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Abstract

:

Due to its advantages of good surface quality and not being affected by material hardness, electrochemical machining (ECM) is suitable for the machining of blisk, which is known for its hard-to-machine materials and complex shapes. However, because of the unstable processing and low machining quality, conventional linear feeding blisk ECM has difficulty in obtaining a complex structure. To settle this problem, the vibration-assisted ECM method is introduced to machine blisk channels in this paper. To analyze the influence of vibration on the process of ECM, a two-phase flow field model is established based on the RANS k-ε turbulence model, which is suitable for narrow flow field and high flow velocity. The model is coupled with the electric field, the flow field, and the temperature field to form a multi-physics field coupling model. In addition, dynamic simulation is carried out on account of the multi-physics field coupling model and comparative experiments are conducted using the self-developed ECM machine tool. While a shortcut appeared in the contrast experiment, machining with vibration-assisted channel ECM achieved fine machining stability and surface quality. The workpiece obtained by vibration-assisted channel ECM has three narrow and straight channels, with a width of less than 3 mm, an aspect ratio of more than 8, and an average surface roughness Ra in the hub of 0.327 μm. Compared with experimental data, the maximum relative errors of simulation are only 1.05% in channel width and 8.11% in machining current, which indicates that the multi-physics field coupling model is close to machining reality.
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1. Introduction


Blisk is an important part of an advanced aeroengine [1]. However, owing to its extremely complex structure, difficult-machined material, and high manufacturing precision requirement, blisk machining has been an enormous challenge for the manufacturing industry [2]. As an advanced processing method removing materials in the form of ions, electrochemical machining (ECM) is accessible to achieve high surface quality, being free from the influence of the material hardness [3]. Therefore, ECM has become the main machining method of blisk [4]. Generally, blisk ECM is divided into two steps. That is, the cascade channel is pre-machined firstly in channel ECM and then the blisk surface is finished in profile ECM [5]. Due to the impact of memory error, a distribution of allowance before processing will seriously affect the profile ECM precision [6]. Thus, if the distribution of machining allowance after channel ECM is not uniform, it has a serious influence on the machining stability and accuracy in the following machining step [7]. Hence, blisk channel machining is a key machining process of blisk ECM.



Over the past few years, a considerable amount of research has been done in the blisk ECM process. Xu et al. proposed an efficient machining method of blisk channel ECM and presented an experimental system with the synchronous movement of three tool tubes, which can process multiple channels at the same time [8]. Zhu et al. proposed a method called rotating-cathode feeding electrochemical trepanning to homogenize the allowance distribution of twisted blades on a blisk in the roughing stage [9]. Wang et al. established a method of variable feed rate mode to process the cascade channel. This method could effectively reduce the difference of allowance in machining the blisk channel [10]. Klocke et al. constructed a simulation model of the ECM process for the engine blades and analyzed the changes of flow rate, gas volume fraction, temperature, and conductance in the ECM process [11]. Ernst et al. present an inverse approach for the tool optimization, and the tool shape for the desired vane geometry is calculated using a self-developed algorithm. The experimental validation of the simulated tool shape showed good results, especially for the forming of the flow surfaces and the leading edge [12].



Because of serious stray corrosion of non-machining surfaces in conventional linear or rotation feeding, it is difficult to get a complex curved surface with high precision. Numerous studies have focused on the application of electrode vibration in the ECM process to improve machining quality and stability. Hewidy et al. proposed a mathematical model for studying the mechanism of metal removal. The model shows that the hybrid ECM with low-frequency tool vibration has a positive effect on changing the physical conditions in the electrode gap [13]. Wang et al. processed a narrow slit by cathode compound feeding and proved that compound feeding can obtain a narrow slit with a more uniform average width [14]. Yue et al. showed that cathode vibration feed can improve the machining accuracy of micro-hole [15]. Bhattacharyya et al. studied the effect of the cathode vibration frequency on the machining accuracy of small holes [16]. Uhlmann et al. presented a new approach for modeling the development of surface roughness during vibratory finishing processes [17].



To reveal the coupling mechanism between the multiple physical fields and analyze the forming process of ECM, lots of researchers have established various theoretical models. For example, Klink et al. studied the formation of cavitation in ECM by investigating the electrolyte flow in narrow openings [18]. Zhao et al. optimized the hollow slice cathode structure and vibrating parameters by simulating the flow field [19]. Qu et al. proved that progressive pressure flow gives a high electrolyte flow rate through simulation, allowing a high cathode feed rate without a shortcut [20]. Tang et al. applied the electrolyte flow field mathematics models and the 3D gap flow field simulation geometric model to carry out the simulation research [21].



Blisk channel ECM has a narrow and twisted machining gap, in which parameters such as temperature, gas volume fraction, and electrolyte velocity change tremendously. Therefore, it is difficult to keep the process steady and obtain a high machining quality [22]. Vibration may be an effective way to improve machining stability and quality. So, this study adopted a cathode vibration feed ECM method for machining blisk channels. A cathode feeds towards the workpiece with a vibration movement of a cosine function curve, thereby improving the allowance uniformity of the machined blisk channel [23]. To analyze the influence of vibration on the forming process of ECM, the multi-physical field coupling model is established and the dynamic simulation is carried out based on the parameter transfer law of ECM. The effects of vibration ECM on electrolyte flow rate, bubble rate, conductivity, and stability were studied. The influence of each physical field on blisk channels ECM is analyzed, which provides theoretical guidance for experiments. Finally, experiments were carried out using the self-developed ECM machine tool to verify simulation results. To evaluate machining quality, the surface profile and workpiece geometrical size were measured.




2. Geometric Model of Blisk Channel Electrochemical Machining (ECM)


Figure 1 shows a schematic diagram of the blisk channel ECM process. During the channel ECM process, the workpiece is connected to the positive pole of the power supply and the cathode is connected to the negative pole of the power supply to form a closed circuit. Normally, a reduction reaction occurs on the surface of the cathode, and an oxidation reaction takes place on the surface of the workpiece. Electrolyte flows through the machining gap between the cathode and the workpiece at a high speed to take away the hydrogen, electrolytic products and remove the heat generated in the ECM process. After the channel machining is finished, the cathode returns to its initial position and the workpiece rotates for a certain angle to process the next channel.




3. Establishment of the Multi-Physical Coupling Model


3.1. The Interaction of Physical Fields in Electrochemical Machining (ECM)


This paper studies the influence of cathode vibration feed on electrochemical machining. The coupling relations among the physical fields in channel ECM are shown in Figure 2. ECM is a complex machining process, including the electric field, the flow field, and the temperature field, these physical fields coupling each other and affecting the material removal on the workpiece. The change of a single physical field factor often affects the rest of the physics parameters and machining stability, resulting in the change of final machining stability and workpiece profiles. Therefore, it is of great significance to explore the dynamic forming process of ECM under coupling multi-physics.




3.2. Electric Field Modeling


To simplify electric field modeling, the following assumptions are made in the model:



(1) Electrolyte concentration polarization and electrochemical polarization are not considered in the ECM process, and the surface of the anode material is always assumed to be in an activated state [24].



(2) ECM process has entered an equilibrium state, which is only a function of position space and belongs to a steady-state current field [25].



(3) The machining products are uniformly corroded from the material surface, and the products have only a certain valence [26].



(4) The electrolyte used in ECM is isotropic and, therefore, the potential distribution of the electric field conforms to Laplace’s equation [27]. The model is established as follows:


     ∂ 2  φ   ∂  x 2    +    ∂ 2  φ   ∂  y 2     = 0   



(1)




where φ is the potential in the inter-electrode gap, x and y are the coordinate values of each point in the model.



In the electric field simulation of ECM, the cathode is connected with the negative pole of the power supply and the anode is connected with the positive pole of the power supply. The potential of the anode surface is defined as U and the potential of the cathode surface is 0. Therefore, the first kind of boundary condition is satisfied in the electric field model [28]:


   {       φ |   τ 1   = 0         φ |   τ 8   = U         



(2)







For the other boundary, the second boundary condition is satisfied:


      ∂ φ   ∂ n    |   τ   2 , 3 , 4 , 5 , 6 , 7 , 9 , 10 , 11 , 12       = 0   (   Insulation   boundary   )   



(3)







The electric field intensity of each point in the processing zone is equal to the negative value of the potential gradient of the point [29]:


     E     →  = − ∇ φ  



(4)







For the electrolyte in the processing area, the relation between the current density, the electric field strength, and conductivity is as follows [30]:


     i     →  = κ    E     →   



(5)




where i is current density, κ is the electrolyte conductivity and E is electric field strength. The above formulas are the electric field mathematical model of ECM, which can be introduced into the Laplace equation to solve the electric field distribution at any point in the machining area. Combined with the Lagrange-Euler (ALE) method, the dynamic simulation under the action of the electric field can be completed.




3.3. Flow Field Modeling


In the process of ECM, hydrogen and hydroxide products are generated near the cathode surface and anode surface, respectively. Since it is reasonable to neglect the influence of the hydroxide products, a two-phase flow is adopted in the model. In the turbulent bubble flow module, it is assumed that the gas produced by electrolysis follows the ideal gas state equation and the current efficiency is approximately constant.



The flow field in the gap of the machining area is a typical gas-liquid two-phase flow. The continuous equation of liquid phase mass in the gap of electrochemical machining area is shown in Equation (6); the mass equation of hydrogen gas phase is shown in equation:


   (  1 − β  )     Δ u = Δ   0   u 0   



(6)






   p   R g  T      β Δ u = η   g   k g  i x  



(7)




in which β is bubble rate, p is pressure, ηg is current efficiency of hydrogen evolution, kg is hydrogen evolution mass electrochemical equivalent, and Rg is hydrogen gas state parameter.



The influence of the bubble and temperature distributions on the electrolyte conductivity is expressed as follows [31]:


  κ      = κ   0   [   1 + α   (   T k  −      T   0   )   ]     [   1    −    β   ]   n   



(8)




in which κ0 is the initial electrolyte conductivity, α is the temperature coefficient of conductivity, Tk is the electrolyte temperature, and T0 is the initial electrolyte temperature. β is the void fraction, n is the influence coefficient of bubble rate on conductivity, usually 1.5–2. On the one hand, the bubble rate increases in the ECM process, which leads to a decrease in electrolyte conductivity. On the other hand, the increase in electrolyte temperature will cause an increase in electrolyte conductivity.



According to Faraday’s law, the amount of hydrogen produced per unit of time and per unit of area on the surface of the cathode can be obtained [32]:


   β =     M i η     2 F     



(9)




where M is the molar mass of hydrogen, i is current density, F is Faraday’s constant, F = 96,500 [A∙s∙mol], and η is current efficiency.



According to the existing actual processing conditions, electrolyte velocity is u = 16 m/s, the hydraulic diameter is Dh = 0.97 mm, and the kinematic viscosity of 10% sodium nitrate solution is ν = 0.80 × 10−6 m2/s under the condition of 30 °C. The Reynolds number is calculated by the equation:


   R e   =    u   D  h   ν   = 1     . 94   ×   10   4   



(10)







According to the Reynolds number, the electrolyte is in a turbulent state (Re >> 2300) [33]. Considering the influence of bubbles, the RANS k-ε turbulence model is suitable for the current situation and is adopted to simulate the flow field in this study [34].


     ∂ k     ∂ T    + ∇ [ k  u →  − ( v +    v T     σ k    ) ∇ k ] =  P k  +  S k  − ε  



(11)






     ∂ ε     ∂ t    + ∇ [ ε  u →  − ( v +    v T     σ ε    ) ∇ ε ] =  ε k  (  C 1   P k  +  C ε   S k  −  C 2  ε )  



(12)






   P k  =    v T   2    ∣  ∇   u →    +   (  ∇   u →    )  T  ∣  2   



(13)






   S k  = − β  C k    |   ∇ p   |  2   



(14)




where k is the turbulent energy, ε is the turbulent dissipation, Pk is the generating term of turbulent energy, σk and σε are Prandtl numbers corresponding to “k” and “ε”, u is the flow velocity, and C1, C2, Cε, Ck, δε is the model constant.




3.4. Temperature Field Modeling


The temperature distribution in the machining gap can be calculated by the convection–diffusion equation [35]:


   d z  ρ  C P    ∂ T   ∂ t   +  d z  ρ  C P  u ∇ T +  d z  ∇ ( − λ ∇ T ) =  d z  H +  q 0   



(15)




where dz is the thickness of the boundary layer, Cp is the electrolyte-specific heat capacity, λ is the electrolyte thermal conductivity, q0 is initial heat flux, u is velocity field of the liquid phase of electrolyte, ρ is the density of the electrolyte, and H is the heat source, the Joule heat generated in the flow channel.



The Joule heat H generated in the flow channel is as follows [36]:


   H = E × j   



(16)




where E is electric field strength, j is the local current density.



The convective heat flux at the surface boundary of cathode and anode is as follows:


   q 1  = h × (  T  ext   −  T k  )  



(17)




where q1 is convective heat flux, h is heat transfer coefficient and Text is external temperature.




3.5. Deformation Field


There are two main feeding methods in ECM: linear feed and cathode vibration feed. In the linear feed mode, the cathode moves in a straight line at a constant speed and its feed trajectory is linear, which can be expressed by the equation:


  s =  B 0  +  V 1  × t  



(18)







The cathode vibration feed makes a periodic vibration with a certain amplitude while making a linear feed motion, and its trajectory is a sinusoidal motion of continuous feed, which can be expressed by the equation:


  s =  B 0  +  V 1  × t −  A 0  cos w t  



(19)




where s is cathode position, B0 is initial machining clearance, V1 is the cathode feed rate, t is the machining time, A0 is the amplitude of the displacement of the tool cathode, and ω is angular velocity.



Figure 3 is a comparison of the cathode movement law in the two feed modes. The cathode vibration feed mode is developed from the linear feed method, with an auxiliary back and forth movement. When the vibration frequency is 0, it is the linear feed mode.





4. Simulation Analysis


4.1. Model Description


It is shown in Figure 1 that the cross-sectional shape is approximately the same when its normal direction of the section is Z. Therefore, a two-dimensional cross-sectional shape is employed to simplify the research problem, thus reducing the amount of calculation in the simulation process and improving the simulation efficiency.



Based on the above multi-field coupling model, COMSOL Multiphysics 5.4 is used to carry out a multi-physics simulation of the ECM process of the blisk channel. The 2D model and mesh division of the simulation is shown in Figure 4. Since the dynamic simulation will lead to a large deformation on the anode surface, the partial mesh at the anode boundary area with large deformation is refined locally to ensure the accuracy of the simulation results.




4.2. Parameters Setting


The relevant parameters should be set before the simulation analysis. The simulation parameters of the multi-physical field coupling model are consistent with the actual machining. The process parameters are shown in Table 1.




4.3. Boundary Condition


The dynamic simulation under the action of ECM multi-physical field coupling is carried out by using COMSOL software’s four modules: primary current distribution, deformation geometry, bubble flow k-ε (RANS k-ε), and fluid heat transfer. The simulation model of ECM multi-physical field coupling is shown in Figure 5 and the boundary conditions are shown in Table 2.




4.4. Simulation Results and Discussion


The cathode vibrates according to the cosine curve and the machining gap changes periodically. In a single vibration cycle, three cathode positions under the balance state of vibrational feed ECM are selected, which are the nearest cathode position to the anode (t = T/4), cathode at the middle position (t = T/2), and cathode at its farthest position to the anode (t = 3T/4).



Figure 6 shows the velocity distributions at different times in the ECM simulation. In the maps of velocity distribution at different times, it can be seen intuitively that the flow of electrolyte in the machining area is 0.179 L/s at T/4. With the retreat of the cathode caused by vibrational motion, the maximum flow reaches 0.219 L/s at T/2 and 0.256 L/s at 3T/4. Therefore, the renewal of the electrolyte and the exhaustion of the electrolysis products are improved by the increase of electrolyte flow velocity. The improvement in the flow field is beneficial to reinforce the machining stability and accuracy of blisk channels machining.



The temperature distributions in the machining area in a unit cycle are obtained through transient simulation, as shown in Figure 7. The heat generated in the ECM process gradually accumulates and the temperature in the machining gap gradually increases along the flow direction. Due to the small machining gap and increasing machining depth, the heat is difficult to eliminate. The temperature is 303 K in the inlet wall and increases to 308 K to the side of the outlet at T/4, as shown in Figure 7a. Figure 7b,c indicate that when the cathode moves far away from the workpiece, the machining gap becomes larger, and therefore, the flushing electrolyte quickly takes away the heat and reactants.



To study the temperature evolution more exactly, the line between the cathode and the anode is used as a reference line. We plotted the curves of temperature along this line in Figure 8. It is observed that the temperature near the inlet is much lower than that near the outlet. Thus, the temperature in the channel increases along the direction of electrolyte flow. The maximum temperature appears on the outlet side and its value is 307.5 K at T/4. The temperature in the whole line has an evident drop at T/2 and 3T/4. The maximum temperature in this line drops to 305.5 K and it still appears at the outlet side at 3T/4. This is consistent with the result shown in Figure 7.



The evolution of gas-phase volume fraction in the machining area in a unit cycle is obtained through a transient simulation shown in Figure 9. The volume fraction of gas in the whole gap increases over time and its content becomes higher along the flow direction, as shown in Figure 9a. The volume fraction of hydrogen bubble rises to 0.12 at T/4. In comparison, when the cathode moves away from the anode, it drops dramatically. As shown in Figure 9b,c, when the cathode moves away from the anode, the maximum value of the bubble volume fraction drops to 0.09. Therefore, the gas volume fraction drops greatly and thus the flow field of electrolyte in the inter-electrode gap is optimized obviously.



Figure 10 presents the curves of electrolyte volume fraction along the flow direction during one period. The volume fraction of hydrogen increases along the direction of electrolyte flow in the machining area. The vibration of the tool cathode has a significant influence on the diffusion of gas bubbles. As the cathode moves away from the workpiece, the gas volume fraction starts to drop. The maximum gas fraction drops from 8.2% at T/4 to 1.9% at 3T/4. The drop of the gas fraction is of great benefit to improve the machining stability and quality.





5. Experiment Analysis


5.1. Experimental Design


To verify the simulation results, machining experiments are conducted with an ECM machine tool, as shown in Figure 11. This system comprises the rotary platform, feed and vibration system, power supply, electrolyte circulation and filtration system, processing fixture, and integrated control system. The processing fixture and its flow field are shown in Figure 12. The ECM fixture provides a sealed flow channel with the cathode and workpiece. The electrolyte flow form is a side flow type, in which the electrolyte inlet and the electrolyte outlet are at the different sides of the fixture. The high-speed electrolyte flows into the machining area from the electrolyte inlet pipe, passes through the inter-electrode gap, and returns to the electrolyte circulation system for filtering and recycling.



In the experiments, samples of Inconel 718 superalloy are chosen as the workpiece (anode). The electrolyte is 10% NaNO3 and its temperature is 30 °C. The electrolyte is pumped through the channel at a high speed by the constant pressure pump and the electrolyte pressure at the inlet is 0.3 MPa. The power supply is 22 V. To investigate the influence of the cathode feed mode on the machining stability, contrast experiments using a cathode linear feed are also performed. Workpieces have the same feed velocity of 0.5 mm/min in the two modes. After machining, the width of the machined channel is measured along the depth direction.




5.2. Analysis of Experimental Results


Figure 13 shows the variation of the channel width in different feed modes. The average width of the blisk channel processed through vibration-assisted channel ECM is slightly wider than that processed through the linear feed ECM without vibration. Figure 14 shows the morphologies of the channel in the two types of feed modes.



A short circuit occurs between the anode and cathode when the machined depth is 7 mm in the contrast experiment. The shortcut region is located at the front of the cathode, shown in Figure 14a. Since electrolytic products and heat are generated in the machining process, it requires high-speed flowing electrolyte to take them away from the machining area. As machining depth grows, the narrow flow channel becomes longer and the pressure loss in the flow passage increases. As a result, when the electrolyte flow speed decreases more and more dramatically, products and heat cannot be completely removed from the machining area, affecting the stability of machining.



In the vibration-assisted channel ECM experiment, the sidewalls are close to straight lines and the width of the channel has no obvious change, as shown in Figure 14c. The vibration produces a strong suction effect in the machining gap. Moreover, when the cathode goes back, it is helpful to update the electrolyte and accelerate the heat exchange, which can effectively avoid the occurrence of a short circuit phenomenon. Therefore, compared with the linear feed mode, the machining stability and the machining quality of the ECM of the blisk channel are improved in the vibration feed mode.



In this paper, sidewall taper θ of the channel is defined as follows [37]:


   Taper ( θ ) =    atan  (   w 1  −  w n   )    2  d 1     



(20)




where d1 is the depth of the machined channel, w1 is the width of a machined channel on the outside position, and wn is the width of a machined channel on the inside position. The sidewall taper of the blisk channel processed through the cathode linear feed is 0.86°. When the cathode was fed by vibration, the width of a channel was enlarged, while the taper was 0.82° and the change of taper is not obvious.



The effects of the cathode feed mode on the machining accuracy are investigated by analyzing the average of the machined channel width    w ¯   , the standard deviation width of the machined channel σa and σb. The average machined channel width    w ¯    is defined as follows:


   w ¯  =    w 1  +  w 2  + …  w n    n    



(21)







The standard deviation of the machined channel width σ1 and σ2 are defined as follows:


   σ a  =       ∑    Σ = 1   n     (   w j  −  w ¯   )   2   n     



(22)






   σ b  =       ∑    Σ = 1   n     (   w j  −  w   θ j     )   2   n     



(23)






   w  θ j   =  w 1  − 2 ×  D  1 j   × tan θ  



(24)




where wj is the width of a machined channel in the j position, wθj is the width of a machined channel in the j position on the taper line, and D1j is the distance between position 1 and position j. The standard deviation of the machined channel width σa reflects the straightness of the sidewall, which is affected by the taper to some extent. The standard deviation width σb eliminates the influence of taper. Table 3 demonstrates the average of the machined channel width and the standard deviation width with different feed modes. The channel obtained by the vibration-assisted channel ECM method was wider than that obtained in the contrast experiment. Since a short circuit appeared in the contrast experiment, the depth of the channel obtained in the contrast experiment was shorter than the other one. For that, the value of σa (=0.0076 mm) is much higher than σb (=0.0027 mm), thus taper of the channel has an obvious influence on the channel profile. The value of σb is only 0.0027 mm in the whole channel (with a depth of 16 mm), which also indicates that the process is very stable.



Figure 15 demonstrates the machined workpiece with vibration-assisted channel ECM. The workpiece obtained by the cathode vibration feed method has three narrow channels, with a width of less than 3 mm and an aspect ratio of more than 8. Figure 16 shows the changes of current in the machining area recorded in the experiment and simulation over time. The current in channel machining rose from 13.01 A at the beginning to 35.94 A at 211 s (current rising period) and then kept almost constant (stable machining state). The current achieved a stable state during processing in the balance period, which indicates the process is reliable. It was obvious that the trend of change of experimental current and simulation current density is roughly the same, with the maximum relative error of only 8.11%, as shown in Figure 16.



To evaluate the surface quality, the JD-520 roughness tester was used to measure the roughness of the hub, electrolyte inlet wall, and outlet wall. The machined surfaces of the specimens were measured using the roughness tester. Then, the surface profile curves were obtained, as shown in Figure 17. The values of roughness Ra are listed in Figure 18. The average surface roughness Ra in the hub, the sidewall close to the inlet, and the sidewall close to the outlet are 0.327 μm, 1.197 μm, and 1.992 μm, respectively. The value of Ra at the hub is lower than that at the sidewalls. One of the reasons is that the electrolyte flow rate near the hub is higher than that near the electrolyte inlet and outlet. The other reason is that secondary corrosion occurs at the machined sidewall, resulting in the decreases of the surface roughness and surface quality of the sidewall. At the same time, it is observed that the value of Ra in the sidewall close to the inlet is less than the sidewall close to the outlet. The reason for the different machining quality is that when most products and bubbles are generated in the hub of the blisk channel, the electrolyte carries the electrolytic products to the outlet, resulting in uneven changes in conductivity and affecting the surface quality.



The surface topographies of the channel hub, the electrolyte inlet wall, and the outlet wall were scanned by scanning electron microscope (SEM), shown in Figure 19. The surface of the hub is much smoother. There is a certain degree of uneven corrosion on the sidewalls of the channel, presenting block discrete distribution morphology. In addition, the uneven corrosion degree of the sidewall close to the outline is higher than that of the sidewall close to the inlet. Therefore, the surface quality of the sidewall at the electrolyte inlet is slightly better than that at the outlet, which is consistent with the roughness data measured in Figure 18.





6. Conclusions


In the present research, a theoretical model of multi-field coupling is established to analyze the influence of vibration on the blisk channel ECM. Based on the multi-physical field simulation results and experimental investigations, the conclusions are summarized as follows:




	(1)

	
A multi-physical field coupling model, including temperature field, flow field, electric field, is established for the blisk channel ECM based on the transmission relationship of machining parameters. The model is used to obtain the spatial distribution of temperature, hydrogen volume fraction, electrolyte conductivity, and other parameters.




	(2)

	
Simulations show that vibration-assisted channel ECM can effectively promote the exclusion of electrolytic products and the renewal of the electrolyte in the machining gap. As the cathode moves away from the workpiece, the gas volume fraction and electrolyte temperature have an evident drop. The drops of gas fraction and electrolyte temperature are of great benefit to improve the machining stability and quality.




	(3)

	
The variation trend of the workpiece contour shape obtained by the experiment and simulation is consistent. Comparing the channel width between simulation and experiment, the maximum relative error is only 1.05%. A comparison of the currents between the simulation and experiment was also conducted, with the maximum relative error of only 8.11%.




	(4)

	
An Inconel 718 alloy blisk with three narrow channels has been successfully manufactured by vibration-assisted channel ECM. The experimental results show that the cathode vibration significantly improves the machining stability and surface quality. The width of the narrow channels is less than 3 mm and the aspect ratio is more than 8. The average surface roughnesses Ra of the hub is 0.327 μm.
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Figure 1. Principle of blisk channel electrochemical machining (ECM). 






Figure 1. Principle of blisk channel electrochemical machining (ECM).



[image: Micromachines 13 00050 g001]







[image: Micromachines 13 00050 g002 550] 





Figure 2. Multi-physical coupling relationship of ECM. 






Figure 2. Multi-physical coupling relationship of ECM.



[image: Micromachines 13 00050 g002]







[image: Micromachines 13 00050 g003 550] 





Figure 3. The law of cathode movement. 






Figure 3. The law of cathode movement.



[image: Micromachines 13 00050 g003]







[image: Micromachines 13 00050 g004 550] 





Figure 4. Mesh generation of the model. 
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Figure 5. Boundary distribution in simulation. 
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Figure 6. Distributions of electrolyte velocity over time; (a) t = T/4. The nearest cathode position to the anode, the maximum flow is 0.179 L/s; (b) t = T/2. Cathode at the middle position, the maximum flow increases to 0.219 L/s; (c) t = 3T/4. Cathode at its farthest position to the anode, the maximum flow reaches 0.256 L/s. 






Figure 6. Distributions of electrolyte velocity over time; (a) t = T/4. The nearest cathode position to the anode, the maximum flow is 0.179 L/s; (b) t = T/2. Cathode at the middle position, the maximum flow increases to 0.219 L/s; (c) t = 3T/4. Cathode at its farthest position to the anode, the maximum flow reaches 0.256 L/s.



[image: Micromachines 13 00050 g006]







[image: Micromachines 13 00050 g007 550] 





Figure 7. Distributions of electrolyte temperature over time; (a) t = T/4. The maximum temperature is 308 K at the cathode’s nearest position to anode; (b) t = T/2. The maximum temperature drops to 307 K at the middle position; (c) t = 3T/4. The maximum temperature is 306 K at the farthest position. 
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Figure 8. Temperature distribution of electrolyte near the cathode. 
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Figure 9. Distributions of gas-phase volume fraction over time; (a) t = T/4. The maximum volume fraction of hydrogen bubble is 0.12 at the cathode’s nearest position to anode; (b) t = T/2. The maximum volume fraction of the hydrogen bubble is 0.1 at the middle position; (c) t = 3T/4. The maximum volume fraction of the hydrogen bubble is 0.1 at the cathode’s farthest position. 






Figure 9. Distributions of gas-phase volume fraction over time; (a) t = T/4. The maximum volume fraction of hydrogen bubble is 0.12 at the cathode’s nearest position to anode; (b) t = T/2. The maximum volume fraction of the hydrogen bubble is 0.1 at the middle position; (c) t = 3T/4. The maximum volume fraction of the hydrogen bubble is 0.1 at the cathode’s farthest position.



[image: Micromachines 13 00050 g009]







[image: Micromachines 13 00050 g010 550] 





Figure 10. The volume fraction of hydrogen distribution of electrolyte. 
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Figure 11. The set-up for electrochemical machining. 
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Figure 12. Electrochemical machining fixture. 
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Figure 13. Variation of the channel width with different feed modes. 
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Figure 14. Morphology of blisk channels under different feed modes; (a) shortcut region of the cathode; (b) workpiece obtained in contrast experiment; (c) workpiece obtained by the vibration-assisted channel ECM. 
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Figure 15. Machined specimen with the channels. 
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Figure 16. The changes of machining current experiment and simulation over time; (a) whole machining time; (b) enlarged view of current in rising time. 
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Figure 17. The profile curve of Inconel 718 the channel machining; (a) the channel hub; (b) the sidewall close to the inlet; (c) the sidewall close to the outlet. 
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Figure 18. Surface roughness Ra of the channels. 
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Figure 19. Surface morphology of the machined Inconel 718 channel; (a) the sidewall close to the inlet; (b) the channel hub; (c) the sidewall close to the outlet. 
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Table 1. Simulation parameters.
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	Symbol
	Definition
	Value
	Unit





	T0
	Initial temperature
	303.15
	K



	P0
	Inlet pressure
	0.3
	MPa



	P1
	Outlet pressure
	0
	MPa



	V0
	Feed rate
	0.5
	mm/min



	k0
	Electrolyte conductivity
	7.6
	S·m



	U
	Processing voltage
	22
	V



	f
	Frequency of oscillation and pulse
	5
	Hz



	A
	Amplitude
	0.2
	mm










[image: Table] 





Table 2. Boundary conditions setting of multiple physical fields.
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Boundary

	
Condition Setting






	
Flow Field

	
τ1

	
The gas flux

VH = (H2·cd.IlMag)/(2·F)




	
τ2, τ3, τ4, τ5, τ8, τ9, τ10, τ11, τ12

	
No sliding wall and no gas flux at the boundary




	
τ6

	
Electrolyte inlet, pressure boundary (0.3 MPa)




	
τ7

	
Electrolyte outlet, pressure boundary (0 MPa)




	
Temperature Field

	
M

	
Heat source, total power density




	
τ1, τ8

	
Boundary heat source of electrochemical reaction




	
τ2, τ3, τ4, τ5, τ9, τ10, τ11, τ12

	
Natural convection heat flux




	
τ6, τ7

	
Temperature boundary, 303.15 K




	
Electric Field

	
τ1

	
Cathode surface, U = 0




	
τ8

	
Anode surface, U = 20 V




	
τ2, τ3, τ4, τ5, τ6, τ7, τ9, τ10,τ11, τ12

	
      ∂ φ   ∂ n    |   τ   2 , 3 , 4 , 5 , 6 , 7 , 9 , 10 , 11 , 12    = 0   (Insulation boundary)




	
M

	
   κ =  κ 0   [  1 + α (  T k  −  T 0  )  ]    [ 1 − β ]  n    
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Table 3. Evaluation of the machined channel width.
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	Experimental Result (Vibration)
	Simulation Result (Vibration)
	Experimental Result (without Vibration)





	θ (°)
	0.82°
	0.61°
	0.86°



	  w ¯   (mm)
	2.905
	2.912
	2.673



	σa (mm)
	0.076
	0.056
	0.037



	σb (mm)
	0.027
	0.024
	0.012
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