
solution cavitation 24 h. As can be seen, the fitting peak at the binding energy of 707.5 eV
is associated with the simple substance Fe, the binding energy of 710.9 eV is pertinent
to the compound of Fe?* (i.e., Fe;03), the binding energy of 713.1 eV corresponds to the
compound of Fe?* (i.e., FeCl,), and, finally, the binding energy of 723.4 eV is associated
with the compound of Fe?* and Fe3" (i.e., Fe30,). The graphs presented in Figure 5e reveal
that the fitting peak at the binding energy of 708.7 eV is pertinent to the simple substance
Fe, whereas the binding energy of 711.8 and 714.2 eV is associated with the compound
of Fe3*, namely Fe(OH)s and Fep(SO,)3, after the pure water cavitation for 48 h. The
demonstrated results in Figure 5f indicate that after cavitation of 3.5% NaCl solution for
48 h, the fitting peak at the binding energy of 707.5 eV corresponds to the simple substance
Fe, while the binding energy of 710.7 eV and 714.2 eV are pertinent to the compound of
Fe%*, namely FeCl; and Fe;(SO4)3, respectively. It is proved that based on the cavitation
collapse shock and heat transfer, an electrochemical reaction also takes place. For the sake
of examining the electrochemical effect of the cavitation damage on stainless-steel materials,
the polarization and impedance curves are analyzed through the CHI electrochemical
workstation, as presented in Figure 6.
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Figure 5. XPS spectrum of stainless-steel sample under various cavitation conditions: (a) XPS narrow
spectrum of Ols, (b) original Fe2p sample, (c) pure water cavitation 24 h Fe2p, (d) 3.5% NaCl solution
cavitation 24 h Fe2p, (e) pure water cavitation 48 h Fe2p, and (f) 3.5% NaCl solution cavitation

48 h Fe2p.
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Figure 6. Polarization and impedance curves under various cavitation conditions: (a) polarization
curve and (b—d) polarization curve.

After pure water cavitation, the passivation film on the surface of 304 stainless steel
is relatively fragile compared to its surroundings, resulting in a high current density in
the available region. At this time, the corrosion anions in the corrosion solution near
the metal cations are dissociated and combined with them to form a complex, and the
passivation film is destroyed in such a case. At the same time, the cavitation ion stainless-
steel sample, due to the influence of the two-phase flow caused by the collapse of cavitation
on the matrix surface, leads to the destruction of the interface of the matrix phase and the
formation of micropores [20]. The micropores are lower than the surrounding matrix area,
and the solution is difficult to disperse inside and outside the hole, causing a difference
in concentration inside and outside the hole. Such a fact leads to the lessening of its
self-corrosion potential and hydrolysis process of Cr?*:

Cr** + H,O — Cr(OH)* + H* 1)

On the other hand, the increase in H* content after the electrochemical reaction results
in a decrease in the pH value of 3.5% NaCl solution after cavitation. This issue is essentially
attributed to two factors: the acidic corrosion solution continues to reduce the stability of
the passive film, thereby accelerating the degradation of the passive film, while also leading
to the growth of the current density at the bottom of the pores, hence contributes to the
lessening of the pH value. The surface defects of stainless steel after cavitation in the 3.5%
NaCl solution essentially consist of tiny pores and cracks. The pores are able to promote
the formation and expansion of corrosion pits, and pores and cracks effectively influence
the corrosion resistance of the stainless steel. The corrosion potential of the sample after
cavitation of pure water is lower than that of the stainless-steel sample after cavitation in
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the presence of 3.5% NaCl solution. As the cavitation time increases, the corresponding
passivation zone of the sample gradually disappears. The electrochemical corrosion current
and potential of various samples are given in Table 1.

Table 1. Electrochemical corrosion currents and potentials of different samples subjected to cavitation.

Corrosion

Sample Potential (V) Current Density (A/cm?) Pitting Potential (V)
Pure Water Cavitation 24 h —1.088 2118 x 107> —0.428
3.5% NaCl Solution Cavitation 24 h —1.061 1.908 x 107> —0.713
Pure Water Cavitation 48 h —1.029 3.700 x 107> —0.62
3.5% NaCl Solution Cavitation 48 h —1.026 3476 x 1075 —0.616
Stainless-steel Original Sample —0.983 5.357 x 107> —0.585

By combining the provided results in Table 1 and those of Figure 6b—d, it can be
seen that the corrosion resistance of the original sample and the sample after pure wa-
ter cavitation is superior to the sample after cavitation by 3.5% NaCl solution from the
impedance spectrum. The corresponding capacitance arc radius of various samples follows
the following order: the original sample of stainless steel > the sample after pure water
cavitation for 24 h > the sample after pure water cavitation for 48 h > the sample after 3.5%
NaCl solution cavitation for 24 h > the sample after 3.5% NaCl solution cavitation for 48 h.

5. Conclusions

The addition of metal ions in pure water strengthens the dynamic effect of cavitation
collapse. Actually, compared to the water-hammer effect in pure water cavitation, the
hardness of metal ions is much higher than water, hence, the impacts of the dynamic are
much stronger, and, thereby, the cavitation damage would be more intense.

When the cavitation collapses, it can release a high amount of heat and transfer it to
the surface of the stainless steel in a short time. Then, through the rapid cooling of the pure
water environment, resulting in the martensitic structure; however, the presence of a large
number of metal ions leads to a decrease in the speed of heat conduction and absorption of
some heat.

Compared to the surrounding matrix area, the micropores occupy a smaller region,
and the solutions inside and outside the pores are difficult to disperse, resulting in a
concentration difference, a growth of the current density at the bottom of the hole, and a
decrease in the pH value. Compared with the pure water, 3.5% NaCl solution contains
more free ions and its local current density is higher; hence, the corresponding corrosion
resistance is worse. As the cavitation time rises, the resulting passivation area of the sample
gradually disappears.
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