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Abstract

:

To investigate the interaction and erosion mechanisms between an ultrahigh-pressure water jet and the surface of Grade A marine steel, this study used the ANSYS FLUENT software to simulate the hydrodynamic characteristics of an ultrahigh-pressure water jet. To erode the Grade A marine steel, a water jet with ultrahigh-pressure (200 MPa, 40 L/min) was used. An ASMC2-4 resistance strain gauge collected the dynamic strain signal at the back of the sample during jet impingement, and the simulation results were compared to experimental results. A scanning electron microscope (SEM), X-ray diffractometer (XRD), energy dispersive spectrometer (EDS), and other equipment were used to observe and analyze the phase before impact and the material surface morphology and element distribution after impact. The results reveal that as the wall shear stress increased with the target distance, the energy loss of the jet could be reduced by changing the jet incidence angle, and the peak value of the wall shear stress increased. Under the pressure of 200 MPa, the average microstrain at the back side of the impact center area of the Grade A marine steel was 180 × 10−6, and the microstrain amplitude was 35 × 10−6–50 × 10−6. The impact force of the water jet on the Grade A marine steel produced alternating stress with cyclic fluctuation. The experimental results are consistent with the simulation results. Under the alternating jet stress action, fatigue failure and cavitation failure occurred on the sample surface, which was characterized by a spalling pit, layer erosion, and cavitation hole morphology. The surface stripping model of the Grade A marine steel under an ultrahigh-pressure water jet was established, and the interaction mechanism and erosion mechanism between the ultrahigh-pressure water jet and the surface of the Grade A marine steel were elucidated.
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1. Introduction


With the vigorous promotion of green industrial development and environmental protection, high-pressure water jet technology, which uses the high-pressure impact of water to achieve material cutting and surface cleaning and polishing, is becoming popular as a new and innovative green process. In developed countries, the utilization rate of high-pressure water jet cleaning technology accounts for 80% of the cleaning market and even 90% in the United States. In the 1980s, this technology was introduced in China and developed rapidly in the 1990s. Presently, the utilization rate of high-pressure water jet cleaning accounts for approximately 20% of the entire cleaning industry in China, and approximately 10% is applied to ship derusting. Because this technology has the advantages of high efficiency, wide applicability, cleanness, and being environmentally benign, it has been widely used in many fields such as rock breaking, mining, ship cleaning and derusting, material cutting, and so on [1,2,3,4,5,6,7,8]. Moreover, great progress has been made in flow field simulation [9,10,11,12,13,14,15]. Quaisie et al. [16] demonstrated through experiments that when the jet pressure is below 20 MPa, the surface forming depth and surface roughness of the water jet erosion materials increase with the pressure. Ribu et al. [17] systematically investigated the erosion rate by considering water jet parameters such as the impact angle, water jet velocity, distance, and erosion flow and concluded that the impact angle has the greatest impact on the coating erosion rate and that the influencing factors include the water jet velocity, distance, and erosion flow. Zhao et al. [18] investigated the erosion failure mechanism of different impact angles through an experiment on the abrasive jet erosion of 316 stainless steel and considered that the small-angle erosion was mainly plowing, while the large-angle erosion was a mostly positive collision. Dong et al. [19] conducted tests and concluded that the fatigue life and stress amplitude of the material samples significantly improved after water jet shot peening. Li [20] pretreated 42CrMo steel with high-pressure water jet shot peening technology such that the surface and subsurface cracks accounted for the main part of the fatigue failure process, which is more conducive to improving the contact fatigue performance of 42CrMo steel. High-pressure water jet technology follows the development model of green manufacturing and automation and is the most prominent new-generation green ship repair technology. Therefore, high-pressure water jet rust removal has become a research hotspot nowadays.



Grade A marine steel for ships is a widely used marine steel plate. Notably, the ship plate accounts for one-fifth of the total ship cost. The ship plate pressure is insufficient in the process of water jet cleaning and derusting, and the impact pressure must be increased to improve the cleaning effect. However, the long-term jet impact will cause erosion damage to the surface of the ship plate substrate, which results in the deterioration of the mechanical properties of the steel plate surface and thus severely affects the service life of the ship. Presently, water jet studies mostly focus on the influence of jet-related parameters on material processing technology [21,22,23,24,25,26,27] and also on highly brittle materials such as rocks and minerals [28,29,30]. However, few studies have investigated the interaction and erosion mechanism between a water jet and Grade A marine steel.



To investigate the erosion damage process of a ship plate after derusting using an ultrahigh-pressure water jet, this study simulated and analyzed the hydrodynamic characteristics of an ultrahigh-pressure water jet using the ANSYS FLUENT software. Moreover, a water jet with ultrahigh pressure (200 MPa, 40 L/min) was used to erode Grade A marine steel. When the water jet impinged, an ASMC2-4 resistance strain gauge was used to collect the dynamic strain signal at the back of the ship plate. The simulation results were compared with experimental results. The dynamic strain signal at the back side could characterize the propagation law of the ultrahigh-pressure jet shock-induced shock wave. Through the analysis of the propagation law of the jet shock wave, the mechanism of action of the ultrahigh-pressure jet and the surface layer of the specimen were investigated. After the destruction of the surface of the specimen subjected to ultrahigh-pressure jet erosion, the phase of the Grade A marine steel before impact and the surface morphology and element distribution of the material after water jet impact were observed and analyzed using experimental equipment, that is, a scanning electron microscope (SEM), X-ray diffractometer (XRD), and energy dispersive spectrometer (EDS). According to the dynamic strain and simulation results for the materials impacted by the water jet, combined with the observation and analysis of the microstructure and surface morphology, the interaction mechanism and erosion mechanism between the ultrahigh-pressure water jet and the Grade A marine steel were investigated, and the surface peeling model of the ultrahigh-pressure water jet (200 MPa, 40 L/min) eroding the Grade A marine steel was established.




2. Simulation Model of Hydrodynamic Characteristics of Ultrahigh-Pressure Water Jet


2.1. Geometric Model


The nozzle is the basic component of ultrahigh-pressure water jet equipment and the core factor determining the efficiency of the equipment in terms of rust removal. This study considered an M10-0 linear nozzle; the two-dimensional geometric model of the nozzle is shown in Figure 1.




2.2. Governing Equation


2.2.1. Multiphase Flow Model


A cavitation jet belongs to gas–liquid two-phase flow, and the Euler or Lagrange model can be selected as needed to calculate its flow field. In the Euler model, the movement of each phase is described based on the Euler coordinate system, while in the Lagrange model, the movement of the discrete phase is recorded as a trajectory. To reduce the amount of calculation, the Euler model is typically used to calculate the gas–liquid two-phase flow when the individual motion characteristics of the discrete phase are not considered. This study used the mixture model to calculate the mixed-phase flow field; the model’s governing equation is expressed as follows:


   ∂  ∂ t    (   ρ m   )  + ∇ ·  (   ρ m    v →  m   )  = 0  



(1)
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(2)




where     v →  m    is the average mass velocity,    ρ m    is the density of the mixed-phase, and is expressed as follows:


   ρ m  =   ∑  k = 1  n    α k   ρ k     



(3)




where    μ m    is the viscosity of the mixed-phase and is defined as follows:


   μ m  =   ∑  k = 1  n    α k   μ k     



(4)




where n is the number of phases,   F →   is the volume force, and     v →   dr , k     represents the slip velocity of subphase k.




2.2.2. Cavitation Model


When the mixture model is used to calculate the cavitation multiphase flow, the gas phase volume fraction transport equation is expressed as follows:


   ∂  ∂ t    (  α  ρ v   )  + ∇ ·  (  α  ρ v    v →  v   )  =  R e  −  R c   



(5)




where Re and Rc are the evaporation and condensation rates, respectively, and their values can be calculated by the cavitation model.



Currently, the commonly used cavitation model is mainly derived from the Rayleigh–Plesset equation. This study used the Zwart–Gerber–Belamri cavitation model, and the mass transfer in the model is expressed as follows:



While   P ≤  P v   ,


   R e  =  F  vap     3  α  nuc    (  1 −  α v   )   ρ v     R B       2 3     P v  − P    ρ l       



(6)







While   P >  P v   ,


   R c  =  F  cond     3  α v   ρ v     R B       2 3    P −  P v     ρ l       



(7)




where RB is the cavity radius, αnuc is the volume fraction of the gas core in the liquid, Fvap is the evaporation coefficient, and Fcond is the condensation coefficient. The default parameters of ANSYS FLUENT were set as RB = 10−6 m, αnuc = 5 × 10−4, Fvap = 50, and Fcond = 0.01. Considering the impact of turbulence on cavitation, the pressure threshold of cavitation occurrence can be expressed as follows:


   P v  =  P  sat   +  1 2  c  ρ l   k l   



(8)




where    ρ l    and    k l    represent the liquid density and liquid turbulent kinetic energy, respectively, and the recommended value in ANSYS FLUENT 0.39 was adopted for coefficient C.




2.2.3. Turbulence Model


This study used the hybrid Shear Stress Transport—Scale Adaptive Simulation (SST-SAS) turbulence model to consider the cavitation turbulence. The SAS term in the ω equation is defined as QSAS; it is the turbulence transport equation of turbulent frequency. The relevant expressions are as follows:


   Q  S A S   = max  [  ρ  ξ 2   S 2     (   L   L  v K      )   2  −  C  S A S     2 ρ k    σ ϕ    m a x  (   1   k 2      ∂ k   ∂  x j      ∂ k   ∂  x j    ,    1   ω 2      ∂ ω   ∂  x j      ∂ ω   ∂  x j     )  ,   0  ]   








where ξ2 = 3.51, σϕ = 2/3, CSAS = 2.0, and L is the length scale of the model turbulence.





2.3. Meshing


Because a structured mesh has the advantages of good convergence, high accuracy, and fast calculation speed for jet flow simulation, ANSYS ICEM was used for the structured meshing of the jet flow field, and the mesh was appropriately refined for key parts of the model such as the nozzle throat and nozzle outlet. The grid independence was evaluated based on the maximum pressure on the impact surface of the target. To ensure that the grid error is less than 1% and minimize the calculation, the number of grids was between 3.5 million and 4.5 million. The mesh of the computational domain is shown in Figure 2. The image of the mesh shows the boundary layer grids in the nozzle.




2.4. Boundary Conditions


In the ANSYS FLUENT software, the computational boundary conditions were set according to the experimental situation, and the SIMPLE algorithm and finite volume method were used to discretize the equations. As the boundary conditions, the reference pressure in the calculation was set to 101,325 Pa, the nozzle inlet was set to pressure inlet with a gauge pressure value of 200 MPa, and the nozzle outlet was set to pressure outlet with a gauge pressure value of 0 MPa. The remaining boundaries were set to a no-slip wall surface.





3. Experimental Design


3.1. Specimen Preparation and Dynamic Strain Measurement


The sample material was Grade A marine steel, which has good corrosion and fatigue resistance. The main components of Grade A marine steel are listed in Table 1. Five groups of 200-MPa erosion samples with a size of 50 × 50 × 10 mm were fabricated. The samples were polished sequentially with #80–1200 sandpaper on the MP-2T metallographic sample grinding and polishing machine. The erosion test used the ultrahigh-pressure jet test platform of Jiangsu Marine Equipment Research Institute and Jiangsu Marine Technology Research Center (Figure 3). The jet medium was clean water, and the test was carried out at room temperature. The distance of the jet impacting the sample was 30 mm, and the impact angle was 60°.



In the process of the water jet impacting the Grade A marine steel, the ASMC2-4 resistance strain gauges were used to collect the dynamic strain signal on the back of the specimen, and the simulation and experimental results were analyzed and compared. The BSF-3AA-T resistance strain gauges were attached to three different locations at the back of the specimen. The position distribution and wiring diagram are shown in Figure 4. Strain gauges at both ends were placed in this way only to get close to the middle strain gauge, which made the measurement more accurate. The specific parameters are as follows: resistance: 120 ± 0.5 Ω, sensitivity coefficient: 2.00–2.20, applicable temperature range: −30–80 °C. Strain gauge 2 was located behind the jet impact center point, and strain gauges 1 and 3 were in line with strain gauge 2. The signal sampling rate (samples/second) of each channel of the detection module was up to 12,800, the strain resolution (με) was 0.5 × 10−6, the strain measurement range (με) was up to ±1,920,000, and the strain measurement error was less than 0.02%.




3.2. Microstructure and Surface Topography Detection


After the surface of the ultrahigh-pressure jet erosion specimen failed, the surface morphology and failure mechanism of the material after the impact of the Grade A marine steel were examined using an SEM, an XRD, an EDS, and other experimental equipment. Thus, the surface morphology and element distribution of the material after the impact of the Grade A marine steel were observed, and the surface morphology characteristics and failure mechanism of the material after erosion were analyzed. According to the dynamic strain and simulation of the water jet impacting the material, combined with the observation and analysis of the microscopic structure and surface morphology, the mechanism of the interaction between the ultrahigh-pressure water jet and the surface layer of Grade A marine steel and the erosion mechanism, were obtained.





4. Results and Discussion


4.1. Analysis of Flow Field Simulation


Shown in Figure 5 is the ultrahigh-pressure water jet impact on the target velocity field spatial distribution of the cloud; the internal and external flow field is divided into the nozzle inside the cavitation jet (I), free jet (II), and stagnation and high-speed diffusion (III). As can be more clearly seen from Figure 5, the jet gradually began to disperse from the nozzle after jet flow went into the external flow field, the central region of the velocity gradually decreased, and the turbulent region rapidly increased. This is due to the edge of the high-speed jet and air friction, resulting in a reduction in the continuity of the jet, the liquid column broken into liquid beads and mixed with air. This discrete liquid phase and gas phase also have a large speed/velocity and energy, mixed in the outer layer of the jet and imposing a large disturbance to the core region. As the distance of the jet increases, the liquid inside the jet is disturbed and gradually spreads to the turbulent region until the jet is completely atomized.



The occurrence of cavitation in the nozzle is closely related to the nozzle’s geometric structure. According to Bernoulli’s equation, the flow velocity of a cross-section in the fluid is higher when the pressure in that section is relatively low. Figure 6a shows the nozzle cavitation effect cloud. The nozzle contraction section of the enormous pressure difference will produce a large number of cavities, and the ultrahigh-pressure water will gradually flow to the nozzle outlet. The cavitation phenomenon is a complex turbulent two-phase flow, and its numerical modeling involves a set of flow control equations, turbulence modeling, cavitation modeling, and many other aspects. Figure 6a shows that the location of the cavitation is where the jet field velocity sharply increases owing to the disappearance of cavities in the jet, which results in an implosion and leads to the higher velocity of the cavitating jet compared with the normal jet flow. Figure 6b shows the jet velocity cloud. As can be seen, at a certain jet distance within the core, the velocity of the jet was significantly higher, and the nozzle exit velocity reached 674 m/s.



4.1.1. Effect of Target Distance on Jet Effect


The erosion mechanism of the wall material during jet erosion consists of two main types: the first type is erosion through the vertical impact of the jet on the target wall surface, by which striking pressure is generated, and the surface substrate material is broken and removed; the second type is erosion through the radial velocity of the fluid near the wall surface, by which the wall surface produces radial shear stress resulting in the removal of material. The tensile strength of the rust layer is much lower than its compressive strength. Therefore, the destruction of the rust layer is more likely to be caused by the shear stress rather than percussion pressure. This study considered the maximum shear stress as the characteristic parameter for testing the hydrodynamic performance of the nozzle. Figure 7 shows the wall shear stress cloud. As can be seen, the wall shear stress first increased and then decreased along the radial distance. On the jet target surface, the shear stress (maximum principal stress) is an important measure of the ductile failure associated with plastic behavior, which conformed to the relation.


   τ  m a x   =    s 1  −  s 2   2   











The characteristic value of the Cauchy stress is called the principal stress; s1 is the maximum principal stress, and s2 is the minimum principal stress.



Numerical simulations were conducted using models with different target distances and constant internal nozzle parameters. Figure 8 shows the wall shear stress values along the radial distance at different target distances. As can be seen, as the target distance increased, the wall shear stress also increased, and the increasing trend gradually diminished. The target distance is the distance from the nozzle outlet to the wall; this section calculates the target distance of 30 mm, 50 mm, and 70 mm.




4.1.2. Influence of Incidence Angle on Effect of Jet


The impact of the incidence angle on the jet flow field is multifaceted. The jet velocity, water cushion thickness, shear stress, and pressure distribution on the wall on both sides of the central axis were affected by the incidence angle. When the jet was incident at a certain angle of inclination and collided with the target surface, impact flow occurred at the point of wall collision divergence. The oblique impact jet flow field velocity and wall shear stress cloud diagrams are shown in Figure 9. As can be seen, when the jet was tilted at the angle of 60 degrees, the peak wall shear stress increased. Therefore, by selecting an appropriate incidence angle, the energy loss of the jet can be reduced to a certain extent, which is important for improving the jet effect.





4.2. Dynamic Strain Measurement and Analysis


Under jet erosion by the ultrahigh pressure of 200 MPa, the dynamic strains at the three strain gauges tended to overlap, and the output graphs also overlapped. Moreover, the dynamic strain curves collected by the strain gauge at the three positions have similar variation rules. The dynamic strain curves collected by strain gauge 2 were analyzed as an example. Figure 10a,b show the strain curves and locally enlarged diagrams of the back of the sample, which was impacted by a water jet with a pressure of 200 MPa. The dynamic microstrain induced by jet impingement tended to be stable after approximately 24 ms, and the microstrain (με) ranged from 140 × 10−6 to 220 × 10−6. As shown in Figure 10a, the average dynamic microstrain at the back of the sample was approximately 180 × 10−6, and the strain amplitude was approximately 35 × 10−6–50 ×10−6.



Under the pressure of 200 MPa, the dynamic strain period at the back of the sample was approximately 20 ms, which is close to the pulsation frequency of the high-pressure water at the outlet of the high-pressure pump (44 Hz). Hence, it can be inferred that the dynamic strain signal of the water jet acting on the ship plate mainly depends on the response frequency of the high-pressure water outlet. The shock wave induced by the ultrahigh-pressure jet produced plastic deformation and was transmitted and reflected on the sample surface. The transmitted longitudinal wave caused the axial deformation of the sample and formed a longitudinal compression wave that propagated axially. The longitudinal compression wave reached the back of the specimen and was reflected and transmitted at the interface of the specimen. The reflected wave was the reverse tensile wave and continued to propagate into the specimen. The reverse tensile wave offloaded head-on with the next set of longitudinal compression waves, which led to fluctuations in the rear strain variables after the maximum peak value, as indicated by the circled positions in Figure 10b. According to the dynamic strain at the back of the Grade A marine steel sample, which was impacted by the water jet, and related impact dynamics theories, it can be deduced that the force acting on the sample surface was alternating stress with cyclic fluctuation.




4.3. Surface Morphology and Composition Analysis of Grade A Marine Steel Jet Erosion


4.3.1. Analysis of Phase and Microstructure


The XRD pattern of the Grade A marine steel was obtained, and the JADE software was used to search the XRD patterns of unrestricted elements for the main phase and limited elements for the secondary phase and single peak. By searching and matching the XRD patterns, the XRD phase analysis results for the Grade A marine steel were obtained as presented in Figure 11, and Fe3C was determined by searching the Card library of the JADE software, combined with a comprehensive analysis of marine steel material composition and TEM morphology image. Figure 11 shows that the ferrite phase corresponds to the main diffraction peak on the surface of the marine steel plate. The ferrite content in the Grade A marine steel is high, and its diffraction peak is strong. Cementite structures also exist in Grade A marine steel, and the cementite position, shape, and size greatly influence the steel properties.




4.3.2. Analysis of Surface Morphology and Erosion Fracture


An optical microscope was used to observe the surface of the sample eroded by the water jet under the same impact pressure at different times. The observation results are as follows. Damage was not observed on the surface of sample 1 under the impact pressure of 200 MPa for 30 s. Under jet loading, some areas of sample 2 began to incur damage under impact for 40 s. In sample 3, the jet-loading region was completely destroyed, and the destruction was visible to the naked eye after impact for 50 s. Compared with sample 3, the failure area formed by the jet erosion of sample 4 under impact for 60 s did not significantly expand, but the failure depth significantly increased. In summary, under ultrahigh-pressure jet action, the surface of the sample began to incur damage after 40 s of jet loading. After 50 s, the surface was completely destroyed.



An SEM was used to observe the loading area of the ultrahigh-pressure jet on the surface of sample 2 (impact for 40 s) and sample 3 (impact for 50 s), as shown in Figure 12. In Figure 12a, numerous pits and cracks can be observed on the surface of sample 2. The pits have different sizes, approximately elliptic or circular shapes, and irregular distribution. The cracks are numerous, widely distributed, concentrated around the pits, and are regular quadrilateral or pentagonal. The original tiny bubbles expanded rapidly and formed cavitation bubbles, which underwent vaporization–collapse cycle. The collapse shock wave and cavitation microjet generated in the liquid flow acted on the surface of the material to form cavitation pits with an irregular distribution. Considering the dynamic strain curve in Figure 10 and the sample surface topography in Figure 12a, it can be inferred that, under the action of continuous cyclic alternating stress, fatigue cracks appeared in the cavitation pits under the repeated impact of stress waves, and the cracks expanded along the grain boundary direction. The average diameter and average area of the cavitation pits caused by the cavitation jet are 9.68–29.07 μm and 80.16–681.92 μm2, respectively. Cavitation pits existed in Figure 12b during impact time of 50 s. As the surface erosion of 50 s was more serious than that of 40 s, many cracks further expanded into pits under the joint action of cavitation jet and water wedge. The number of cracks decreased significantly, and the pits gradually expanded, but the cracks still existed. As shown in Figure 12b, there is no significant difference between the surface morphology of the central area and the peripheral area impacted by the 200 MPa ultrahigh-pressure water jet. Considering the simulation data, it is concluded that the dynamic pressure attenuation from the center to the edge of the 200 MPa ultrahigh-pressure water jet was small, and the pressure difference can be ignored.



The loading area of the ultrahigh-pressure jet on the surface of sample 4 (impact for 60 s) was observed, and the typical failure morphology of the Grade A marine steel is shown in Figure 13. Under the cyclic stress of the ultrahigh-pressure water jet, the material surface broke down, and the soft phase or brittle phase precipitated along the grain boundary. Additionally, the soft phase structure broke, and cracks formed under the high impact pressure of the jet. Part of the cracks extended along the grain boundary. When the cracks extended to a certain degree, the material surface broke along the grain boundary, as shown in Figure 13a. Some cracks are accelerated to peel off under the action of water wedge, and the particles that had broken previously acted as an abrasive and squeezed into the crack surface, which accelerated the development of cracks along the depth and resulted in the spalling of the material surface and formation of spalling pits, as shown in Figure 13b. Moreover, when the microdefects on the surface of the material were subjected to cyclic shear stress, cracks also started appearing and gradually expanded. Owing to the low binding strength of the layered structure, the crack growth easily led to the separation of the layered structure and the formation of layer erosion, as shown in Figure 13c. The erosion zone is large, deep, and has steep gradient edges. The ultrahigh-pressure water jet caused microcracks and micropits on the material surface to minimize the large pressure difference. When the partial pressure of the jet was lower than a certain value, cavitation was produced because the jet gas gradually separated, and bubbles grew and eventually broke at high temperature and under high pressure, which produced shock waves and resulted in the wide-ranging microjet spread. Thus, pitting and needle-like cavitation holes were formed, as shown in Figure 13d.





4.4. Jet Erosion and Stripping Model of Grade A marine Steel


From the dynamic strain analysis in Figure 10, it is understood that the impact force of the water jet caused alternating stress, which resulted in the fatigue failure of the Grade A marine steel sample. According to the simulation analysis and surface morphology observation by the SEM, the surface was damaged by the cavitation jet. Fatigue failure and cavitation jet erosion failure were caused by the alternating stress induced by the effluvium, and the surface of the Grade A marine steel samples exhibited different structural failure morphologies. Figure 14a–f show the schematic diagram of the water jet erosion and the stripping model of the Grade A marine steel under the pressure of 200 MPa. The surface model of the Grade A marine steel sample under water jet impact loading is shown in Figure 14a. In the process of the continuous loading of the water jet, a large number of cavitation bubbles formed owing to cavitation and contacted the material surface or an area near the surface. Because of the asymmetry of the upper and lower wall corner boundaries of the cavity, the cavity wall away from the surface breaks first, and then the cavity wall close to the surface breaks, thus forming a wall facing microjet and shock wave. Some soft phase tissues with low hardness are stripped by high-pressure microjet and shock waves to form cavitation pits, as shown in Figure 14b. The alternating stress generated by jet impingement caused fatigue on the sample surface. Under the pressure of 200 MPa, microcracks first formed from the cavitation pit, as shown in Figure 12a, and the cracks extended along the grain boundary, as shown in Figure 14c. Under the joint action of the cavitation jet and water wedge, the material surface cracks and cavitation pits continuously expanded and developed, as shown in Figure 14d. As the water jet impact time was extended, the ferrite with low hardness was the first to become damaged by fatigue during the crack expansion process in the jet impact area, and part of the hard phase structure with poor adhesion to the matrix was gradually stripped, which resulted in the formation of a spalling pit, as shown in Figure 14e. After the gradual stripping of structures with different hardness, erosion pits formed through each other on the surface of the material. After the effluents, only cementite and other hard phases and closely bonded structures remained, and the failure morphology shown in Figure 14f eventually formed.





5. Conclusions


The following conclusions were drawn from this study:




	(1)

	
According to the simulation results, the wall shear stress increased with the target distance, and the increasing trend gradually slowed down. When the jet was incident at a certain angle, the energy loss of the jet was reduced to a certain extent, and the peak value of shear stress on the wall increased, which played a significant role in improving the jet effect;




	(2)

	
Under the pressure of 200 MPa, the average microstrain at the back of the center area of the Grade A marine steel was 180 × 10−6, and the microstrain amplitude was 35 × 10−6–50 × 10−6. The dynamic strain response frequency of the water jet on the ship plate was mainly determined by the pulsation frequency of the high-pressure water outlet, and the impact of the ultrahigh-pressure water jet on the material caused alternating stress with cyclic pulsation. At 200 MPa, the pressure at the center and edge of the jet was essentially unchanged, and the pressure difference could be ignored;




	(3)

	
The matrix of Grade A marine steel consists of a ferrite and pearlite structure. Under the alternating stress action of the jet flow, fatigue and cavitation damage occurred on the material surface. After erosion, the long strip cementite hard phase was dominant in the core area of the Grade A marine steel, and the pearlite structure had not been washed. Moreover, after erosion under the pressure of 200 MPa, the typical fracture morphology characterized by spalling pits, layer erosion, and cavitation erosion holes was observed on the Grade A marine steel surface;




	(4)

	
The jet erosion and stripping model of the Grade A marine steel were established, and the progressive peeling process of different hardness structures under the cyclic alternating stress action of the water jet, cavitation jet, and water wedge was described. The damage initiated from a fatigue crack and cavitation pit under the pressure of 200 MPa and the erosion mechanism of the water jet was elucidated.
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Figure 1. Two-dimensional geometric model of the nozzle. 
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Figure 2. Mesh of the computational domain. 
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Figure 3. Ultrahigh-pressure water jet test platform. 
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Figure 4. Half-bridge one-to-one compensation strain measurement wiring diagram. 
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Figure 5. Cloud map of the spatial distribution of velocity field of an ultrahigh pressure water jet impinging on the target. 
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Figure 6. Cavitation effect of nozzle and jet velocity clouds: (a) cavitation effect cloud; (b) jet velocity cloud. 
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Figure 7. Wall shear stress cloud. 
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Figure 8. Wall shear stress distributions under different standoff distances. 
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Figure 9. Contour of oblique impinging jet velocity and wall shear stress: (a) jet velocity; (b) wall shear stress. 
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Figure 10. Dynamic strain curve at the back of Grade A marine steel specimens: (a) dynamic strain obtained by strain gauge 2 under 200 MPa jet erosion; (b) local magnified view of dynamic strain obtained by strain gauge 2 under 200 MPa jet erosion. 
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Figure 11. XRD pattern of Grade A marine steel. 
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Figure 12. SEM images of sample surface impacted by jet with the pressure of 200 MPa: (a) impact time of 40 s; (b) impact time of 50 s. 
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Figure 13. SEM images of material surface fracture after erosion: (a) fracture along crystals; (b) peeling pits; (c) layer erosion; (d) cavitation erosion hole. 
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Figure 14. Grade A ship steel jet erosion and peeling mode. (a) Alternating load (b) Stripped soft phase (c) Fatigue crack (d) Water wedge action (e) Stripped hard phase (f) failure morphology. 
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Table 1. Chemical composition of Grade A marine steel.
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Chemical Composites (Mass Fraction/%)




	
C

	
Mn

	
Si

	
Cu

	
Mo






	
0.170

	
0.640

	
0.210

	
0.020

	
0.004

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Wall Shear
ouelet

1.448 x 10°

1.086 x 10°

7.243 x 10?

3.626 x 10*

8.497 x 10"
[Pa]






media/file4.png
LLLELLLL

Ll






media/file30.png
Alternating load

@) NN






media/file21.jpg
10,

o]
- )
-

o 200

s Pk

T





media/file26.png
(b)

S,—’ L0 L Intergeanylar, -

N = cracks=
Intergranular L N R

s g
L Cavitation ~

T g

Cavitation
erosion pit

SElI - 5kV






media/file27.jpg





media/file3.jpg





media/file18.jpg
Wall Shear
interface

4.486 % 106

3365 % 106

2243 x 10¢

1122 % 106

5.308 % 102
[Pa]

®






media/file22.png
Dynamic strain/pe

~140
@) ‘ position 2
] N
b |‘ ol
-160 1 | ' ' I l
W | H 11 | MEEENE.
|| | NEREIIREN
| "JW ‘[ Il |‘ u | |
"“ ‘lll i '1| "l‘lll:'|l|‘}"\' | "'.“l‘w i | r‘~
) AT
AR
l ) |I I| | ;'H | || |': M " |’ Iu |H I.'
? u 1 | ﬂ: q | '
200 | S
220 ' '
200 500 600 700

Time/ms

Dynamic strain/pe

-140

(b) ﬁ position 2
/I II| ", I‘ | )
-160 'fn IE ;x ﬂ fu
o | | & T“ \ |' | l|' | |
|| | — ,'I /T l'll \ || [ lI ' l |
I ENNTATRIE A
| /| ."| |l \' ‘ || | l'. M /‘l' II Y \ ,'I "' | || ||
— IRIEEN ||I' | '.I Loy | /| j
180 EI|H|'\EN\Q Vo £1f5 }: ) V”{ }:T
| \ I || Y j - & | \\/ 'I /| £ of & | N )
L\ \/ / | Ny gl | (' N \l k o
B 4 Il \ ,'I l.""'\ |I I \ "I /
i N |
—-200
-220
500 600
Time/ms





media/file7.jpg
CHO3.

cHo2

cior

B 4 5% B

TT T T

I |

0

o

JueUNIISUT UTRIYS

ofnes urens






media/file28.png
{ ‘ /
S W el

Ay

GO B
SEl - “10kV__% WP15mm
- o P






media/file10.png
WATER.Velocity
Volume Rendering 1

8.000 x 10?

6.025 x 102

4.050 x 10?

-2.075 x 10?

|
B 0.100 x 102

[m s

11





media/file19.png
Velocity
Plane 1

5.076 x 103

3.807 x 103

- 2.538 x 103

- 1.269 x 10°

s (0.000 x 103
[m s”-1]

(a)





media/file14.png
Wall Shear
ouelet

1.448 x 103
1.086 x 103
- 7.243 x 10?

- 3.626 x 102

I8.497 x 101

[Pa] "






media/file11.jpg
Phase 2 Volume Fraction
Plane 1

099

Velocity

msn

®






media/file6.png
pump

i gy gl TN =
. 2 w
(L i 4 e v v — -
gt P =
v - P -

A

7 Ll ...—
V. . _
K, ” :
| 1 [ QR
- & I )
v i i MWV
[ ._ 5 h —.v a kl
= .” . : ™
| her R d Wi H.n....
| ol AAEMRE
- - — ; - - .. 4 - l g .
o .,. !
|.._ A ™= » '] " s ...\.;
P ! | 1 i ._ .w " ... * “ r
! . . ] | 2
=3 - | o
R - -






media/file15.jpg
g

Wall shear stress\Pa

g

Radial distance of wall\mm

—®-30 mm






nav.xhtml


  water-14-01953


  
    		
      water-14-01953
    


  




  





media/file16.png
3500

3000

[\~
()}
o
o

2000

1500

Wall shear stress\Pa

1000

200

4 6
Radial distance of wall\mm

—®—3(0) mm
—o—50 mm
—A—70 mm

10





media/file2.png
NN

NN

RN 4

R NN

5.5

— o
_— =l —





media/file20.png
Wall Shear
Interface

4.486 x 10°

3.365 x 106

2.243 x 10¢

-1.122 x 10

5.308 x 107
[Pa]

(b)






media/file23.jpg
Intensity/Counts

30, 000

20,000

10,000

La-Fe

20 40 60 80 100 120
Diffraction angle/(° )





media/file5.jpg





media/file24.png
Intensity/Counts

30, 000

20, 000

10, 000

! l.a-Fe
2 Fe,C
1
1 1 1
i - L ") " | A
1 1 1 1 1
20 40 60 80 100 120

Diffraction angle/(° )





media/file29.jpg
© R

%
D

[ &N

Omigw
[ 3

¢,






media/file1.jpg
5.5

12






media/file25.jpg
©

Ttenranitar

s i v





media/file12.png
Phase 2.Volume Fraction
Plane 1

0.99

Y /

0.49

0.00

(a)

Velocity
Plane 1

6.740 x 10?

5.055 x 102

3.370 x 10>

- 1.685 x 102 _ ' &

0.000 x 102
[m s”™-1]

(b)





media/file9.jpg
WATER Velocty
Volume Renderng |

8000 % 10°

6025 %102

4,050 % 102

2075 %10

0.100 % 10°
m el

I





media/file0.png





media/file8.png
CHO3

CHOZ2

CHO1

-+ +
o s L\Iﬂ ey
[ LA S| N

T TN

ACOCo0T

Jal

[TET[DU/

S g

—_—

= PN -

B [

1USUNIISUT UTIBI}S

98ned UIRIIG






media/file17.jpg
Velocty
Plans 1

765100

s

288010

L2010

L o000 < 10
[ms1)

@






