

  metals-12-00198




metals-12-00198







Metals 2022, 12(2), 198; doi:10.3390/met12020198




Article



Effect of Cavitation Intensity on the Cavitation Erosion Behavior of 316L Stainless Steel in 3.5 wt.% NaCl Solution



Jiaxiu Hu 1,2, Lianmin Zhang 2,*, Aili Ma 2, Pingli Mao 1,* and Yugui Zheng 2





1



School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, China






2



CAS Key Laboratory of Nuclear Materials and Safety Assessment, Institute of Metal Research, Chinese Academy of Sciences, 62 Wencui Road, Shenyang 110016, China









*



Correspondence: lmzhang14s@imr.ac.cn (L.Z.); pinglimao@yahoo.com (P.M.)







Academic Editor: Evgeny A. Kolubaev



Received: 28 December 2021 / Accepted: 17 January 2022 / Published: 21 January 2022



Abstract

:

In this study, the cavitation erosion behavior of 316L stainless steel under different cavitation intensities in 3.5 wt.% NaCl solution was investigated with scanning electron microscopy and various electrochemical tests. Results indicated that cavitation intensity corresponding to CE amplitude of 5 μm was lower than that of the mechanical bearing capacity of passive films. When subjected to cavitation erosion (CE), Open circuit potential (OCP) shifted to the noble direction instantaneously, which was mainly attributed to enhanced oxygen transfer of the cathode due to stirring effects of CE. By contrast, high cavitation intensities corresponding to CE amplitudes of 25 μm and 55 μm exceeded the mechanical bearing capacity of passive films, causing significantly reduced OCP associated with metal dissolution of the anode from mechanical damage. Potentiostatic polarization and Mott–Schottky tests showed that 316L SS subjected to low cavitation intensities displayed good repassivation properties. However, repassivation performance was markedly weakened when high cavitation intensity was applied, resulting in weaker protection of the passive films with high carrier density.
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1. Introduction


Cavitation erosion (CE) is a common damage form relative to pumps, turbines, propellers, valves and other flow passage components in both corrosive media (e.g., sodium chloride solution) and noncorrosive media (e.g., distilled water) [1,2,3,4,5]. Due to stirring effects of cavitation, the mass transfer process of electrochemical corrosion of materials was accelerated [6,7,8,9]. At the same time, shock waves and micro jets generated by the collapse of cavitation bubbles can cause significant plastic deformation of the materials of a flow passage component, thereby changing electrochemical activities of materials [10,11]. Passivation metals (e.g., stainless steels, titanium alloys and nickel alloys) usually possess superior corrosion-resistant performance, spontaneously forming dense, stable and protective passive films on their surfaces, consequently exhibiting high chemical stabilities in various corrosive media [12,13,14,15,16]. Passivation metals also have good repassivation performance, meaning that they can carry out repassivation self-repair when their surfaces are damaged, improving service performance in corrosive media [17,18,19,20]. Consequently, passivation metals, especially stainless steels, are widely used in aerospace, nuclear energy, marine and other industrial fields, particularly in the presence of CE, due to their superior corrosion resistance and good mechanical properties [21,22,23,24,25].



Influence of CE on passive film stability has always been a focal point of CE research. In the area of research on stainless steels, electrochemical methods are frequently used to monitor repassivation and depassivation processes. Zhang et al. studied the effect of CE on electrochemical corrosion behavior of austenitic stainless steel by conducting potentiodynamic polarization. It was found that CE significantly accelerated oxygen transfers of the cathode in addition to obvious current oscillation in the anodic passivation region, implying that passive films were in a metastable state under CE [26]. Luo et al. adopted an alternating CE–quiescence method to investigate the potential change of CrMnN duplex stainless steel in NaCl solution. Results indicated corrosion potentials shifted negatively under CE, demonstrating that CE with high cavitation intensity destroyed the integrity of passive films instantaneously, with obvious repassivation behavior observed once CE stopped [27]. Kwok et al. studied changes of corrosion potential in 316L and 304 stainless steels over time in 3.5 wt.% NaCl solution and found that CE moved corrosion potentials toward the direction of active dissolution. Passive films on the materials were initially destroyed as CE was switched on, and then the materials were repassivated rapidly. When CE stabilized, the stainless steel surfaces were covered with a passive film thinner than the original, with uniform thicknesses of 2–3 nm while simultaneously exhibiting weak protective properties [28]. However, the cavitation intensity selected in the aforementioned research was relatively high, exceeding the mechanical bearing capacity of the passive films; thus, the electrochemical behavior observed is limited to stainless steels under high cavitation intensities. In actual service conditions, the cavitation intensity is usually low and fluctuates within a certain range. Therefore, selecting an appropriate cavitation intensity range to study CE behavior is of more significance for understanding CE damage mechanisms in stainless steels.



In this study, the CE behavior of 316L stainless steel (316L SS) under different cavitation intensities in 3.5 wt.% NaCl solution was investigated. OCP was adopted to monitor potential changes under alternating CE and quiescent states. Meanwhile, potentiostatic polarization was used to assess the effect of alternating states of CE and quiescence on cathodic and anodic reactions of 316L SS. Mott–Schottky tests were also conducted to evaluate passive film stability. Additionally, surface morphology observation was carried out for specimens subject to different cavitation intensities. This study provides some important insights into understanding CE damage mechanisms in 316L SS subjected to different cavitation intensities.




2. Experiment


Solution-annealed 316L SS (heated at 1050 °C for 1 h and then quenched in water) was selected as the experimental material due to its superior corrosion resistance and good mechanical properties [29,30,31]. The chemical composition of 316L SS used in the experiment is shown in Table 1, and the dimensions of the CE samples are displayed in Figure 1. All CE specimens were ground by 400-grit, 1000-grit and 2000-grit sandpapers in sequence; then, they were polished using diamond grinding paste with a particle diameter of 0.5 μm. Ultrasonic CE equipment made by Nanjing Xian Ou Instrument Manufacturing Co., Ltd, Nanjing, China. was used for the CE tests, as shown in Figure 2, and the working temperature was maintained at 25 ± 2 °C using a temperature control box. The horn tip was held at a depth of 15 mm in 3.5 wt.% NaCl solution, and the CE specimen was placed co-axially with the horn fixed a distance of 1 mm from the horn tip. CE tests were performed according to ASTM Standard G32-10 [32]. Detailed parameters can be obtained from our previous research studies [27,33].



Electrochemical tests adopted a traditional three-electrode electrochemical measurement system, a platinum plate as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode with the sample as the working electrode. The surface area of the working electrode (the surface subject to CE) was 1 cm2. Prior to electrochemical tests, the samples were sealed using epoxy resin; then, working surfaces were wet-ground and polished with the same procedure as the CE specimens. Cavitation intensities can be adjusted by changing the amplitude of CE; the CE amplitudes selected were 5 μm, 25 μm and 55 μm, corresponding to the powers of 8 W, 20 W and 36 W, respectively. Open circuit potential (OCP) was measured under alternating CE and quiescence states, with a dwelling time of 300 s each. Potentiodynamic polarization tests were carried out at a scanning rate of 0.5 mV/s from −0.3 V versus OCP to 0.6 V versus SCE under different cavitation intensities. Potentiostatic polarization measurements were conducted at 0 V versus OCP under alternating quiescence and CE states with different cavitation intensities. Mott–Schottky measurements were also performed to evaluate the stability of passive films formed on working surfaces under different cavitation intensities at a scanning rate of 20 mV/s, with a scanning range from −0.5 VSCE to 0.4 VSCE and testing frequency of 1000 Hz. In order to ensure the accuracy of data, all electrochemical tests were conducted three times. Additionally, surface morphologies of CE samples subject to different cavitation intensities were characterized by scanning electron microscope (SEM, INSPECT F50) made by FEI Eletron Optics B.V., Eindhoven, Netherlands.




3. Results and Discussion


3.1. CE Damage Morphologies with Different Cavitation Intensities


Figure 3 shows CE morphologies of 316L SS subject to CE amplitudes of 5 μm, 25 μm and 55 μm. After 2 h with 5 μm CE amplitude, it is clear that 316L SS shows slight plastic deformation while the entire surface remains smooth. When CE amplitude increased to 25 μm, the surface of 316L SS presented obvious plastic deformation with many small bulges at grain boundaries noted after CE for 2 h, implying more serious surface damages. Furthermore, a large number of convexities were observed when the sample undergoes 2 h CE with anamplitude of 55 μm; in particular, there exist obvious slip bands in the crystal, which is significantly different from cases with low CE amplitudes after the same CE time. Prolonging CE time to 4 h at 55 μm amplitude, obvious surface damage with many cracks at grain boundaries and slip bands appear, and a new surface after local spalling was also observed. During the CE process, dislocation accumulation due to plastic deformation usually occurs at grain boundaries or slip bands where microcracks will form as shear stress exceeds critical shear stress. The surface damage of stainless steels caused by CE is widely reported [34,35,36,37,38,39,40]. The evolution of surface damage morphology of stainless steels presents similar change trends, but the damage degree after the same CE time is significantly distinct between different stainless steels. Overall, CE morphologies corresponding to different amplitudes show obvious differences, with higher CE amplitudes resulting in more serious surface damage.




3.2. OCP Measurements under Alternating CE and CE States


In order to further clarify the effect of different CE amplitudes on OCP of 316L SS, OCP plots under alternating CE and quiescence states of 300 s dwelling times are shown in Figure 4. For each CE–quiescence cycle, significant OCP changes indicate different electrochemical correspondences. Due to low H+ concentrations in neutral solutions, the hydrogen evolution reaction can be ignored. Therefore, fluctuations in potentials should be closely related to two competitive factors including an increase in mass transfer of oxygen (Equation (1)) and the destruction of passive films (Equation (2)) [41,42].
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With a CE amplitude of 5 μm, Figure 4b shows that each CE–quiescence cycle includes four stages. In stage 1, OCP changes from −186.6 mV to −159.7 mV, proceeding toward the noble direction when CE is switched on. In this situation, increased mass transfer of oxygen caused by CE accelerates the cathodic reaction of oxygen reduction. Meanwhile, the passive films formed on the sample’s surface maintain integrity at low cavitation intensity; thus, they are controlled by the cathodic reaction at this stage. In stage 2, OCP shows a negative shift reaching −168.7 mV. Since electrons consumed by the cathodic reaction are supplied by anodic metal oxidation, the increased cathodic reaction accelerates the anodic reaction to some extent, resulting in the negative shifts in potential. In stage 3, OCP is maintained in a relatively stable range from −169 mV to −164 mV, indicating that the cathodic and anodic reactions achieved equilibrium. In stage 4, the potential rapidly shifts to the negative direction once CE is witched off, which should be attributed to a significantly reduced reaction rate of the cathode. Subsequently, the potential moves towards the noble direction slightly due to the regeneration of passive films, which cover the entire surface of 316L SS. Note that similar phenomena can be observed in each CE–quiescence cycle, and the change in OCP of each CE–quiescence cycle becomes smaller, which is possibly related to gradually increasing surface stress affecting the electrode reaction.



Figure 4d shows alternating OCP under quiescence and CE of amplitude 25 μm; here, there also exist four stages in each CE–quiescence cycle. Note that OCP moves rapidly in the negative direction when CE is swithced on in stage 1 from −235.3 mV to −390.5 mV, which is significantly different from the case with an amplitude of 5 μm. It is clear that the passive films are destroyed instantaneously at this CE amplitude. In other words, the cavitation intensity corresponding to 25 μm amplitude exceeds the mechanical bearing capacity of passive films due to impacts of microjets and shock waves. As a result, the electrochemical process is controlled by the anodic reaction of metal dissolution due to the destruction of passive films. In stage 2, OCP moves positively to −311.9 mV and then proceeds negatively towards −366.7 mV; this is as a result of mutual promotion between cathodic and anodic reactions, resulting in more serious damage relative to the passive films with the progress of CE. In stage 3, OCP maintains a relatively stable value at around −370 mV, but it depends on the balance between the anodic and cathodic reactions in later stages. In stage 4, OCP shifts quickly towards the noble direction when CE is interrupted, a response closely correlated to the repassivation behavior of 316L SS. Although cavitation intensity is higher than mechanical bearing capacity of the passive films, 316L SS possesses superior repassivation properties and their passive films can be repaired in a short time; the repassivation process can cause a noble direction shift of potential dramatically. Additionally, the same phenomena can be observed in each CE–quiesence cycle. However, the change of OCP in each CE–quiescence cycle becomes larger due to the degradation of passive films or of repassivation performance, differing from the case with 5 μm CE amplitude.



An alternating OCP under quiescence and a higher amplitude CE of 55 μm is displayed in Figure 4e,f. OCP gradually decreases from −239.3 mV to −367.7 mV during the CE period, which is different from the case involving an amplitude of 25 μm. With a higher cavitation intensity corresponding to 55 μm amplitude, the passive films suffer more serious damage due to a higher cavitation intensity being compared to the mechanical bearing capacity of the passive films, making the anodic reaction dominant during the CE period (stage 1 and stage 2). Subsequently, OCP shifts quickly toward the noble direction when CE is switched off, exhibiting clear repassivation behavior similar to the case with an amplitude of 25 μm (stage 3). The destruction of the passive films is more serious after the CE period under a higher cavitation intensity, making it difficult to restore the integrity of the passive films to their initial states.




3.3. Potentiodynamic Polarization Tests under Different Cavitation Intensities


Figure 5a shows potentiodynamic polarization curves of 316L SS at different CE amplitudes, and the relevant fitting parameters are summarized in Table 2. According to the anodic polarization curves, the sample without CE (an amplitude of 0 μm) presents clear self-passivation behavior with a low corrosion current density (icorr) of 0.406 μA/cm2 while the anodic region displays a slight rightward shift under the CE state with 5 μm amplitude and an icorr value of about 1.062 μA/cm2. Meanwhile, the polarization curve displays an apparent passivation region without obvious current fluctuation. With an increase in CE amplitude to 25 μm, the anodic region shifts significantly to the right, and obvious current fluctuation is observed which may correspond to the local destruction of the passive films or pitting caused by CE. As the anodic part of the potentiodynamic polarization plot moves to the right, the largest icorr of 4.045 μA/cm2 was recorded, significantly higher than the case with 25 μm CE amplitude (2.959 μA/cm2). Obviously, a larger cavitation intensity corresponding to 55 μm can cause more severe damage to 316L SS. In addition, it is easy to observe that oxygen transfer of the cathode is significantly accelerated when low cavitation intensity with 5 μm CE amplitude is applied. At the same time, with increased cavitation intensity by enhancing the CE amplitude to 25 μm, the cathodic reaction presents a slight increase compared with the case with 5 μm CE amplitude; a similar cathodic reaction is recorded with increased cavitation intensity corresponding to 55 μm CE amplitude.



On the other hand, the corrosion potential (Ecorr) also presents some differences at different CE amplitudes. The Ecorr is about −310.7 mV at a static state (amplitude of 0 μm), and the value of Ecorr becomes −283.6 mV at a CE amplitude of 5 μm; the values of Ecorr reached 405.0 mV and 399.8 mV with the increase in CE amplitudes to 25 μm and 55 μm, respectively. The change of Ecorr should be closely related to anodic and cathodic reactions, including both anodic metal dissolution and cathodic oxygen transfer. More specifically, Ecorr is the equilibrium potential of cathodic and anodic reactions. Thus the ideal schematic polarization curves displayed in Figure 5b are adopted to explain changes in Ecorr at different CE amplitudes. At a low CE amplitude of 5 μm, increases in cathodic reactions are more significant than that of the anodic reaction due to stirring effects caused by CE-accelerated oxygen transfer. The anodic reaction does not change markedly because the cavitation intensity corresponding to 5 μm CE amplitude is lower than that of mechanical bearing capacity of passive films, which display good protective performance. Thus, coupling cathodic and anodic reactions results in an improvement of Ecorr (Point B in Figure 5b). With increased cavitation intensity corresponding to 25 μm CE amplitude, a contrasting change of the cathodic and the anodic reactions occurs in comparison to the case with 5 μm amplitude. Specifically, the increase in anodic reaction is more remarkable in comparison with the cathodic reaction due to destruction of passive films under high cavitation intensities; thus, Ecorr exhibits obvious decline (Point C in Figure 5b) compared with the static case (Point A in Figure 5b). Furthermore, Ecorr at a high cavitation intensity corresponding to 55 μm CE amplitude shows a similar change (Point D in Figure 5b) when compared to the case with 25 μm CE amplitude.




3.4. Potentiostatic Polarization Curves under Different Cavitation Intensities


Figure 6a illustrates potentiostatic polarization of 316L SS at different CE amplitudes under alternating CE and quiescence states. It is obvious that current density of all samples increases when CE begins and that the value of current density becomes larger with an increase in CE amplitude, indicating faster corrosion rates. However, the current density shows a rapid decline when CE is switched off, which is attributed to the fast self-repair response due to the superior repassivation performance for 316L SS. It is worth noting that the static current density after 300 s of CE displays an increasing trend with increases in CE amplitude, implying that repassivation gradually decreases with an elevated cavitation intensity. Additionally, it is evident that repair times after each CE–quiescence cycle tends to increase with increased cavitation intensity, which is indicative of deteriorated repassivation performance for 316L SS.



Figure 6b shows static potentiostatic polarization curves after CE for 40 min, and the applied potential is 0 V vs. OCP. The current density with different CE amplitudes shows a rapid decrease when CE is closed, reflecting a self-repairing process of 316L SS during the quiescent state. Current density maintains a stable value of 0.75 μA/cm2 after CE with 5 μm amplitude, implying that low CE amplitudes have little effects on the protection of passive films. In contrast, current densities with CE amplitudes of 25 μm and 55 μm are about 2.95 μ A/cm2 and 10.13 μA/cm2, respectively, after 600 s’ test, which reflects weak repassivation ability. Taken together, repassivation properties of 316L SS gradually weaken with increased cavitation intensity.




3.5. Passive Film Stability of 316L SS after CE with Different Amplitudes


In order to evaluate the protection of passive films formed on samples with different CE amplitudes, Mott–Schottky plots were obtained, as shown in Figure 7. It should be noted that Mott–Schottky tests are carried out in the static state because they are sensitive to changes in the surroundings. It is clear that the slopes of Mott–Schottky curves under the three amplitudes are positive; that is, the passive films formed on 316L SS under the three types of CE amplitudes exhibit characteristics of n-type semiconductors. According to the Mott–Schottky equation for n-type semiconductors, some important parameters can be obtained [43]:


   C  sc   − 2   =  2   ε r   ε 0  e  N D    ( E −  E  FB   −   k T  e  )  



(3)




where Csc is the space-charge capacitance, εr represents the dielectric of stainless steels taken as 15.6 [44], ε0 is the vacuum permittivity (8.845 × 10−14 F/cm), ND and E are the carrier density in n-type passive films and the applied potential (VSCE), respectively, e is electron charge (1.6 × 10−19 C) and T is the absolute temperature taken as 298 K. In addition, EFB and k represent the flat-band potential (VSCE) and Boltzmann constant (1.38 × 10−23 J/K), respectively. Kslope can be obtained by linearly fitting the slope of the Mott–Schottky curve in order to express the value of ND as follows.
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As shown in Equation (5), ND is inversely related to the Kslope, which reflects that the greater the slope, the lower the ND. It can be seen from Figure 7 that the slope of the Mott–Schottky curve decreases when amplitude increases. Furthermore, the fitting parameters of Mott–Schottky plots are shown in Table 3. From the data obtained, all R2 values are 0.99, indicating a high level of fitting. The conductivity of passive films can be reflected by ND, with lower ND meaning higher film resistance and implying better protective capacities of passive films. Obviously, the passive films formed on samples with 5 μm CE amplitude display low ND (0.55 × 1021 cm−3), indicating high passive film stability. However, with the increase in CE amplitude, the value of ND increases to 1.33 × 1021 cm−3 and 2.80 × 1021 cm−3, with CE amplitudes of 25 μm and 55 μm, respectively, indicating reduced passive film stability when CE amplitude increases. In summary, the stability of passive films decreases when CE amplitude increases, resulting in weak protection of passive films with high carrier density.





4. Conclusions


In this research, the effect of cavitation intensity on CE behavior of 316L SS in 3.5 wt.% NaCl solution was investigated, and the major findings are summarized as follows.



(1) Results of OCP indicated that a low cavitation intensity corresponding to a CE amplitude of 5 μm was lower than that of the mechanical bearing capacity of passive films. OCP shifted to the noble direction instantaneously when CE was switched on, and OCP under the CE state still maintained higher values compared with those of the quiescent state, which was mainly attributed to the enhanced oxygen transfer of the cathode due to the stirring effects of CE. In contrast, high cavitation intensities corresponding to CE amplitudes of 25 μm and 55 μm exceeded the mechanical bearing capacities of passive films, causing significantly reduced OCPs compared with the quiescent state. With high cavitation intensities, the passive films of 316L SS were destroyed, and the dissolution of the anode was dominant.



(2) The results of potentiostatic polarization and Mott–Schottky tests showed that 316L SS subjected to low cavitation intensities with a CE amplitude of 5 μm displayed good repassivation properties. However, repassivation performance was markedly weakened when high cavitation intensities corresponding to CE amplitudes of 25 μm or 55 μm were applied, resulting in weak protection of passive films with high carrier densities.
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Figure 1. Dimensions of CE samples (unit: mm). 
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Figure 2. Schematic diagram of CE equipment with electrochemical test system. 
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Figure 3. Surface morphologies of 316L SS with different amplitudes of CE: (a) 5 μm for 2 h CE, (b) 25 μm for 2 h CE, (c) 55 μm for 2 h CE and (d) 55 μm for 4 h CE. 
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Figure 4. OCP of 316L SS under alternating CE and quiescence states of 300 s dwelling times with different CE amplitudes of (a,b) 5 μm, (c,d) 25 μm and (e,f) 55 μm. 
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Figure 5. (a) Potentiodynamic polarization plots of 316L SS at different CE amplitudes. (b) Schematic diagram of ideal polarization curve of 316L SS at different CE amplitudes. 
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Figure 6. Potentiostatic polarization plots of 316L SS at different CE amplitudes. (a)under alternating CE and quiescence states. (b) static potentiostatic polarization curves after CE for 40 min. 
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Figure 7. Mott–Schottky plots of 316L SS after 2 h CE with different amplitudes. 
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Table 1. Chemical composition (wt.%) of 316L SS used in the experiment.
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	Elements
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	Ti
	Fe





	wt.%
	0.02
	0.68
	1.37
	0.01
	0.001
	12.2
	17.5
	2.61
	0.68
	Bal.
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Table 2. Fitting values of electrochemical parameters obtained from potentiodynamic polarization plots at different CE amplitudes.
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	Amplitude
	Ecorr (mVSCE)
	icorr (μA/cm2)





	0
	−310.7
	0.406



	5 μm
	−283.6
	1.062



	25 μm
	−405.0
	2.959



	55 μm
	−399.8
	4.045
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Table 3. Fitting parameter of Mott–Schottky plots and calculated values of samples with different amplitudes.
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	Amplitude
	Kslope (×1010)
	ND (×1021 cm−3)
	R2





	5 μm
	1.651
	0.55
	0.99



	25 μm
	0.679
	1.33
	0.99



	55 μm
	0.324
	2.80
	0.99
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