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Abstract

:

The common occurrence of the phenomenon of cavitation in many industries and the multitude of factors affecting the resistance to cavitation erosion of used materials contribute to the search for methods and appropriate parameters of coating application that are able to minimize the effects of erosion. To determine the validity of the developed application parameters and the method used, cavitation studies and microscopic observations of the development of erosion during the cavitation test were carried out. There was a clear lack of incubation time and a linear increase in losses after 60 min of the test. Moreover, the damage observed during the test overlapped, widening the area of erosion and thus leading to damage to the integrity of the coating.






Keywords:


cavitation erosion; nickel coating; corrosion












1. Introduction


One of the common causes of damage to turbines, marine propellers, pumps, or other components of hydraulic machinery, which contribute to their faster failure, is cavitation erosion [1,2,3]. Great interest in the phenomenon over many decades shows not only the scale of damage [4,5,6,7,8,9] but also the problem of compiling one correlation including all factors affecting the process of cavitation damage [10,11]. The cause of cavitation erosion is the phenomenon of cavitation, which is caused by the formation and collapse of bubbles in liquids that are subjected to frequent pressure changes [12]. Cavitation bubbles with the possibility of several times of growth and imploding arise from cavitation embryos, which are insoluble gases contained in the liquid [13].



The repeated interaction of micro-jet and shock wave resulting from the implosion of the cavitation bubble near the material causes the destruction of its surface. Degradation is mainly characterized by a change in property and geometry of the surface layer, due to the formation of microcracks that leads to mass loss [14]. The analysis of mass losses, erosive processes, and properties of the material subjected to erosion is used to select the criteria determining the resistance to cavitation erosion (CER) of materials and to develop materials, including coating materials with high cavitation erosion resistance. [15]. The development of resistance to cavitation erosion of the material is associated with the development of methods to increase it, such as heat treatment, chemical-heat treatment, and application of coating [8,16,17,18,19,20,21].



According to the studies of Hattori et al. [22,23], Franc [24], Man et al. [25], and Meng et al. [26], hardness is one of the main criteria affecting material resistance to cavitation erosion. Therefore, hard materials, including hard coatings often have good resistance to cavitation erosion [27,28]. However, as it has been shown in the studies performed by Taillon et al. [27], Krella [28] and Hong et al. [29], the high hardness does not always ensure good CER. Moreover, the value of hardness of the coating includes many factors, such as deposition parameters. Vespa et al. [30] have shown that the increasing input energy affected the decrease in hardness of WC/Ni-based coatings from 578 HV10 to 410 HV10. A similar observation has been obtained by Antoszczyszyn et al. [31], where, apart from the decrease in hardness of Ni-based coatings with an increase in the deposition current, the influence of the substrate on the hardness of the coating was proven. The influence of the deposition parameters on the hardness of Ni coatings has been proven by Lian et al. [32]. Moreover, a correlation between the deposition parameters and the hardness of the coating has been proposed. Although in most cases less wear was achieved with higher hardness, no relationship was found between wear resistance and hardness. Thus, besides hardness, other factors also influence erosion and wear resistance.



Other factors of the coating influencing the CER are good adhesion and corrosion resistance. The latter is especially important as the cavitation phenomenon takes place in a liquid. Among many coatings, nickel coatings are especially important due to their high hardness and good corrosion resistance. Investigations of nickel-based coatings confirmed its good cavitation erosion resistance [33,34,35,36]. However, the mechanical and strength properties of the coatings depend on the deposition method and parameters. Therefore, the test results obtained for coatings deposited by one method do not have to be representative for the same coatings deposited by another method. The electroless deposition of metallic layers allows for high hardness and large density of the coatings when compared to electrodeposited ones. The electroless method utilizes the reduction of nickel (II) cations by hypophosphite anions. The resulting Ni–P alloy can contain up to 14% of phosphorus [37].



The aim of the study was to investigate damage development on the surface of nickel coating as a result of cavitation erosion. Studies were carried out at short time intervals to analyze the effect of cavitation loads in time on coating erosion and at very low cavitation intensity.




2. Materials and Methods


2.1. Material


The samples used in cavitation tests were made of Nimax steel. The Nimax steel is used for the production of injection molds. The surface roughness parameters Ra and Rz before coating deposition were 0.34 ± 0.03 µm and 2.63 ± 0.29 µm, respectively. The surface roughness was measured in twelve different locations.



The chemical composition and mechanical properties are presented in Table 1 and Table 2, respectively.



A nickel coating is applied to deposit on the Nimax steel surface using the electroless deposition method. The solution for electroless deposition of the Ni–P films contained: (a) a source of Ni+2, NiSO·6H2O at 0.10 mol dm−3; (b) a reducing agent, NaH2PO2·H2O at 0.20 mol dm−3; and (c) a complexing and buffering solution of succinic acid (C4H6O4) and sodium succinate (Na2C4H4O4·6H2O) both at 0.20 mol dm−3. The solutions prepared in this manner showed pH quite close to 4.5. However, when needed, pH was kept lower with 1.0 mol dm−3 sulfuric acid or increased with 1.0 mol dm−3 ammonia to approach a pH of 4.5. The alloy coatings were deposited on the flat samples made of Nimax steel. Prior to the deposition, the pH of the deposition bath was measured, and the samples were cleaned with 1.0 M HCl to remove the thin layer of oxide. After triple rinsing with distilled water, the samples were added to 250 mL of the appropriate bath solution at 383–388 K. The beginning of deposition was noted by the evolution of hydrogen gas followed by the appearance of a silvery metallic coating on the sample surface. The samples were plated for 15 or 30 min after the first signs of deposition were noted. After the deposition was complete, a final pH reading was made and an average thickness for the deposition was calculated. The phosphorus concentration in the Ni–P coating was 8.0 ± 0.5 wt % as measured by X-ray fluorescence.




2.2. Electrochemical Test


The electrochemical measurements of the nickel coatings were performed in 35 g dm−3 NaCl electrolyte. The solution was prepared from ppa chemicals. The electrochemical measurements were performed with the potentiostat galvanostat EIS Analyzer PARSTAT 4000 made by AMETEK (Oak Ridge, TN, USA). A dedicated cell working with three-electrode mode was used (Figure 1). A platinum foil was used as a counter electrode and an Ag|AgCl electrode in the saturated KCl solution was used as a reference electrode. The coated sample was used as a working electrode.




2.3. Cavitation Erosion Test


The cavitation tests were performed in a cavitation tunnel equipped with a system of barricades. The exact description of the tunnel as well as the description and diagram of the test stand is described in Ref. [38]. The test rig is equipped with instruments for measuring pressure at the inlet (p1) and outlet to the chamber (p2), and temperature of the fluid (T). The cavitation test was carried out using tap water as the working liquid with the following parameters: inlet pressure p1 = 400 ± 2 kPa, outlet pressure p2 = 120 ± 0.5 kPa, temperature T = 20 ± 1 °C.



The total time of the test was 120 min. The total test time was divided into time intervals of 5, 10, 20, 30, 45, 60, 80, 100, and 120 min. Before the test and after each exposure interval, the measurements of mass loss were made using a XA 160 analytical balance with accuracy class 1, measurement accuracy is 0.1 mg. Each mass loss measurement was performed five times. These measurements were used to derive the mean and standard deviation. Furthermore, after each exposure intervals, the microscopic observations and 2D and 3D profiles of surfaces were made on a Nikon Eclipse Ti-S optical microscope with a Nikon DS-Fi2 camera (Nikon Instruments Europe B. V., Amsterdam, The Netherlands). Furthermore, the microhardness measurements were carried out using the FALCON 401 Vickers Hardness (INNOVATEST, Shanghai, China) tester with 10 g load and dwell time 10 s. The load was selected so that the indentation depth was less than 1 µm, i.e., less than 1/10 of the coating thickness. Moreover, hardness measurements in a mode of continuous multiple cycling loading using an NHT³ nanoindentation tester (Anton Paar, Graz, Austria) were performed to learn the influence of cycling loading on the change of coating properties: hardness and elastic modulus. These measurements were performed at the acquisition rate of 20 [Hz] for 10 cycles, linear increase of the maximum load, the first load equal to 100 mN, unloading to 20.00%, maximum load equal to 350 mN, the time to reach the maximum load was 10 s, the time to unload was 10 s, dwell time was 3 s.





3. Results


3.1. Ni Coating


The Ni coating investigated in the presented studies is shown in Figure 2. The microscopic observation revealed the coating reflected the substrate very well and numerous defects with diameters ranging from 2 µm to even 46 µm were formed. The median size of defects was 9.6 µm the standard deviation was 8.7 µm. In addition, the roughness measurements showed that the surface unevenness had a height up to 2.5 μm and the defects were convex. Nevertheless, the coating was applied evenly to the substrate, and the observed unevenness was due to the unevenness of the substrate surface due to the low thickness of the nickel coating (about 10 μm).



Moreover, the measurements of the hardness of the substrate and the coating showed more than twice the hardness value of the nickel coating (1057 ± 13 HV) than the Nimax (426 ± 3) HV steel. The coating hardness is higher than the hardness of Ni–P coating (845 ± 7.6 HV) obtained Samanta et al. [39], although the same electroless method was used. In addition, the hardness of the produced electroless coating is much higher than that of Ni-electroplated coating (560 ± 12.8 HV) obtained by Samanta et al. [39]. Such a high hardness in comparison to the hardness of the Ni-based coatings produced by other methods [30,31,32] may prove the rightness of the selection of the coating application method to obtain high hardness.



The results of cycling loading are shown in Figure 3. The first load caused an indentation depth of about 0.8 µm, so it was less than 1/10 of coating thickness. With increasing cycles of load, the indentation depth increased as well. The maximum indentation depth during the third cycle was approx. 1.05 µm. Thus, starting from the third cycle, the indentation depth was higher than 1/10 of the coating thickness and the substrate began to have an influence on the results obtained. After all cycles, the maximum indentation depth was approx. 1.7 µm and the permanent indentation depth was 1.4 µm. With the increasing number of cycles, hardness decreased. After 10 cycles, hardness decreased over 1000 MPa. Thus, the softening effect occurred. In addition, the bigger drop of hardness arisen at the third cycle, which is related to the depth of indentation. However, the subsequent cycles resulted in a steady drop in hardness at a rate of 150 MPa per cycle. The modulus of elasticity increased during the first three cycles but then decreased. This study shows that the cyclic load significantly influenced the hardness and modulus of elasticity of the tested Ni–P coating and steel substrate, especially after the 3rd cycle, when the depth of the indentation is so deep that the substrate influences the deformation process of the entire coating-substrate system. Changes in hardness and modulus of elasticity made the coating more susceptible to plastic deformation.




3.2. Corrosion Resistance


The open circuit potential (OCP) value and its change within immersion time indicate resistivity of the coating against corrosion processes. The OCP data acquisition was started immediately after the introduction of the sample to the solution (c.a. 10 s after immersion of the sample). The measurements were recorded non-linearly. In the first 10 min, the measurement was performed every second. Then the period between the following measurements was extended to 1, 5, 24, 72, and 168 h, respectively. The OCP results are collected in Figure 4. The OCP measurements on Ni–P layer coated steel are compared to the Nimax steel substrate. The OCP value for Ni–P coated steel is found higher more than 100 mV when compared to the Nimax steel. Such behavior indicates corrosion protection of steel substrate by Ni–P coating. The observed slight increase of the OCP value for Ni–P coated steel at the very beginning of corrosion process can be assigned to the change in corrosion process at Ni–P surface caused by adsorption of [PO4]3− ions as suggested by Lee et al. [40]. The observed lack of stabilization of the corrosion process for Ni–P coating after relatively long time of 10,000 min, can be a result of pits formation under the coating layer [40,41,42].




3.3. Cavitation Erosion Test


The results of the cavitation erosion of nickel coating are as a curve of volume loss in time (Figure 5a) and as a curve of cumulative erosion rates in time (Figure 5b).



The curve in Figure 5a shows a large increase in volume loss during the initial 10 min of the test, which is well reflected in the curve of the erosion rate in time (Figure 5b). After 5 min of the test, the erosion rate reached the highest value and was 0.0126 was mm3/min. There is no obvious incubation period. Subsequent measurements of the volume losses at 20, 30, and 45 min of the test showed a continuous, almost linear increase in the volume losses with decreasing erosion rate. Beginning from 40 min of the test, the erosion rate remained unchanged, indicating a stabilization value of 0.0045 ± 0.00026 mm3/min (Figure 5b). Stabilization of the erosion rate and a high increase in the volume losses of the nickel-based coating at the initial stage of the cavitation erosion test were also observed by Meng et al. [26] and Lampke et al. [33], although they have used a different test device—an ultrasonic test apparatus. Meng et al. [26] have obtained that a stabilization erosion rate was reached after about 50 min of testing, so after comparable test duration. Lampke et al. [33] have obtained a stabilization erosion rate only after 5 h of testing. The difference between these two tests was the test method used (sample position). Meng et al. [26] have used the direct method, while Lampke et al. [33]—the indirect method.




3.4. Microscopic Observation


The development of Ni coating degradation starting from 5 min up to 60 min of the test was shown in Figure 6, Figure 7, Figure 8 and Figure 9. Observation performed after 5 min of testing revealed two types of damage formed on the coating surface: damage surrounded by circular shadings and small pits without such circular shadings. The pit surrounded by shadow is shown in Figure 6a. The diameter of this pit was 30 µm and the depth was about 1 µm. The 3D profile (Figure 6b) confirmed a concave shape of the edge of this pit (arrows). Other surface defects had a diameter of approximately 18–25 µm. The circular shadings had a diameter of about 150 µm and did not affect the 3D profile and the roughness profile, which was close to the roughness profile before cavitation tests. Very slight damage (pit depth) was likely an effect of the high hardness of the Ni coating.



Microscopic observations of the surface after 10 min of the cavitation test revealed circular shadings around the formed cavities on the observed surface (Figure 7). The round shading has become darker and more pronounced. The diameter of shaded circles around the pits was in a range from 200 µm to 400 µm, while the diameter of the pit from 20 µm to about 30 µm. Thus, the pit diameter was comparable to 5 min of testing. However, the edge of the pit was no longer concave but became convex (denoted by a red line and an arrow). The appearance of shading may be related to the oxidation of nickel (corrosion of nickel). According to research by Suslicek et al. [43], in the last stage of cavitation bubbles collapsing, the temperature inside the bubble exceeds 1000 K, and can even reach 5000 K. The high temperature and water environment in which cavitation tests are carried out meet the conditions necessary for the nickel oxidation process. The product of nickel oxidation is nickel oxide (NiO), which in the form of a thin film covers the eroded surface [44]. The performed observations showed that the appearance of shadows did not affect the 3D profile and surface roughness profile. The round shape of the shadows, in line with the shape of the imploding cavitation bubble, is also consistent with the assumption of nickel oxidation made. Thus, the observed shadows may be a thin layer of nickel oxide. On the other hand, it is known that the generated temperature inside the bubble drops sharply as a result of flowing cold water. It follows that only those cavitation bubbles that are in direct contact with the coating contribute to the oxidation of nickel and the formation of the observed dark shadows.



Extending the test duration to 30 min slightly affected the diameter of the shadows but had a significant effect on the change in the diameter of the pits (Figure 8). The diameter of shadows was about 300–400 µm, while the diameter of the pits was in the range from 20 to 40 µm. Thus, the diameter of the pits increased. In addition, Figure 8b shows that pits had a characteristic shape: the surface just around the pit was slightly convex, and next to it was concave. The roughness profile (Figure 8a) shows the pit depth of about 2 µm. As the possibilities of surface analysis with an optical profilometer are limited, the formation of a microcrack at the bottom of this pit cannot be excluded. This damage shape was likely the reason for corrosion development. Corrosion tests (c.f. Section 3.2) have shown lower corrosion resistance of the steel substrate in comparison to the Ni coating. The other factor influencing the development of corrosion was an increase in stress level in the coating. Elongation of the test duration means an increase in the number of impacting cavitation pulses. Although some of them are too weak to cause a pit in the hard nickel coating, they are able to supply some of the impact energy and stresses to the surface layer. The increase in stresses promotes the acceleration of corrosion processes.



With the increase of the exposure time to 60 min, the previously formed pits increased in diameter and depth (Figure 9a). The diameter of the pits ranged from about 35 µm to about 75 µm, the depth of the pit shown was 10 µm. Moreover, the diameter of the shadows around the pits increased even to 450 µm. The volcanic shape of the rim of the pit is even more visible—the edge of the pit became more and more convex. The conducted research shows that pitting corrosion accelerated with the increase of the duration of the cavitation erosion test. Pitting corrosion occurred in the form of pits initiated at the site of damage to the passive oxide layer. The damaged pits were the anode where the steel dissolves. Due to the small area of the anode, corrosion developed deeper into the tested steel. Moreover, the surroundings of the pitting were the cathode, and oxygen reduction could take place there. Corrosion pits can also negative effect by acting as stress risers. Fatigue and stress corrosion cracking may start at the base of corrosion pits [24,36,37].





4. Discussion


Electroless nickel-plating is widely used in anti-corrosion and wear engineering, but its application in CE protection has been rarely discussed in the literature. According to [45], the plated specimen sustained the lowest cumulative mass loss in a 3.5% NaCl solution. The corrosion tests presented in this article confirmed the protection of the steel substrate by the tested Ni–P coating. Hardness measurements showed a very high hardness of this coating, but cycling loads led to a decrease in hardness. The high hardness of the Ni–P coating also has a protective effect against cavitation erosion [12,16]. A much higher hardness than that obtained by Samanta et al. [39] may be due to a lower density of voids and pores, and/or lower grain size. Nevertheless, the differences in the corrosion resistance of the coating and the substrate, as well as the decrease in hardness and modulus of elasticity under cyclic loading conditions, affect the development of damage. Although the high hardness of the coating protects against cavitation degradation, a large difference in the hardness of the coating and the substrate can lead to accelerated erosion through delamination and removal of the coating [28,46,47].



Investigations of the electroless Ni–P coatings presented in [48,49,50] showed that the content of phosphorus affects porosity and corrosion resistance. The content of phosphorus depends on many parameters, such as concentration of the phosphorus donor in the bath, pH, temperature, or current density. For example, Ni–P coating with a pH of 4.5 content about 9 wt % of phosphorus [48]. Singh and Ghosh [50] showed that increasing the phosphorus content from 8% to 16% reduced the corrosion resistance. Li et al. [51] indicated that Ni–P coatings with a phosphorus content in the range of 8 wt % to 14 wt % are mainly amorphous and hydrophobic. These tests also showed that the corrosion rate of the Ni–P coating, in which the P content was 15.36 wt %, changed slightly with the increase of the immersion time, in contrast to the tested L360 steel. Thus, literature studies have shown that Ni–P coatings, regardless of the P content, are characterized by a better corrosion resistance (a lower corrosion rate) compared to steels. The corrosion tests presented in this paper are in accordance with the results obtained in [48,49,50,51,52] and confirm the better corrosion resistance of the Ni–P coating comparing to the Nimax substrate steel, regardless of the immersion time.



The microscopic observations of the coating before cavitation tests showed that the surface irregularities were reflected by the coating due to its small thickness. However, the height of surface unevenness decreased by about 0.8 µm: from 2.63 ± 0.29 µm to about 2 µm. In addition, defects with a wide range of diameters were formed during coating deposition. According to [49], defects in electroless Ni coatings are related to the phosphorus content and coating thickness. Thus, the cause of the numerous and large defects was likely the high content of phosphorus.



As mentioned, the aim of these studies was to analyze the pitting development in the Ni–P coating. As in the phenomenon of cavitation erosion, many pulses with a wide range of amplitudes hit the surface of the solid body, contributing to its degradation, the selection of the test conditions is very important. Too intense cavitation does not allow such an analysis because many accompanying phenomena overlap, and it becomes impossible to show some degradation effects. Therefore, very short exposure times and low inlet pressure were chosen. The low inlet pressure was to provide a small number of pulses capable of degrading the hard coating.



First damages and volume loss were recorded after 5 min of the cavitation erosion test, despite the high hardness of the coating and low inlet pressure. The lack of the incubation period can be related to the uneven surface of the coating and coating defects. High roughness and surface defects contribute to the faster development of cavitation erosion [28,47,53]. According to [28], surface defects accelerate the loss of volume in the initial stage of cavitation tests. However, studies in [47] have shown that the number of defects, not their size, has such an effect on initial surface degradation in cavitation tests. Moreover, after 5 min of testing, individual pits surrounded by circular shadows were formed. This is evidence of a small number of strong cavitation impulses in the flow. Thus, the selection of the test conditions was correct. The diameter of the pits and shadows reached 30 and 150 µm, respectively. The depth of the pits was up to 1 µm, and the edge of the pit had a concave shape. The concave shape was probably the result of compression by the micro cavitation structured. As described in Section 3.4, the shadows were likely the thin film of nickel oxide, which was the product of nickel oxidation (nickel corrosion), which is common in Ni–P coatings [54].



Extending the test duration to 10 min did not affect the pit diameter, but increased the shading diameter almost 3 times. Such a large increase in the diameter of the shading may be caused by the softening of the coating, as shown by the research on the influence of cyclic loading. Because of the decrease in the hardness of the coating, the coating deformed more due to the collapse of the bubble, which increased the contact surface with the coating. The effect of high temperature described before could likely lead to an acceleration of the oxidation process and the increase of the shading diameter.



Further extending the test duration to 60 min increased the pit diameter to 75 µm, the pit depth to 10 µm, and the diameter of the shadows to 450 µm. Thus, the diameter of the pits and round shadows still increased with the duration of the test. More than a twofold increase in the pit diameter (from 30 to 75 µm) indicates that the decrease in coating hardness was so great that the micro-jet was able to cause puncture and removal of the coating. This development of the degradation process was also influenced by the difference in the electronegativity of the coating and the substrate and the increase in a complex stress state, which favored galvanic corrosion. The steel becomes the anode and the coating becomes the cathode. The resulting galvanic currents concentrate on the anode with a small area, which accelerates the anodic dissolution reaction [55,56]. Due to the lower corrosion resistance of the substrate steel and the introduced state of stress, the degradation of the coating-substrate system developed mainly in the steel substrate.



The diameter of the shadow indicates that the maximum contact diameter of the bubbles at the moment of implosion is of the order of 450 µm. Taking into account the previously discussed changes in the properties of the coating-substrate system under the influence of cyclic loads, it can be concluded that the diameter of the bubbles that can cause surface damage is of the same order. Thus, the size of cavitation bubbles developed in the flow under selected test conditions (pressure at the inlet to the cavitation chamber 400 kPa, pressure at the outlet 120 kPa) is approximately 450 µm. The presented studies also showed that despite rapid cooling, the high temperature generated inside the cavitation bubble in the last stage of its collapse affects the surface of the exposed material and contributes to the process of its degradation.




5. Conclusions and Observations


The performed investigations allowed us to form the following conclusions:




	
The electroless deposition method produces a hard nickel coating with good corrosion resistance. The OCP value for Ni–P coating was higher more than 100 mV comparing to Nimax steel. However, some defects with a diameter of 9 µm to 20 µm were formed on the coating surface.



	
Cycling loading decreased hardness over 1000 MPa. The change of elastic modulus was related to the cycle number: initially increased, but later decreased. Changes in hardness and modulus of elasticity made the coating more susceptible to plastic deformation.



	
The degradation of the coating-substrate system caused by the cavitation erosion phenomenon started at the highest rate, which then decreased to a stable value after 40 min of testing.



	
The micro-jet impacts caused pitting, while the dark circular shadows were probably formed by oxidation of nickel due to direct contact of collapsing cavitation bubbles with the coating. The damage to the passive film caused accelerated cavitation and corrosion degradation of the coating and substrate. As the testing time increased from 5 min to 60 min, the diameter of the pits and round shadows increased threefold.



	
Despite rapid cooling by flowing cold water, the high temperature generated inside the cavitation bubble during its implosion affects the surface of the exposed material and the process of its degradation.












Author Contributions


Conceptualization, A.K.K. and R.P.S.; methodology, A.K.K. and R.P.S.; formal analysis, D.E.Z., M.H.B. and A.K.K.; investigation, D.E.Z., M.H.B., A.K. and G.M.; writing—original draft preparation, A.K.K., D.E.Z., M.H.B., A.K., G.M. and R.P.S.; writing—review and editing, A.K.K., D.E.Z., M.H.B., A.K., G.M. and R.P.S.; visualization, M.H.B., G.M.; supervision, A.K.K.; project administration, R.P.S.; funding acquisition, R.P.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Centre for Research and Development, grant number POIR.01.01.01-00-0541/19-00.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank the company Technolution, Poland, for making the NHT³ nano-hardness tester available for cyclic loading studies.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chen, Y.; Ding, W.; Bian, R. Performance studies on cavitation-resistance turbine flow sensor based on experiment and CFD simulation. Flow Meas. Instrum. 2021, 79, 101918. [Google Scholar] [CrossRef]

	



Brijkishore; Khare, R.; Prasad, V. Prediction of cavitation and its mitigation techniques in hydraulic turbines—A review. Ocean Eng. 2021, 221, 108512. [Google Scholar] [CrossRef]

	



Li, D.; Song, Y.; Lin, S.; Wang, H.; Qin, Y.; Wei, X. Effect mechanism of cavitation on the hump characteristic of a pump-turbine. Renew. Energy 2021, 167, 369–383. [Google Scholar] [CrossRef]

	



Knapp, R.T. Recent Investigations of the Mechanics of Cavitation and Cavitation Damage. Trans. ASME 1955, 77, 1045–1054. [Google Scholar]

	



Milichenko, S.L.; Bykovskii, O.G. Cavitation erosion on propeller materials. Met. Sci. Heat Treat. 1968, 10, 558–560. [Google Scholar] [CrossRef]

	



Lauterborn, W.; Bolle, H. Experimental investigations of cavitation-bubble collapse in the neighbourhood of a solid boundary. J. Fluid Mech. 1975, 72, 391. [Google Scholar] [CrossRef]

	



Karimi, A. Cavitation Erosion of a Duplex Stainless Steel. Mater. Sci. Eng. 1987, 86, 191–203. [Google Scholar] [CrossRef]

	



Kwok, C.T.; Man, H.C.; Cheng, F.T. Cavitation erosion and damage mechanisms of alloys with duplex structures. Mater. Sci. Eng. 1998, 242, 108–120. [Google Scholar] [CrossRef]

	



Qiao, Y.; Tian, Z.; Cai, X.; Chen, J.; Wang, Y.; Song, Q.; Li, H. Cavitation Erosion Behaviors of a Nickel-Free High-Nitrogen Stainless Steel. Tribol. Lett. 2019, 67, 1. [Google Scholar] [CrossRef]

	



Kaufhold, C.; Pöhl, F.; Theisen, W. Correlation between cavitation erosion resistance and cyclic mechanical properties of different metallic materials. J. Phys. Conf. Ser. 2017, 843, 012037. [Google Scholar] [CrossRef]

	



Krella, A.K.; Krupa, A. Effect of cavitation intensity on degradation of X6CrNiTi18-10 stainless steel. Wear 2018, 408–409, 180–189. [Google Scholar] [CrossRef]

	



Sreedhar, B.K.; Albert, S.K.; Pandit, A.B. Cavitation damage: Theory and measurements—A review. Wear 2017, 372–373, 177–196. [Google Scholar] [CrossRef]

	



Kim, K.; Chahine, G.L.; Franc, J.-P.; Karimi, A. Advanced Experimental and Numerical Techniques for Cavitation Erosion Prediction, 1st ed.; Kim, K., Chahine, G.L., Franc, J.-P., Karimi, A., Eds.; Springer International Publishing: Dordrecht, The Netherlands, 2014; Volume 106, ISBN 978-94-017-8538-9. [Google Scholar]

	



Krella, A.K.; Zakrzewska, D.E. Cavitation Erosion—Phenomenon and Test Rigs. Adv. Mater. Sci. 2018, 18, 15–26. [Google Scholar] [CrossRef]

	



Bedkowski, W.; Gasiak, G.; Lachowicz, C.; Lichtarowicz, A.; Łagoda, T.; Macha, E. Relations between cavitation erosion resistance of materials and their fatigue strength under random loading. Wear 1999, 230, 201–209. [Google Scholar] [CrossRef]

	



Hattori, S.; Ishikura, R.; Zhang, Q. Construction of database on cavitation erosion and analyses of carbon steel data. Wear 2004, 257, 1022–1029. [Google Scholar] [CrossRef]

	



Mesa, D.H.; Pinedo, C.E.; Tschiptschin, A.P. Improvement of the cavitation erosion resistance of UNS S31803 stainless steel by duplex treatment. Surf. Coat. Technol. 2010, 205, 1552–1556. [Google Scholar] [CrossRef]

	



Peng, K.; Kang, C.; Li, G.; Matsuda, K.; Soyama, H. Effect of heat treatment on the cavitation erosion resistance of stainless steel. Mater. Corros. 2018, 69, 536–544. [Google Scholar] [CrossRef]

	



Mitelea, I.; Ghera, C.; Bordeaşu, I.; Crəciunescu, C.M. Ultrasonic cavitation erosion of a duplex treated 16MnCr5 steel. Int. J. Mater. Res. 2015, 106, 391–397. [Google Scholar] [CrossRef]

	



Rudakov, A.A. Relation between parameters of cavitation resistance and structure of steels. Met. Sci. Heat Treat. 2005, 47, 12–15. [Google Scholar] [CrossRef]

	



Dojcinovic, M.; Volkov-husovic, T. Cavitation damage of the medium carbon steel. Implement. Image Anal. 2008, 62, 953–956. [Google Scholar]

	



Hattori, S.; Hirose, T.; Sugiyama, K. Prediction method for cavitation erosion based on measurement of bubble collapse impact loads. Wear 2010, 269, 507–514. [Google Scholar] [CrossRef]

	



Hattori, S.; Maeda, K. Logistic curve model of cavitation erosion progress in metallic materials. Wear 2010, 268, 855–862. [Google Scholar] [CrossRef]

	



Franc, J.-P. Incubation Time and Cavitation Erosion Rate of Work-Hardening Materials. J. Fluids Eng. 2009, 131, 021303. [Google Scholar] [CrossRef]

	



Man, H.C.; Kwok, C.T.; Yue, T.M. Cavitation erosion and corrosion behaviour of laser surface alloyed MMC of SiC and Si3N4 on Al alloy AA6061. Surf. Coat. Technol. 2000, 132, 11–20. [Google Scholar] [CrossRef]

	



Meng, E.; Hu, H.X.; Guo, X.M.; Zheng, Y.G. Comparison of the cavitation erosion and slurry erosion behavior of cobalt-based and nickel-based coatings. Wear 2019, 429, 246–257. [Google Scholar]

	



Taillon, G.; Pougoum, F.; Lavigne, S.; Ton-That, L.; Schulz, R.; Bousser, E.; Savoie, S.; Martinu, L.; Klemberg-Sapieha, J.E. Cavitation erosion mechanisms in stainless steels and in composite metal–ceramic HVOF coatings. Wear 2016, 364–365, 201–210. [Google Scholar] [CrossRef]

	



Krella, A. The influence of TiN coatings properties on cavitation erosion resistance. Surf. Coat. Technol. 2009, 204, 263–270. [Google Scholar] [CrossRef]

	



Hong, S.; Wu, Y.; Zhang, J.; Zheng, Y.; Zheng, Y.; Lin, J. Synergistic effect of ultrasonic cavitation erosion and corrosion of WC-CoCr and FeCrSiBMn coatings prepared by HVOF spraying. Ultrason. Sonochem. 2016, 31, 563–569. [Google Scholar] [CrossRef]

	



Vespa, P.; Pinard, P.T.; Gauvin, R.; Brochu, M. Analysis of WC/Ni-based coatings deposited by controlled short-circuit MIG welding. J. Mater. Eng. Perform. 2012, 21, 865–876. [Google Scholar] [CrossRef]

	



Antoszczyszyn, T.J.; Pae, R.M.G.; de Oliveira, A.S.C.M.; Scheid, A. Impact of dilution on the microstructure and properties of Ni-based 625 alloy coatings. Soldag. Inspeção 2014, 19, 134–144. [Google Scholar] [CrossRef]

	



Lian, G.; Zhang, H.; Zhang, Y.; Yao, M.; Huang, X.; Chen, C. Computational and experimental investigation of micro-hardness and wear resistance of Ni-based alloy and TiC composite coating obtained by laser cladding. Materials 2019, 12, 793. [Google Scholar] [CrossRef]

	



Lampke, T.; Dietrich, D.; Leopold, A.; Alisch, G.; Wielage, B. Cavitation erosion of electroplated nickel composite coatings. Surf. Coat. Technol. 2008, 202, 3967–3974. [Google Scholar] [CrossRef]

	



Chang, J.T.; Yeh, C.H.; He, J.L.; Chen, K.C. Cavitation erosion and corrosion behavior of Ni-Al intermetallic coatings. Wear 2003, 255, 162–169. [Google Scholar] [CrossRef]

	



Sang, K.; Li, Y. Cavitation erosion of flame spray weld coating of nickel-base alloy powder. Wear 1995, 189, 20–24. [Google Scholar] [CrossRef]

	



Li, J.; Sun, Y.; Sun, X.; Qiao, J. Mechanical and corrosion-resistance performance of electrodeposited titania—Nickel nanocomposite coatings. Surf. Coat. Technol. 2005, 192, 331–335. [Google Scholar] [CrossRef]

	



Rose, I.; Whittington, C. Nickel Plating Handbook; Nickel Institute: Brussels, Belgium, 2014; pp. 1–80. [Google Scholar]

	



Krella, A.K.; Zakrzewska, D.E.; Buszko, M.H.; Marchewicz, A. Effect of Thermal Treatment and Erosion Aggressiveness on Resistance of S235JR Steel to Cavitation and Slurry. Materials 2021, 14, 1456. [Google Scholar] [CrossRef]

	



Samanta, S.; Singh, C.; Banerjee, A.; Mondal, K.; Dutta, M.; Singh, S.B. Development of amorphous Ni-P coating over API X70 steel for hydrogen barrier application. Surf. Coat. Technol. 2020, 403, 126356. [Google Scholar] [CrossRef]

	



Lee, H.B.; Wuu, D.S.; Lee, C.Y.; Lin, C.S. Study of the corrosion behavior of nanocrystalline Ni-P electrodeposited coating. Met. Mater. Trans. A 2010, 41, 450–459. [Google Scholar] [CrossRef]

	



Sun, C.; Li, J.; Shuang, S.; Zeng, H.; Luo, J. Effect of deffect on corrosion behavior of electroless Ni-P coating in CO2-saturated NaCl solution. Corros. Sci. 2018, 134, 23–27. [Google Scholar] [CrossRef]

	



Sharma, A.; Singh, A.K. Corrosion and wear resistance study of Ni-P and Ni-P-PTFE nanocomosite coatings. Cent. Eur. J. Eng. 2011, 1, 234–243. [Google Scholar]

	



Suslick, K.S.; Didenko, Y.; Fang, M.M.; Hyeon, T.; Kolbeck, J.; McNamara, W.B.; Mdleleni, M.M.; Wong, M. Acoustic cavitation and its chemical consequences. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 1999, 357, 335–353. [Google Scholar] [CrossRef]

	



Kang, C.T.; Petit, F.S.; Birks, N. Simultaneous erosion and oxidation of nickel at high temperatures. In Transport in Nonstoichiometric Compounds; Simkovich, G., Stubican, V.S., Eds.; Plenum Press: New York, NY, USA, 1985; pp. 411–427. [Google Scholar]

	



Balaraju, J.N.; Sankara Narayanan, T.S.N.; Seshadri, S.K. Electroless Ni-P composite coatings. J. Appl. Electrochem. 2003, 33, 807–816. [Google Scholar] [CrossRef]

	



Ma, D.; Harvey, T.; Wellman, R.; Ehiasarian, A.; Hovsepian, P.E.; Sugumaran, A.A.; Purandare, Y.; Wood, R. Cavitation erosion performance of CrAlYN/CrN nanoscale multilayer coatings deposited on Ti6Al4V by HIPIMS. J. Alloy. Compd. 2019, 788, 719–728. [Google Scholar] [CrossRef]

	



Krella, A.K. Cavitation erosion of monolayer PVD coatings—An influence of deposition technique on the degradation process. Wear 2021, 478–479, 203762. [Google Scholar] [CrossRef]

	



Sade, W.; Proença, R.T.; de Oliveira Moura, T.D.; Branco, J.R.T. Electroless Ni-P Coatings: Preparation and Evaluation of Fracture Toughness and Scratch Hardness. ISRN Mater. Sci. 2011, 2011, 1–6. [Google Scholar] [CrossRef]

	



Zhao, G.L.; Zou, Y.; Hao, Y.L.; Zou, Z.D. Corrosion Resistance of Electroless Ni-P/Cu/Ni-P Multilayer Coatings. Arch. Met. Mater. 2015, 60, 1003–1008. [Google Scholar] [CrossRef]

	



Lelević, A. Ni-P coatings electroplating—A review Part I: Pure Ni-P alloy. Mater. Sci. Phys. 2018, arXiv:1807.04693v1. [Google Scholar]

	



Singh, D.D.N.; Ghosh, R. Electroless nickel-phosphorus coatings to protect steel reinforcement bars from chloride induced corrosion. Surf. Coat. Technol. 2006, 201, 90–101. [Google Scholar] [CrossRef]

	



Li, L.; Wang, J.; Xiao, J.; Yan, J.; Fan, H.; Suna, L.; Xue, L.; Tang, Z. Time-dependent corrosion behavior of electroless Ni–P coating in H2S/Cl− environment. Int. J. Hydrogen Energy 2021, 46, 11849–11864. [Google Scholar] [CrossRef]

	



Lin, J.; Wang, Z.; Cheng, J.; Kang, M.; Fu, X.; Hong, S. Effect of Initial Surface Roughness on Cavitation Erosion Resistance of Arc-Sprayed Fe-Based Amorphous/Nanocrystalline Coatings. Coatings 2017, 7, 200. [Google Scholar] [CrossRef]

	



Shu, X.; He, Z.; Wang, Y.; Yin, L. Mechanical properties of Ni-based coatings fabricated by electroless plating method. Surf. Eng. 2019, 36, 944–951. [Google Scholar] [CrossRef]

	



Park, I.; Kim, S. Effect of pH of the sulfuric acid bath on cavitation erosion behavior in natural seawater of electroless nickel plating coating. Appl. Surf. Sci. 2019, 483, 194–204. [Google Scholar] [CrossRef]

	



Lin, C.J.; Chen, K.C.; He, J.L. The cavitation erosion behavior of electroless Ni-P-SiC composite coating. Wear 2006, 261, 1390–1396. [Google Scholar] [CrossRef]








[image: Materials 14 03123 g001 550] 





Figure 1. Scheme of the system for measuring the resting potential. 
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Figure 2. Nickel coating before cavitation erosion tests: (a) surface morphology with roughness profiles along the selected measurement lines; (b) 3D profile of a surface defect. 
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Figure 3. Force versus indentation depth curves for a Ni–P coating: (a) hardness and elastic modulus change with loading cycle (b). 






Figure 3. Force versus indentation depth curves for a Ni–P coating: (a) hardness and elastic modulus change with loading cycle (b).



[image: Materials 14 03123 g003]







[image: Materials 14 03123 g004 550] 





Figure 4. The dependence of the electrode potential versus the time after immersion to 3.5% NaCl solution. 
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Figure 5. Results of the cavitation erosion of nickel coating: (a) volume loss in time and (b) cumulative erosion rates in time. 
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Figure 6. Nickel coating after 5 min of the cavitation erosion tests: (a) surface morphology with roughness profile along the selected measurement line; (b) 3D surface profile of a pit. 






Figure 6. Nickel coating after 5 min of the cavitation erosion tests: (a) surface morphology with roughness profile along the selected measurement line; (b) 3D surface profile of a pit.



[image: Materials 14 03123 g006]







[image: Materials 14 03123 g007 550] 





Figure 7. Nickel coating after 10 min of the cavitation erosion tests: (a) surface morphology with roughness profile along the selected measurement line; (b) 3D surface profile. 
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Figure 8. Nickel coating after 30 min of the cavitation erosion tests: (a) surface morphology with roughness profile along the selected measurement line; (b) 3D surface profile. 
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Figure 9. Nickel coating after 60 min of the cavitation erosion tests: (a) surface morphology with roughness profile along the selected measurement line; (b) 3D surface profile. 
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Table 1. Chemical composition of Nimax steel, wt %, steel standard.
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	C
	Mn
	Cr
	Ni
	Fe





	0.1
	2.5
	3.0
	1.0
	93.4
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Table 2. Mechanical properties of Nimax steel according to steel standard.
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	Yield Point

[MPa]
	Tensile Strength

[MPa]
	Elongation

[%]
	Compressive Strength [MPa]
	Hardness

[HV]





	785
	1265
	11
	1000
	389
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