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Currently, micro-abrasive water jet machining has the problem of insufficient processing capacity in the central area. To assist with improving the processing efficiency, ultrasonic vibration is introduced. First, based on the computational fluid dynamics method, the mathematical model of the three-dimensional shape prediction of micro-holes is established using a mixed model, standard k-ε model, discrete phase model, and dynamic mesh model. The effects of the ultrasonic vibration on the static pressure, jet velocity field, abrasive particle motion state, and material erosion rate in the stagnation zone are studied. Then the accuracy of the prediction model is verified by comparing the two-dimensional section of the experimental data and the simulated data and calculating the three-dimensional mean square deviation. The established prediction model is used to further analyze the optimal frequency of the ultrasonic vibration and the specific influence of the optimal amplitude on the machining effect in micro-abrasive water jet machining. The above research results have profound guiding significance for determining how to use ultrasonic vibration in micro-abrasive water jet machining.
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INTRODUCTION
In recent years, with the rapid development of high-tech fields such as electrical and electronic engineering, optics, and biomedicine, the demand for microfluidic chips has continued to increase (Yeo et al., 2011; Espulgar et al., 2015; Chen et al., 2021; Ji et al., 2022). Currently, the main substrate materials used in microfluidic chips are hard and brittle materials such as silicon, glass, and ceramics. Hard and brittle materials have the characteristics of high hardness, high brittleness, wear resistance, and oxidation resistance. At the same time, these materials are easily affected by heat, so processing is difficult. K9 glass is a type of typical hard and brittle material. It has the advantages of high transparency, good optical uniformity, and stable chemical and physical properties. Hence, it is widely used in electronics, electrical engineering, and other fields (Hu et al., 2022; Qi et al., 2022).
Compared with laser beam machining, electric discharge machining, and chemical machining, the micro-abrasive water jet technology has the advantages of no thermal damage, high flexibility, and a fast cutting speed (Nguyen et al., 2018; Zhu et al., 2019; Li et al., 2021). It provides an efficient means of processing tiny geometric shapes. Although water jet processing is not selective in terms of materials, it can be used to machine tiny structures of almost any material, including ductile materials and brittle materials, and it is often used in processing hard and brittle materials and other difficult-to-process materials. In the process of micro-abrasive water jet machining, the grinding material is sprayed from the nozzle and then hits the workpiece, forming plastic deformation or a brittle fracture to achieve the purpose of material removal. When processing micro-channels, a high-pressure water jet is likely to cause a chip break. It has been found that when using a low-pressure abrasive water jet to process hard and brittle materials, high flexibility, easy control, and good surface processing quality can be obtained. However, the bottom surface of the micro-holes processed by a micro-abrasive water jet usually presents a “W” shape. The material at the center of the hole is difficult to remove, which affects the processing efficiency.
Due to the insufficient pressure and the characteristics of a stagnant zone, in the processing of micro-abrasive water jet technology, there has always been a phenomenon of insufficient processing capacity in the center area. To improve the processing effect of the micro-abrasive water jet technology, some auxiliary methods have been used. Researchers are continuously attempting to use different methods such as electrochemical-assisted micro-abrasive water jet machining (Liu et al., 2015), magnetorheological field-assisted micro-abrasive water jet machining (Lee et al., 2015), cavitation-assisted micro-abrasive water jet machining (Beaucamp et al., 2018), and ultrasonic vibration-assisted abrasive water jet processing. Among these methods, ultrasonic-assisted micro-abrasive water jet processing technology has been proven to improve the material removal rate of a workpiece, but its mechanism of action needs to be further studied.
Narayanan analyzed the formation mechanism of an abrasive water jet, analyzed the coupling mechanism between the liquid-gas-solid phase, and established a detailed mathematical model that could predict the energy of abrasive particles when they left the outlet of a polymer tube (Narayanan et al., 2013). The actual experimental results were consistent to a certain extent, but the establishment of the mathematical model was slightly too complicated. Li et al. simulated the multiple particle impact process based on FEM and used the Monte Carlo method to generate a random flow of impact particles, and they considered the heat exchange during the entire impact process (Li et al., 2014). The study found that the fracture caused by inertia was the vertical impact of the jet. The main material removal mechanism at the time and the destruction driven by thermal instability caused a higher material removal rate when the jet was tilted and impacted. Qi et al. used computational fluid dynamics (CFD) software to simulate the process of a micro-abrasive water jet eroding a workpiece with a two-dimensional model, and they analyzed the static pressure distribution in the jet field, the fluid velocity and the motion state of the abrasive particles, and the simulation results The experimental results could be successfully explained (Qi et al., 2016). Anwar et al. used an FE model to simulate the abrasive water jet milling process of titanium alloys in which the impact particles involved in the abrasive flow were modeled in layers to reduce the calculation time. These layers were very close to each other, making the particles impact. The interval was close to that of the actual abrasive water jet cutting process, and the results showed that the model could accurately predict the jet trajectory and material erosion rate (Anwar et al., 2013). Huang et al. used computational fluid dynamics software with the three-dimensional model of an abrasive water jet nozzle to numerically simulate the internal flow field of the liquid-solid two-phase flow and obtained the velocity distribution in the nozzle and the mixing chamber in all directions, as well as the relationship between the water flow velocity and the abrasive velocity (Huang et al., 2007).
In recent years, researchers have gradually discovered that the application of ultrasonic vibration can effectively increase processing efficiency and improve the processing effect. However, few people have effectively combined a model with an experiment to obtain a better prediction model of abrasive water-jet machining assisted by ultrasonic vibration, let alone further analyzed the optimal frequency of ultrasonic-assisted machining and the influence of the amplitude on the machining effect. The effectiveness of ultrasonic-assisted processing has always been a vague concept. A mathematical model that can effectively predict ultrasonic vibration-assisted abrasive water jet processing is of great significance for improving processing efficiency and guiding future abrasive water jet processing.
In this study, a mathematical model based on the CFD method is established to predict the three-dimensional shape of micro-holes. The effects of the ultrasonic vibration on the static pressure, jet velocity field, abrasive particle motion state, and material erosion rate in the stagnation zone are studied. After an experiment, the accuracy of the prediction model is verified by a two-dimensional section comparison and a three-dimensional mean square difference calculation. Using the established prediction model, we further analyze the optimal frequency of ultrasonic-assisted machining and the influence of the amplitude on the machining effect. Guidance for the vibration assistance used in the subsequent micro-abrasive water jet machining is also proposed.
Numerical Modeling
Fluent has rich physical models. Fluent can be used to solve anything that involves a fluid. When using Fluent for the numerical simulation of the ultrasonic-assisted micro-abrasive water jet erosion process, the multiphase flow model, turbulence model, discrete phase model, and dynamic mesh are mainly used. For this research, the mesh model is established with ICEM and imported into Fluent. The water flow uses the standard k-ε model, and the DPM model is used to track the movement state and the trajectory of the particles. Since the air, water, and particles enter the nozzle at the same time, the mixture model can be used as the multiphase flow model in the ultrasonic-assisted micro-abrasive water jet simulation model. Considering the influence of ultrasonic vibration on the abrasive water jet machining process, a dynamic mesh is introduced into the model to make the workpiece move periodically during the simulation process. The workpiece is K9 glass, and the abrasive is composed of alumina particles. The geometric model of the micro-abrasive water jet flow field is shown in the figure below. The diameter of the nozzle is 0.125 mm (D1) and the length is 10.5 mm (L1). According to nozzle design, this nozzle aspect (length to diameter) ratio allowed the contraction coefficient of the jet to be considered as unity (Mccarthy and Molloy, 1974). Considering the external flow field distribution, simulation calculation time, and small jet impact area, the outer flow field area of the nozzle uses a cylinder with a diameter of 1 mm (D2) and a height of 2 mm (Sd), The distance of the nozzle outlet to the surface of the workpiece is Sd = 2 mm, as shown in Figure 1. For the other parameters used in the simulation, please refer to our previously published studies (Qi et al., 2016; Qi et al., 2017).
[image: Figure 1]FIGURE 1 | Geometry model of the flow field.
Influence of Ultrasonic Vibration on Static Pressure in Stagnation Zone of Workpiece Surface
In the process of micro-abrasive water jet erosion, a stagnation zone with large static pressure forms on the surface of a workpiece, which hinders the abrasive particles from impacting the workpiece vertically, results in the decrease of the abrasive particle velocity and the deflection of the direction. Therefore, ultrasonic vibration is introduced. Figures 2A–C show the distribution of the static pressure on the workpiece surface along the radial direction before and after the introduction of ultrasonic vibration when the nozzle inlet pressures are 4 MPa, 6 MPa, and 8 MPa.
[image: Figure 2]FIGURE 2 | The distribution of the static pressure on the surface of the workpiece in the radial direction. (A) P = 4 MPa, (B) P = 6 MPa, (C) P = 8 MPa.
Figure 2 shows four representative moments in a vibration cycle: t = T, t = 3T/4, t = T/2, and t = T/4. It can be seen from the figure that before and after the introduction of ultrasonic vibration, the static pressure changes on both sides of the workpiece surface are not obvious. After the ultrasonic vibration is introduced into the center of the workpiece, the static pressure on the surface of the workpiece in the four stagnation zones is on the order of T > 3T/4 > T/4 > T/2. In time T, the workpiece moves towards the direction close to the nozzle at the maximum speed in the middle position, and at time T/2, the workpiece moves away from the nozzle at the maximum speed in the middle position. The velocity of the workpiece at T/4 and 3T/4 is 0. At T/4, the acceleration of the workpiece in the y-direction is negative and reaches the maximum. The acceleration of the workpiece in the y-direction at 3T/4 time is positive and reaches the maximum value. The analysis shows that the static pressure on the surface of the workpiece in the stagnation zone may be related to the velocity and acceleration of the workpiece vibration, and the influence of the velocity is greater than that of the acceleration. After the introduction of ultrasonic vibration, the static pressure in the stagnation zone of the jet is generally smaller than that without ultrasonic vibration. This may be due to the oscillation of the flow field near the workpiece during the vibration process, and the external energy is applied to the stagnation zone to break the original balance, thereby reducing the static pressure value and facilitating the removal of materials.
Effect of Ultrasonic Vibration on the Jet Velocity Field
Based on results of previous studies (Qi et al., 2016; Qi et al., 2017), we analyze the change of the water jet velocity after adding an ultrasonic vibration field. Figure 3 shows the vector diagram of the velocity field of the water jet without ultrasonic vibration. It can be seen that when the vertical water jet reaches the vicinity of the workpiece surface, the velocity Vy in the vertical direction decreases sharply, and the velocity Vx in the horizontal direction increases rapidly from the center to the surrounding. At the same time, due to the existence of the stagnation zone, the streamline in the central region of the water jet is not perpendicular to the workpiece surface, but rather deflects a certain angle.
[image: Figure 3]FIGURE 3 | The vector diagram of the water jet velocity field without ultrasonic vibration (P = 4 MPa). (A) Horizontal component, (B) Vertical component.
Taking the surface of the workpiece as the reference system, the water flow velocities at 20 μm, 60 μm, and 100 μm from the surface of the workpiece are selected as the research object. When the nozzle inlet pressures are 4 MPa, 6 MPa, and 8 MPa, the changes of the velocity components Vx and Vy at four moments in a cycle without ultrasonic vibration and after ultrasonic vibration is introduced are analyzed, as shown in Figures 4A–I and Figures 5A–I.
[image: Figure 4]FIGURE 4 | The horizontal component of the jet velocity near the surface of the workpiece. (A) y = 20 μm, P = 4 MPa, (B) y = 60 μm, P = 4 MPa, (C) y = 100 μm, P = 4 MPa, (D) y = 20 μm, P = 6 MPa, (E) y = 60 μm, P = 6 MPa, (F) y = 100 μm, P = 6 MPa, (G) y = 20 μm, P = 8 MPa, (H) y = 60 μm, P = 8 MPa, and (I) y = 100 μm, P = 8 MPa.
[image: Figure 5]FIGURE 5 | The vertical component of the jet velocity near the surface of the workpiece. (A) y = 20 μm, P = 4 MPa, (B) y = 60 μm, P = 4 MPa, (C) y = 100 μm, P = 4 MPa, (D) y = 20 μm, P = 6 MPa, (E) y = 60 μm, P = 6 MPa, (F) y = 100 μm, P = 6 MPa, (G) y = 20 μm, P = 8 MPa, (H) y = 60 μm, P = 8 MPa, (I) y = 100 μm, P = 8 MPa.
As displayed in Figure 4, after the introduction of the ultrasonic vibration, the horizontal component of the flow velocity shows a periodic change, which is slightly lower than that without ultrasonic vibration. The velocity components at time T and time T/4 are relatively close, and the velocity components at time T/2 and time 3T/4 are relatively close. In the region near the jet center, the horizontal component of the flow velocity changes linearly with the position, and the magnitude is almost independent of the ultrasonic vibration.
Figure 5 shows that when y = 20 μm, near the center of the jet, the vertical component of the flow velocity at T/4, 3T/4, and T in one period of ultrasonic vibration is smaller than that without ultrasonic vibration, and the vertical component of velocity at T is the smallest, while that at T/2 it is slightly larger than that without ultrasonic vibration. In the external flow field area far from the jet center, for the times T/4, 3T/4, and T without ultrasonic vibration, the direction of the vertical component of the velocity reverses. After the reverse, the velocity component at time T is the largest, and the velocity component is the smallest without ultrasonic vibration, close to 0. From Figure 5, it can also be found that in terms of the influence of the jet pressure on the vertical component of the flow velocity near the workpiece surface, the flow velocity in the central area of jet erosion increases obviously with the increase of the jet pressure, while the vertical component of the flow velocity at the periphery does not change obviously.
Motion of Abrasive Particles in the Jet Flow Field
Effect of Particle Size on Particle Motion
In the simulation, we study the variation of the velocities of 5 and 10 μm Al2O3 abrasive particles with the length of the moving path in the flow field, as shown in Figures 6A–F. We extract six of the particles as the research objects, of which the No. One abrasive particle is at the edge and the No. Six abrasive particle is in the middle. The abrasive particles with two sizes reach a stable velocity in the nozzle, and the velocity is independent of the particle size. When approaching the workpiece, the abrasive particle velocity decreases rapidly, but the abrasive particle velocity with a large particle size decreases more slowly.
[image: Figure 6]FIGURE 6 | Velocity changes of abrasive particles of different sizes in the flow field along the movement path. (A) P = 4 MPa, dp = 5 μm, (B) P = 4 MPa, dp = 10 μm, (C) P = 6 MPa, dp = 5 μm, (D) P = 6 MPa, dp = 10 μm, (E) P = 8 MPa, dp = 5 μm, (F) P = 8 MPa, dp = 10 μm.
Figures 7, 8 show the velocities and angles of the No. one to six abrasive particles when they first collide with the workpiece in the jet field when the particle sizes are 5 and 10 μm. It can be seen from Figures 7, 8, that the initial impact velocity of the abrasive particles with a particle size of 5 μm gradually decreases from the edge of the jet to the center of the jet. When the abrasive particles first exit the nozzle, the velocity of the abrasive particles at the center of the jet is larger than that at the edge, indicating that the 5 μm abrasive particles lose a large amount of energy when passing through the stagnation zone of the jet, and the closer it is to the center, the greater the loss is. The collision angle increases gradually from the edge to the center, which is caused by the following effect of the abrasive particles on the fluid motion. When the particle size is 10 μm, the initial collision velocity of the abrasive particles is almost the same from the edge to the center, indicating that when the 10 μm abrasive particles pass through the stagnation zone, the velocity loss is not as large as that when the particle size is 5 μm. The collision angle also increases gradually from the edge to the center, but the change is relatively small. Comparing the impact velocities and angles of the 5 and 10 μm abrasive particles, it can be found that the impact velocity of the 10 μm abrasive particles is significantly greater than that of 5 μm abrasive particles for the same conditions, which is also consistent with the calculation results of the kinetic energy formula. It can be seen from Figure 8 that the maximum collision angle of the 10 μm abrasive particles reaches 88.31°, which is close to the vertical collision. Therefore, the 10 μm abrasive particles are more likely to cause the removal of brittle mode materials on the workpiece surface than the 5 μm abrasive particles.
[image: Figure 7]FIGURE 7 | Collision speed of abrasive particles of two sizes.
[image: Figure 8]FIGURE 8 | Collision angle of abrasive particles of two sizes.
Effect of Ultrasonic Vibration on Impact Angle Change of Abrasive Particles
Figures 9A–C reflect the changes of the angle of 5 μm abrasive particles before and after the introduction of ultrasonic vibration in the jet field with inlet pressures of 4 MPa, 6 MPa, and 8 MPa.
[image: Figure 9]FIGURE 9 | Effect of ultrasonic vibration on the collision angle of the abrasive particles in the jet field. (A) P = 4 MPa, dp = 5 μm, (B) P = 6 MPa, dp = 5 μm, (C) P = 8 MPa, dp = 5 μm.
From Figures 9A–C, it can be found that the initial impact angle of the abrasive particles is the smallest at time T and the largest at time T/2. At the same time, the initial impact angle of each abrasive particle at T/2 is larger than that without ultrasonic vibration, which has a positive effect on improving the “W” bottom morphology formed by micro-abrasive water jet erosion.
Effect of Ultrasonic Vibration on Erosion Rate of Workpiece Surface Materials
Comparing Figures 10A–C,D–F, it can be found that when the 10 μm abrasive particles are used, the material erosion rate in the stagnation zone is not much different from that around. When 5 μm abrasive particles are used, the material erosion rate in the central region is significantly lower than that in the surrounding area. It can also be found from the figure that the maximum material erosion rate of the workpiece surface caused by 10 μm abrasive particles is significantly greater than that caused by 5 μm abrasive particles, but the erosion area is smaller than that caused by 5 μm abrasive particles. This is because, in the jet field, the 10 μm abrasive particles can maintain a large impact angle and velocity, and the distribution of the abrasive particle angles and velocities at different radial positions of the jet is more uniform, so it is more prone to material removal in the brittle mode. Through the calculation of momentum equilibration numbers, we find that the small abrasive particles with the average diameter of 5 μm are more likely to follow the fluid flow streamlines and these particles deflect larger angle when impacting workpiece surface. While the average diameter of 10 μm under same experimental conditions are more likely to keep the original state of motion and impact the workpiece in a vertical direction. It is theoretically explained that the holes processed by abrasives with smaller sizes have larger diameters.
[image: Figure 10]FIGURE 10 | Cloud map of material erosion rate on the workpiece surface. (A) P = 4 MPa, dp = 10 μm, without ultrasonic vibration, (B) P = 6 MPa, dp = 10 μm, without ultrasonic vibration, (C) P = 8 MPa, dp = 10 μm, without ultrasonic vibration, (D) P = 4 MPa, dp = 5 μm, without ultrasonic vibration, (E) P = 6 MPa, dp = 5 μm, without ultrasonic vibration, (F) P = 8 MPa, dp = 5 μm, without ultrasonic vibration, (G) P = 4 MPa, dp = 5 μm, with ultrasonic vibration, (H) P = 6 MPa, dp = 5 μm, with ultrasonic vibration, (I) P = 8 MPa, dp = 5 μm, with ultrasonic vibration.
Figures 10 D–F,G–I illustrate the fact that when 5 μm abrasive particles are applied to the workpiece, the material erosion rate in the direct impact area of the jet is significantly increased compared with that without ultrasonic vibration. The maximum erosion rate increases most obviously when the inlet pressure is 8 MPa. After calculation, it is determined that the increase is up to 37%, and the distribution of erosion is more uniform. However, the diameter of the erosion area caused by the abrasive particles on the surface of the workpiece is significantly reduced, which also indicates that the erosion of the workpiece by the jet is more concentrated after the ultrasonic vibration is applied.
Experimental Work
To achieve higher precision for the abrasive water jet processing of micro-holes, the corresponding processing device is designed and built independently, as shown in Figure 11. The device is composed of an abrasive water jet generating device, an ultrasonic vibration platform, and a three-dimensional motion platform. The pressurized equipment of this device is a diaphragm metering pump (LDB1/M910S) purchased from Germany. To carry out long-term stable processing and correct the pressure pulse fluctuation state of the metering pump at the same time, we install a pulse damper at the outlet of the pump. The nozzle connected with the hose is loaded on a three-dimensional motion platform with a fixture. The platform can achieve 0.001 mm precision control in the three directions of x, y, and z, which is convenient for adjusting the target distance between the nozzle and the workpiece. The workpiece is clamped on the ultrasonic vibration platform below the nozzle. The ultrasonic vibration platform has a vibration frequency of 20 kHz and the amplitude can be adjusted by itself. In all experiments, the ultrasonic vibration platform maintains an amplitude of 20 μm, and the distance between the workpiece and the nozzle is 2 mm. The remaining experimental parameters, including the jet pressure, and processing time are attached in Tables 1, 2.
[image: Figure 11]FIGURE 11 | (A) Abrasive water jet integral device and (B) ultrasonic vibration device.
TABLE 1 | Material properties of K9 glass for experiment.
[image: Table 1]TABLE 2 | Experimental process parameters and values.
[image: Table 2]The experimental design is explained as follows. Using alumina abrasive with an average particle size of five microns, the experimental processing time is divided into 20, 40, and 60 s. The water jet pressures are 4 MPa, 6 MPa, and 8 MPa. There are nine combinations. Then these nine combinations are tested independently with and without ultrasonic vibration. For the tests with these 18 conditions, each experiment needs to be repeated at least five times. The data obtained in each experiment is tested with a KEYENCE three-dimensional laser measuring microscope and the average value is taken, including the cross-section and bottom morphologies of the micropores, for further comparison and analysis.
RESULTS AND DISCUSSION
Based on the selected three sets of experimental photographs shown in Figure 12 (images taken with a KEYENCE VHX-600E ultra-depth-of-field 3D microscope), it can be seen that the depth of the micro-hole increases significantly after the ultrasonic vibration is added, especially when the jet pressure is 8 MPa and the processing time is 60 s, and the depth increases by 52.4%. It can be seen from Figure 13 that for the selected case of 8 MPa and 60 s with vibration, there is a good agreement between the simulation data and the experimental data in the two-dimensional section. In addition, to more intuitively analyze the proximity of the prediction model, a three-dimensional diagram of the deviation between the prediction model and the experimental data is created, and the mean square deviation is marked in the figure. After completing the experiment of an ultrasonic-assisted micro-abrasive water jet impacting K9 glass, we determine whether non-ultrasonic vibration and the changing of the amplitude have a better effect on the machining process, and a series of simulation calculations are carried out with our proposed prediction model.
[image: Figure 12]FIGURE 12 | Machining performance of micro-holes under experimental conditions: (A) P = 4 MPa; t = 60 s and without ultrasonic vibration; (B) P = 4 MPa; t = 60 s and with ultrasonic vibration; (C) P = 6 MPa; t = 40 s and without ultrasonic vibration; (D) P = 6 MPa; t = 40 s and with ultrasonic vibration; (E) P = 8 MPa; t = 60 s and without ultrasonic vibration; (F) P = 8 MPa; t = 60 s and with ultrasonic vibration.
[image: Figure 13]FIGURE 13 | Two-dimensional cross-sections of the simulation data and the experimental data under the experimental conditions of 8 MPa and 60 s with vibration.
In Figure 12, it can be seen that when 5 μm abrasive is used to impact the workpiece, the cross-sections of the micro-holes at 4 MPa, 6 MPa, and 8 MPa all show a “W” shape. However, it can also be found that for the same experimental conditions, the addition of ultrasonic vibration to the workpiece not only increases the depth of the micro-holes but also improves the quality and morphology of the bottom surface. More of the material at the center of the micro-holes is removed to form a flatter “W”-shaped profile. In the experiment, we calculate the energy threshold to judge the material removal mechanism. With the change of pressure, the change of abrasive particle size and the introduction of ultrasonic vibration, the material removal mechanism also changed correspondingly. According to our research, the ultrasonic vibration velocity is far less than the abrasive impact velocity, so it has little effect on the kinetic energy. Ultrasonic vibration has more influence on particle trajectory (Qi et al., 2021). In the experiment, due to inevitable factors such as the particle-to-particle collision and particle size, the prediction model often has large deviations. After our further improvement of the various conditions, in Figure 14, as shown for the nine groups experimental data, the deviation value from the simulation data, the variance value relative to the depth and diameter of the micro-holes, the deviation value, and the root-mean-square value of each group of experiments are kept within a good range. Therefore, the prediction model can predict the experiment well.
[image: Figure 14]FIGURE 14 | Experimental data and simulation deviation values for nine combinations and root-mean-square values.
After obtaining a high-quality prediction model, we change the dynamic mesh motion frequency of the prediction model while keeping the processing conditions such as the amplitude, pressure, and incident angle unchanged. Through the cross-sectional section shown in Figure 15, the vibration frequency can be found. For the cases of the low frequencies of 0.5, 1, and 10 kHz, the depth and the morphology of the workpiece are consistent with the results of the ultrasonic vibrations at 20 and 40 kHz.
[image: Figure 15]FIGURE 15 | Comparison of cross-section profiles with respect to different vibrational frequencies.
As shown in Figure 16, we adjust the amplitude of the moving mesh while keeping the other conditions unchanged. It can be seen from the figure that the removal rate of the W-shaped middle convex part at the bottom of the workpiece is increased, and the bottom processing efficiency has an amplitude of 60 μm. The processing efficiency of the bottom bump with an amplitude of 10 μm is increased by about 41%. In micro-abrasive water jet processing, Qi et al. introduced a vivid term in the w-shaped middle protrusion, called a hump peak (Qi et al., 2021). The ratio of the hump peak to the depth of the micro-holes decreased, which meant that the material removal rate increased, and the bottom surface of the micro-holes became flatter. This factor plays an important role in obtaining better-processed micro-holes.
[image: Figure 16]FIGURE 16 | Comparison of cross-section profiles with respect to different vibrational amplitudes.
Based on the above analysis, it is obvious that the prediction model we designed has extremely high accuracy. It can be used to guide future experiments. The impact of the vibration frequency and amplitude changes obtained with the prediction model on the processing effect could allow researchers to have a more effective and reliable plan for the selection of the vibration frequency and amplitude of auxiliary processing for the same type of micro-abrasive water jet processing in the future.
CONCLUSION
To effectively predict the machining of hard and brittle materials with an ultrasonic vibration-assisted micro-abrasive water jet, a mixture model, standard k-ε model, discrete phase model, and dynamic mesh model are used to analyze the effects of the ultrasonic vibration on the static pressure, jet velocity field, abrasive particle motion state, and material erosion rate in the stagnation zone. Through the mathematical model established, we find ultrasonic vibration has a significant influence on the jet velocity field, abrasive particle motion state, and the static pressure in the stagnation zone of the jet is generally smaller than that without ultrasonic vibration. At the same time, the erosion rate increased significantly. By comparing the experimental data with the simulation data, the mean square difference is calculated to confirm the accuracy of the model. Next, the model was used to further analyze the optimal frequency of ultrasonic-assisted machining and the influence of the amplitude on the machining effect. The simulation results showed that in the experiment, the increase in amplitude could effectively increase the machining efficiency and improve the bottom flatness. However, the results were favorable when the vibration frequency was lower. These conclusions could provide effective guidance for future similar ultrasonic vibration-assisted machining experiments.
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