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Abstract 

Micro-hole fabrication at a high speed and accuracy of machining while 

maintaining high surface quality is challenging. A core difficulty is the removal of the 

products of machining from extremely narrow gaps. To solve this problem, this study 

proposes an approach that combines high-speed electrical discharge machining (EDM) 

with electrochemical machining (ECM) by using a helical tube electrode with matched 

internal and external flushing. During high-speed electrical discharge drilling, matching 

the internal flushing with the clockwise rotation of the helical electrode can help remove 

debris from the bottom of the blind hole. During ECM, matching the external flushing 

with the anticlockwise rotation of the helical electrode can improve the flow of 

electrolyte in the gap. First, the flow field was simulated to show that matching the 

internal and external flushing of the helical electrode can enhance the flow of the 

medium and reduce particle concentration in extremely narrow gaps. Second, a series 

of experiments were conducted to verify that the taper of the hole and the surface quality 

of its wall can be improved by using the helical tube electrode. Finally, an experiment 

was carried out to optimize the machining parameters, and yielded a minimum taper of 

0.008 at a speed of rotation of 460 rpm, and pressures of internal and external flushing 

of 9 MPa and 4 MPa, respectively. 

Keywords: high-speed electrical discharge machining; electrochemical machining; 

helical tube electrode; internal and external flushing; removing debris. 

1 Introduction 

In the context of aviation manufacturing, a large number of microscopic cooling 

holes are present in films on the surfaces of the turbine blades of aero-engines [1-3], 

and these micro-holes are distributed on the blades at different angles [4-6]. Such a 

structure can be used to form a film of cooling gas on the surface of the blade to ensure 
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its reliable operation in the ultra-high-temperature environment of the combustion 

chamber [7-9]. Such micro-holes are commonly made of superalloys that are highly 

temperature resistant, hard, and strong, such as nickel-based [10], cobalt-based [11], 

and titanium alloys [12]. These holes need to be machined at a high speed and accuracy 

while maintaining high surface quality [13]. Therefore, the machining of such film-

cooling holes is a key issue in aerospace manufacturing. Combining high-speed 

electrical discharge drilling with electrochemical machining (ECM) is promising in this 

context due to such advantages as a high speed and accuracy of machining, and the 

ability to avoid surface defects and residual stress [14-16]. In this combined process, 

high-speed electrical discharge machining is first used to efficiently and accurately drill 

the holes, and ECM is then combined with it in situ to remove surface defects [17,18]. 

However, in case of extremely narrow machining gaps, the removal of the products of 

machining is a significant problem that directly influences performance [19,20].  

A considerable amount of research has been devoted to solving the problem of 

removing machining products from narrow gaps on the surface of materials. On the one 

hand, some scholars have attempted to improve the flow rate of the working fluid in the 

gap by changing the internal and external morphologies of the electrode. For example, 

by studying the wear in tube and rod electrodes subjected to micro-EDM drilling, Pham 

et al. [21] concluded that using the tube electrode was more conducive to removing 

debris in the narrow gap. Zhang et al. [22] noted that using a double-hole tube electrode 

can yield cooling holes with a high material removal rate (MRR) and precision as well 

as a small taper hole in case of high-speed electrochemical discharge drilling. Fang et 

al. [23] studied electrochemical machining in case of the vibrations of a ribbed wire 

electrode at a large amplitude, and verified that this enhanced the electrolyte renewal 

of and bubble removal from the electrode. To better remove products from the gap and 
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thus improve the accuracy and efficiency of machining, Zou et al. [24] proposed wire 

electrochemical micro-machining using a cutting edge tool electrode. Plaza et al. [25] 

showed that using a helical rod electrode with micro-EDM drilling can help remove 

debris from narrow gaps. To reduce the entrance diameter of the hole, Yang et al. [26] 

used a spherical tool electrode in electrochemical discharge machining that expedited 

the removal of the product. On the other hand, certain scholars have examined ways to 

enhance the flow of the medium in the narrow gap by changing the mode of flushing. 

Wang et al. [27] proposed electrochemical drilling with the vacuum-based extraction of 

the electrolyte to accelerate reverse flow in electrochemical drilling. To distribute the 

flow of the electrolyte more uniformly, Zhu et al. [28] used reverse electrolyte flow 

with a tube electrode in electrochemical drilling to efficiently generate multiple holes 

of good quality. Li et. al. [29] proposed a high-speed self-adjusting electrical discharge 

machining/electrochemical machining approach. They applied two independent 

flushing systems that could switch automatically in the machining process to ensure the 

continuous flushing of the working fluid that improved the status of the discharge gap. 

Zhang et al. [30] proposed drilling film-cooling holes by using a combination of 

EDM/ECM in situ through the internal and side-flushing of a tubular electrode. They 

used a tubular electrode and a specially designed flushing device. Internal and side-

flushing were performed simultaneously so that EDM and ECM could be combined in 

situ. The results of experiments showed this approach can improve the surface quality 

of holes and remove the recast layer. 

To better remove machining products from narrow gaps, this study proposes 

matching internal and external flushing with the rotations of a helical tube electrode in 

a combination of high-speed EDM and ECM. First, high-speed electrical discharge 

drilling is used to quickly remove the material of the workpiece, which enhances 
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machining efficiency. ECM is used to repair holes on the surface to remove surface 

defects. Second, the rotation of the helical electrode promotes fluid flow in the narrow 

gap to accelerate the removal of debris. Finally, different flushing strategies are used in 

different stages of processing. During high-speed EDM, matching the internal flushing 

with the clockwise rotation of the helical electrode is beneficial for removing debris 

from the bottom of the blind hole. During ECM, matching the external flushing with 

the anticlockwise rotation of the helical electrode is conducive to electrolyte flow in the 

gap. Therefore, this method can help accelerate the renewal of the working fluid in a 

combination of high-speed EDM and ECM. 

We first compared the cloud patterns of the velocities of cylindrical and helical 

tube electrodes using a flow field simulation. The rotations of tube electrodes of varying 

structures were then matched with internal and external flushing in a combination of 

high-speed EDM and ECM in verification experiments. The effectiveness of this 

method was confirmed by measuring the results of machining and through observations 

of the holes in the wall. Finally, an experiment to optimize the parameters of machining 

was carried out using the proposed method, and influence of the rotating speed of the 

tool electrode, pressure of the working liquid, and the distance between the workpiece 

and the guide device was examined. 

2 Principle of combination of high-speed EDM and ECM using a helical tube 

electrode with matched internal and external flushing 
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Fig. 1 Principle of the combination of high-speed EDM and ECM: (a) high-speed 

electrical discharge drilling; (b) ECM; (c) final results of machining 

Fig. 1 shows the principle of machining using a combination of high-speed EDM 

and ECM. A tube electrode with a helical structure is used to enhance the flow of the 

medium in the gap, which is conducive to removing debris and bubbles during both 

types of machining.  

high-speed EDM features electrical discharge drilling with the helical electrode 

rotating clockwise. As is shown in Fig.1(a), the rotation of the electrode can improve 

the uniform distribution of debris and bubbles in the gap, which reduces the 

accumulation of debris in narrow gaps. The helical electrode also speeds-up the flow of 

the medium due to the disturbance it creates. To promote the upward movement of the 

working fluid in the gap, the helical electrode must be rotated clockwise. Deionized 

water is used as the working fluid through the internal hole of the tube electrode. The 

internal flush mode can quickly remove debris at the bottom of the hole to significantly 
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increase machining speed in the direction of drilling. However, due to the tube electrode 

wear and the time difference between the entrance and exit in machining, there is a 

taper in the hole after this procedure. 

ECM features electrochemical reaming with the helical electrode rotating 

anticlockwise. Fig. 1(b) shows that DC power, instead of pulsed power, is applied in 

ECM, while the relative positions of the tool electrode and workpiece are maintained 

after high-speed EDM. NaNO3 is supplied to the machining gap through external 

flushing. Following this, the electrode rotating anticlockwise can be used to enhance 

the flow of the medium to ensure adequate electrolyte supply in the narrow gap. 

Because the material around the exit is close to the electrode, the electrochemical 

reaction at the exit is greater than that at the entrance, and can reduce the tapering of 

the holes. Within a certain electrolytic time, holes with a free taper can be obtained as 

shown in Fig. 1(c). Thus, micro-holes with few defects and small tapers can be 

produced by a combination of high-speed EDM and ECM using a helical tube electrode 

with matched internal and external flushing. 

3 Simulation and experimental procedure 

3.1 CFD simulation model  

Fig. 2 shows CFD models of the blind hole stage and the breakthrough hole stage 

in the combination of high-speed EDM and ECM by using a helical tube electrode with 

matched internal and external flushing. Figs. 2(a) and 2(b) show models of the high-

speed EDM stage, and Figs. 2(c) and 2(d) shows those of the ECM stage. The boundary 

conditions of the model were set with reference to the results of machining and 

conditions of the relevant tools. The parameters used in the simulation models are listed 

in Table 1. Based on the pressure separation solver, the steady-state turbulence k-ε 

equation is used to calculate the CFD model. The equation expression is as follows: 
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𝜕𝜕𝑡 (𝜌𝑘) + 𝜕𝜕𝑥𝑖 (𝜌𝑈𝑖𝑘) = 𝜕𝜕𝑥𝑗 ((𝜇 + 𝜇𝑡𝜎𝑘) 𝜕𝑘𝜕𝑥𝑗) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘                   (1) 

𝜕𝜕𝑡 (𝜌𝜀) + 𝜕𝜕𝑥𝑖 (𝜌𝑈𝑖𝜀) = 𝜕𝜕𝑥𝑗 ((𝜇 + 𝜇𝑡𝜎𝜀) 𝜕𝜀𝜕𝑥𝑗) + 𝑐𝜀1 𝜀𝑘 (𝐺𝑘 + 𝑐𝜀3𝐺𝑏) − 𝑐𝜀2𝜌 𝜀2𝑘 + 𝑆𝜀   (2) 

where, 𝐺𝑘 is the turbulent kinetic energy generated by the laminar velocity gradient, 𝐺𝑏 is the 

turbulent kinetic energy generated by the buoyancy, 𝑌𝑘 is the fluctuation caused by the transition 

diffusion in the recompressible turbulence, 𝑐𝜀1 , 𝑐𝜀2  and 𝑐𝜀3  are constants, 𝜎𝑘  and 𝜎𝜀  are the 

turbulent Prandtl numbers of equations k and ε, and 𝑆𝑘 and 𝑆𝜀 are user-defined. 

In the flow field simulation analysis, the liquid phase is a continuous and 

incompressible fluid, and the working liquid medium conforms to the law of 

conservation of mass in the processing process. The motion differential equation of the 

incompressible fluid can be expressed as: 

𝜕𝑢𝑥𝜕𝑥 + 𝜕𝑢𝑦𝜕𝑦 + 𝜕𝑢𝑧𝜕𝑧 = 0                                                  (3) 

In the processing of any volume of fluid, the momentum change rate of the fluid 

is equal to the sum of the mass force and stress acting on the volume. The differential 

form of the momentum equation is as follows: 

𝜕(𝜌𝑣)𝜕𝑡 + 𝑑𝑖𝑣(𝜌𝑣𝑣) − 𝜌𝐹 − 𝑑𝑖𝑣𝑃 = 0                                     (4) 

where，𝜌 𝐷𝑣𝐷𝑡 represents the inertia force per unit volume, 𝜌𝐹 the mass force per unit volume, and 

div P the divergence of the stress tensor on the indistinguishable body. 

In the Cartesian coordinate system, the motion equation expressed by stress is 

expressed as follows: 

{  
  𝜌 (𝜕𝑢𝜕𝑡 + 𝑢 𝜕𝑢𝜕𝑥 + 𝑣 𝜕𝑢𝜕𝑦 + 𝑤 𝜕𝑢𝜕𝑧) = 𝜌𝐹𝑥 + 𝜕𝑝𝑥𝑥𝜕𝑥 + 𝜕𝑝𝑥𝑦𝜕𝑦 + 𝜕𝑝𝑥𝑧𝜕𝑧𝜌 (𝜕𝑣𝜕𝑡 + 𝑢 𝜕𝑣𝜕𝑥 + 𝑣 𝜕𝑣𝜕𝑦 + 𝑤 𝜕𝑣𝜕𝑧) = 𝜌𝐹𝑦 + 𝜕𝑝𝑦𝑥𝜕𝑥 + 𝜕𝑝𝑦𝑦𝜕𝑦 + 𝜕𝑝𝑦𝑧𝜕𝑧𝜌 (𝜕𝑤𝜕𝑡 + 𝑢 𝜕𝑤𝜕𝑥 + 𝑣 𝜕𝑤𝜕𝑦 +𝑤 𝜕𝑤𝜕𝑧) = 𝜌𝐹𝑧 + 𝜕𝑝𝑧𝑥𝜕𝑥 + 𝜕𝑝𝑧𝑦𝜕𝑦 + 𝜕𝑝𝑧𝑧𝜕𝑧

                   (5) 

Where, u, v and w are the components of the fluid particle velocity in x, y and z directions, P 

represents the stress tensor. 
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Fig. 2 CFD models of the blind hole stage and breakthrough hole stage: (a) and (c) 

cylindrical tube electrode; (b) and (d) helical tube electrode 
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Table 1 

Parameters used in the CFD model 

Parameter Values 

Electrode diameter (d1) 1 mm 

Inner diameter (d2 )  0.3 mm 

Entrance diameter D1 1.12 mm 

Entrance diameter (D2 ) 1.26 mm 

Exit diameter (D3) 1.08 mm 

Exit diameter (D4) 0.96 mm 

Hole depth (H)  2 mm 

Pitch (h)  0.25 mm 

Helical angle  60° 

 

3.2 Experimental apparatus 

Fig. 3 shows a schematic diagram of the platform used for the machining 

experiments. Units of the system included a control system, hydraulic system, and 

power system. In other words, the servo system controlled precise movement along the 

x-, y-, and z-axes as well as the direction of rotation of the electrode. The three-unit 

four-passage solenoid valve was used to change the mode of internal or external 

flushing. The power system provided DC voltage and pulse voltage. A reasonable 

combination of the power system, internal or external flushing, and the clockwise or 

anticlockwise rotation of the electrode could be used to form high-quality holes. 

http://dict.cnki.net/dict_result.aspx?searchword=%e7%94%b5%e5%8a%9b%e7%b3%bb%e7%bb%9f&tjType=sentence&style=&t=power+system
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Fig. 3 Experimental apparatus of a combination of high-speed EDM and ECM using a 

helical tube electrode with matched internal and external flushing  

3.3 Materials  

The experimental material was a 2-mm-thick cobalt-based superalloy, and its 

chemical composition is shown in Table 2. The tube tool electrode was made of brass, 

and a helical structure with a diameter of 1 mm and an angle of 60° was formed on its 

outer surface, as shown in Fig. 4.  

Table 2  

Elemental components of cobalt-based superalloy (DZ40M) 

Elements C Cr Ni W Mo Al Ti Ta Zr Co 

Wt％ 0.45~

0.55 

24.5~

26.5 

9.50~

11.5 

7.0~

8.0 

0.1~

0.5 

0.7~

1.2 

0.05~

0.30 

0.1~

0.5 

0.1~

0.3 

Remai

n 

 

 

http://dict.cnki.net/dict_result.aspx?searchword=%e9%92%b4%e5%9f%ba%e9%ab%98%e6%b8%a9%e5%90%88%e9%87%91&tjType=sentence&style=&t=cobalt-base+superalloy
http://dict.cnki.net/dict_result.aspx?searchword=%e9%92%b4%e5%9f%ba%e9%ab%98%e6%b8%a9%e5%90%88%e9%87%91&tjType=sentence&style=&t=cobalt-base+superalloy
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Fig. 4 SEM images of the tube electrode fabricated with a smooth surface and a helical 

structure 

3.4 Design and conditions for simulation and experiments  

The mechanism of the combination of high-speed EDM and ECM with internal 

and external flushing was confirmed, and the consequent improvement in machining 

performance was verified by comparative simulations and experiments involving a 

cylinder tube electrode and a helical electrode. The parameters used for comparison are 

shown in Table 3. To further improve the hole-forming performance of high-speed 

EDM and ECM, the key parameters influencing the flushing pressure and rotational 

speed of the electrode were optimized by experiments. The variables for them are 

shown in Table 4. 

 

 

 

 

 

 

 

file:///C:/Users/ZY/AppData/Local/youdao/dict/Application/8.9.3.0/resultui/html/index.html#/javascript:;
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Table 3 

 Parameters used in comparative simulations and experiments 

 Parameter Values 

high-

speed 

EDM 

Tube electrode diameter 1 mm 

Working solution Deionized water 

Pulse width 12 μs 

Pulse interval 12 μs 

Peak current 14 A 

Rotational speed of tool electrode 300 rpm 

External flushing pressure  4 MPa  

ECM 

Tube electrode diameter 1 mm 

Working solution NaNO3 

Electrolyte concentration 4 g/L 

ECM voltage 45 V 

ECM time 20 s 

Rotational speed of tool electrode 300 rpm 

External flushing pressure  4 MPa  

 

 

 

 

 

 

http://dict.youdao.com/w/deionized%20water/#keyfrom=E2Ctranslation
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Table 4  

Variables used in parameter optimization experiment 

 Parameter Values 

high-

speed 

EDM 

Rotational speed of tool electrode 

60 rpm, 160 rpm, 260 rpm, 360 

rpm, 460 rpm 

Internal flushing pressure 

1 MPa, 3 MPa, 5 MPa, 7 MPa, 9 

MPa 

ECM 

Rotational speed of tool electrode 

60 rpm, 160 rpm, 260 rpm, 360 rpm, 

460 rpm 

External flushing pressure 

1 MPa, 2 MPa, 3 MPa, 4 MPa, 5 

MPa 

 

4 Verifying the combination of high-speed EDM and ECM with internal and 

external flushing 

4.1 Verifying improvement in flow field and machining performance in high-speed 

EDM 

Fig. 5 shows a cloud diagram of the axial velocity during high-speed EDM using 

the cylindrical tube electrode and the helical tube electrode, separately. The maximum 

axial velocity of the helical tube electrode was 14.29 m/s while that of the cylindrical 

tube electrode was 11.97 m/s. The rotation of the cylindrical electrode caused only the 

circular motion of the working fluid while that of the electrode with the helical structure 

caused circular as well as axial motion. The rotation of the helical tube electrode led to 

the axial movement of the debris in the narrow gap, which followed the same principle 

as that of twist drilling. When the clockwise rotation of the electrode was controlled, 

the helical surface generated an upward axial force on the debris. Under the combined 
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action of the internal flushing mode and electrode rotation, the debris was rapidly 

removed from the processing area. In addition, the vector and streamline diagrams on 

the right of Figs. 5(a) and (b) show that the flow field of the gap in the cylindrical 

electrode was laminar and that in the helical electrode was turbulent. The working fluid 

in the helical groove formed a vortex that prevent the accumulation and deposition of 

debris. By observing velocity at the bottom of the blind hole, we found that the corner 

velocity of the helical electrode was 9.44 m/s and that of the cylindrical electrode was 

7.35 m/s. The corner was most likely to cause debris to deposit in narrow gaps when 

the cylindrical electrode was used. Fig. 5 (c) shows the velocity of gap flow in the 

direction of the depth of the blind hole. It shows that when the working fluid passed 

through the helical groove, its speed increased, but decreased as it passed the top surface 

of the thread. From the bottom surface of the blind hole to the entrance, the flow rate 

of the working fluid showed a downward trend. The flow velocity of the gap in the 

helical structure was significantly higher than that in the cylindrical structure. Therefore, 

using the helical tube electrode can help remove more debris than the cylindrical tube 

electrode. 
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Fig. 5 Contours of axial velocity: (a) cylindrical tube electrode; (b) helical tube 

electrode; (c) the velocity of the working fluid along the depth direction  

Figs. 6 (a) and (b) show the distributions of interstitial particles in the cylindrical 

and the helical tube electrodes. Fig. 6(a) shows particle accumulation on the sides and 

bottom of the hole, with a maximum particle concentration of 2.74 kg/m3. Fig. 6(b) 

shows only a small number of particles in the helical groove, with a maximum local 

particle concentration of 2.63 kg/m3. Because the rotational movement of the 

cylindrical tube electrode struggled to change fluid flow along the side gap, the particle 

distribution was uneven in the laminar state, and material accumulated to block the side 

gap. By contrast, the helical flow channel enlarged the side gap, and the continual 

change in the side wall of the helical region increased disturbance in the flow field of 
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the gap that helped avoid the accumulation of particles in the gap. The rotation of the 

helical electrode produced an axial compression force on the medium in the groove, 

and the particles thus quickly discharged under the action of extrusion and fluid 

viscosity. Therefore, particle concentration helical tube electrode and their area of 

distribution were small. 

The particle concentrations in the helical groove and side gaps were examined, 

and are shown in Figs. 6(c) and (d). Fig. 6(c) shows that the particle concentration first 

decreased and then increased from the surface of the helical electrode to the wall of the 

hole, and the maximum particle concentration in the helical groove was 0.2 kg/m3. The 

particle concentration of the cylindrical tube electrode gradually increased, and the 

maximum appeared in the hole in the wall, 0.65 kg/m3. In Fig. 6(d), the particle 

concentration of the helical tube electrode is significantly lower than that of the 

cylindrical tube electrode. The higher particle concentration in the groove of the helical 

electrode means that the helical structure can reduce the number of particles in the side 

gap. The vortex generated in the groove increases the local energy loss of the fluid, and 

a small number of particles are deposited in the concave. Therefore, the use of the 

helical tube electrode during high-speed EDM drilling can ensure that the product is 

removed in time and guarantees the processing quality of the hole. 
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Fig. 6 Cloud diagram of particle concentrations in the gap in case of (a) cylindrical tube 

electrode; and (b) helical tube electrode. Distribution of particle concentration in the 

helical groove and the side gap (c) and (d) 

The exit diameters, rates of material removal, and tapers of the hole as machined 

by the helical electrode and cylindrical electrode were compared as shown in Fig. 7. 

The entrance and exit morphologies of the hole are shown in Fig. 8. The exit diameter 

of a perforation in case of the cylindrical electrode was 0.94 mm, and the edges of the 

aperture were rough. The exit diameter as machined by using a helical electrode was 
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0.98 mm, and was round and smooth. Because the rotation of the cylindrical electrode 

can promote only the circular motion of the debris in the gap, the debris flowed out of 

the processing area under the action of the internal flushing pressure. The rotation of 

the helical electrode subjected the debris to an axial force that generated axial 

movement, and it was easily expelled. Secondary discharge was reduced by increasing 

debris removal in the narrow gap. Therefore, the loss of the helical electrode was 

reduced and the outlet aperture was increased. The results of material removal rate show 

that the MRR, when the helical electrode was used, was higher than that when the 

cylindrical electrode was used. This is because the helical electrode removed debris 

more quickly such that this rendered the high-speed EDM process more stable, and 

shortened the processing time. With regard to the taper, that in case of cylindrical 

electrode drilling was 0.04 and in case of a helical electrode was 0.025. Because the 

end-face velocity of the blind hole in case of the cylindrical electrode was low, the 

debris easily accumulate, and the electrode loss more mass.  

 

Fig. 7 Effects of electrode structure on the exit diameter, MRR, and taper of hole in 

case of high-speed EDM 

http://dict.cnki.net/dict_result.aspx?searchword=%e5%9c%86%e5%91%a8%e8%bf%90%e5%8a%a8&tjType=sentence&style=&t=circular+motion
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Fig. 8 Morphologies of the entrance and the exit in high-speed EDM: (a) entrance, 

cylindrical tube; (c) exit, cylindrical tube electrode; (b) entrance, helical tube electrode; 

and (d) exit, helical tube electrode 

Fig. 9 shows the cross-sectional morphology of the hole of the wall subjected to 

electrode drilling. Fig. 9(a) shows the results, which reflect a large taper and poor exit 

accuracy. This is because the removal debris can rely only on the mode of flushing. 

When the hole is only punctured, the capability of the mode of flushing to speed-up 

debris removal is weakened. At this time, the debris in the gap becomes difficult to 

removal, because of which the quality of processing of the outlet is poor. Fig. 9(b) 

shows the results of drilling in case of the helical electrode. When the hole was 

punctured, the reverse flushing effect became weaker in the lateral gap, but the helical 

groove enhanced the effect of debris removal to ensure processing stability and the 

quality of the hole. To sum up, using a helical electrode in high-speed EDM can reduce 

the processing time, improving processing efficiency, reducing hole taper, and render 
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the edges of the hole smoother and rounder. In high-speed EDM where internal flush 

mode matches with the clockwise rotation of the electrode, the helical tube electrode is 

more conducive to machining high-quality micro-holes. 

  

Fig. 9 The morphology of the hole in the wall in high-speed EDM: (a) cylindrical tube 

electrode; (b) helical tube electrode 

4.2 Verifying improvements in flow field and machining performance in ECM 

Fig. 10 shows the influence of electrode structures on the distribution of gap flow 

during the ECM process. Fig. 10(a) shows that the flow of working fluid obeyed 

laminar flow for the cylinder tube electrode and vortical flow for the helical tube 

electrode as shown in Fig. 10(b). Measuring the gap flow velocity in the axial direction 

revealed that it was significantly higher for the helical tube electrode, as shown in Fig. 

10(c). The difference between the flow velocities reached the maximum at the helical 

groove. When the electrolyte flowed through the helical groove, a vortex was generated 

in it. Under the action of the vortex, the products of the electrolyte were difficult to 

accumulate in the processing area. When the electrode rotated counterclockwise, the 

upper surface of the helical groove exerted an axial downward force on the product, 

thus accelerating the removal rate of hydroxide products of ECM. In addition, due to 

the processing of the narrow gap, the helical electrode and the narrow gap formed a 

screw pump structure. As the helical electrode rotated, the working fluid at the inlet was 

sucked into the processing zone, thereby increasing the axial speed of the working fluid. 
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It was then difficult for the cylindrical electrode to provide axial velocity owing to its 

smooth surface. When using cylindrical electrodes, the electrolyte in the gap can flow 

only to the outlet by gravity and the initial pressure of the flushing fluid. Therefore, the 

gap velocity of cylindrical electrode was lower than that of the helical electrode. To 

sum up, the rotation of the cylindrical electrode can cause the electrolyte to move only 

in a circle, and electrolyte flow in the gap can rely only on gravity and the pressure at 

the entrance. The rotational motion of the helical electrode can not only increase flow 

in the gap, but can also accelerate flow field disturbance. This causes the medium to 

generate axial velocity, which accelerates the flow velocity of the gap in turn.  
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Fig. 10 Contours of axial velocity in the breakthrough hole stage: (a) cylindrical tube 

electrode; (b) helical tube electrode; (c) velocity of working fluid in the direction of 

hole depth 

Fig. 11 shows the particle concentration of the cylindrical tube electrode and the 

helical tube electrode during ECM. The maximum particle concentration in Fig. 12(a) 

is 11.885 kg/m3. The partially enlarged view shows that the particle concentration at the 

wall of the hole was relatively high, and that it was difficult to remove the electrolytic 

products in the gap using only the external flushing method. In Fig. 12(b), although the 

maximum particle concentration was 13.833 kg/m3, greater than that of the cylindrical 

electrode, this appeared only at the outlet. Particles in the narrow gap on the side were 

removed. The counterclockwise rotation of the helical structure had a downward 
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squeezing effect on the working fluid in the gap. The medium flowed rapidly under the 

initial flow pressure, gravity, and the compression of the helical groove, and the 

electrolytic product was quickly removed from the gap. 

Figs. 11(c) and (d) show curves of the particle concentrations in the side gap and 

groove along the radial direction in ECM. The “0.0” position in Fig. 11(c) indicates the 

exit and the “2.0” position indicates the entrance. Fig. 11(c) shows that the particle 

concentration on the side gap of the helical tube electrode was lower than that for the 

cylindrical tube electrode, and gradually increased from the inlet to the outlet. The 

disturbance capability of the helical groove and the increasing the side gap sped-up 

product removal and improved the environment of the side gap. Fig. 11(d) shows a 

comparison of the concentration of radial particles between the surface of the electrode 

and the wall in the hole, where the former was lower than the latter. Therefore, 

regardless of whether radial comparison or axial comparison was used, the helical tube 

electrode was found to be conducive to accelerating the regeneration of the side gap of 

the electrolyte as well as the product removal. 
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Fig. 11 Cloud diagram of particle concentration in ECM, using: (a) cylindrical tube 

electrode; and (b) helical tube electrode. Particle concentration distribution in the 

helical groove and the side gap in ECM, (c) and (d) 

As shown in the Fig. 12, ECM experiments with external flushing were carried out 

to compare the effects of electrode structures on machining performance, including in 

terms of the hole exit, material removal rate, and taper. The exit diameter of the 

cylindrical electrode was set to 1.07 mm and that of the helical electrode to 1.17 mm. 

The rotation of the cylindrical electrode generated only circumferential force on the 

electrolyte, and it was thus difficult to transport the electrolyte to the electrolytic area, 
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especially the exit position, using only external flushing within the narrow gap. This 

made it difficult to remove hydrogen and oxygen products, and to update the electrolyte, 

which in turn made it challenging to realize the electrolytic reaming of the cylindrical 

electrode. This rendered the outlet of the hole small and the taper large. For the material 

removal rate, the electrolyte in the gap is updated slowly, and the electrolysis effect is 

poor. However, the counterclockwise rotation of the helical electrode generated axial 

thrust on the electrolyte in the gap, as in external flushing, and finally sped-up its 

renewal. Therefore, the rate of material removal owing to electrochemical machining 

in case of a helical electrode was high. The taper of the cylindrical electrode electrolytic 

ream was 0.01 while that of helical electrode was 0.005. Therefore, under the same 

electrochemical processing conditions, the rotation of the helical electrode sped-up the 

electrolyte to a greater extent, and the effect of electrolysis of the outlet of the hole was 

significant; thus, the taper was small and accuracy was high. 

 

 

Fig. 12 Effects of the electrode structure on the diameter of the exit, the MRR, and the 

taper in ECM 

Fig. 13 shows the morphologies of the entrance and the exit of holes drilled using 
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different electrodes in the ECM stage. It shows that the roundness of the reaming of the 

cylindrical electrode was poorer than that of the helical electrode because the electrolyte 

struggled to flow into the narrow machining gap in the former case, resulting in a lack 

of liquid in the gap. The electrolytic products thus easily accumulated, affecting the 

stability of rotation of the cylindrical electrode. Therefore, the effect of the 

electrochemical reaction and hole roundness were poor. In case of the helical structure, 

the narrow gap was approximated as a screw pump structure. When the electrode 

rotated, the electrolyte at its entrance was sucked into the processing zone. Meanwhile, 

the helical surface sped-up the downward flow of the electrolytic products and avoided 

product accumulation. Therefore, the electrochemical machining in the gap was more 

uniform, the stability of the electrode was guaranteed, and the inlet and outlet roundness 

values of hole were improved. 
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Fig. 13 Influence of electrode structure on the roundness of the entrance and exit in 

ECM: (a) entrance, cylindrical electrode; (b) entrance, helical electrode; (c) exit, 

cylindrical electrode; (d) exit, helical electrode 

As can be seen from the Fig. 14(a), some partial surface of the hole wall still exist 

the thermal corrosion layer when using cylindrical electrode in electrochemical 

machining. Local magnification also clearly showed defects in the wall, such as micro-

cracks, spherical particles, and rough surfaces. Because the electrolyte could not flow 

quickly into extremely narrow gaps, the hydroxide and bubbles could not be removed, 

and the retention of the product led to unstable electrochemical machining that resulted 

in secondary discharge in the holes in the wall. The holes on the wall of the helical 

electrode were smooth without prominent defects. Fig. 14(b) shows that the helical 

electrode rotated counterclockwise to create an axial velocity against the hydroxide. 

file:///C:/Users/ZY/AppData/Local/youdao/dict/Application/8.9.3.0/resultui/html/index.html#/javascript:;
file:///C:/Users/ZY/AppData/Local/youdao/dict/Application/8.9.3.0/resultui/html/index.html#/javascript:;


 29 

The motion of the electrode increased disturbance which prevented the product from 

accumulating. The rate of flow of the medium in the gap increased, the effect of the 

electrolytic improved, and defects due to holes in the wall decreased. 

  

  

  

Fig. 14 The morphology of holes in the wall after combined machining: (a) cylindrical 

electrode; (b) helical electrode 

To sum up, electrochemical reaming with a helical electrode can significantly 

improve the accuracies of the entrance and exit, and reduce the taper. The holes in the 

wall can be smoothened without defects. In electrochemical machining with electrodes 
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rotating counterclockwise matched by external flushing, the effect of machining using 

the helical electrode is better than that using the cylindrical electrode. 

5 Performance analysis of combination of high-speed EDM and ECM using a 

helical tube electrode with matched internal and external flushing 

The above-mentioned flow field simulation and experiment showed that the 

helical tube electrode can be used to improve hole-forming performance compared with 

the cylindrical tube electrode. To further improve high-speed EDM and ECM 

processing in terms of the holes formed, we examined the key parameters of flushing 

pressure and the speed of the electrode. 

5.1 Influence of internal flushing pressure on high-speed EDM  

 The effects of different internal flushing pressures on machining performance 

were studied, as shown in Fig. 15. The diameter of the exit of the hole gradually 

decreased with increasing flushing pressure. The minimum diameter of the exit was 

0.99 mm, and the exit morphologies of the hole under different flushing pressures are 

shown in Fig. 16. The exits became rounder as the internal flushing pressure increased. 

This indicates that matching the internal flushing with the clockwise rotation of the 

helical electrode can accelerate the flow rate of the working fluid in the narrow gap. 

Thus, the debris was quickly removed, which can improve machining accuracy. The 

rate of material removal increased as the pressure increased. The maximum material 

removal rate was 0.122 mm3/s. Because the internal flushing pressure accelerated the 

velocity of the working fluid and improved the performance of high-speed EDM, the 

material removal rate was improved. The taper of the hole decreased as the internal 

flushing pressure increased. The minimum taper was 0.014. Fig. 17 shows that the trend 

of the taper was consistent with the curve in Fig. 15(b). The machining products 

reduction is beneficial to reduce the electrode wear and ensure the high shape precision 



 31 

of tube electrode, and the taper of the hole was small. Besides, the internal flushing 

pressure increased, high-speed EDM became stable, and machining efficiency was high, 

thus the machining time difference between the entrance and the exit was small, and 

the hole had a smaller taper. Fig. 17 also shows the morphology of the surface of the 

wall of holes under different internal flushing pressures. As the internal flushing 

pressure increased, the surface quality of the holes in the wall gradually increased. 

Under a low flushing pressure, the working fluid flowed in the machining gap from the 

inner hole of the tube electrode and hit the bottom of the blind hole, because of which 

velocity decreased significantly. Therefore, it became difficult for the debris in the 

narrow gap to be quickly removed, especially at the exit. This rendered high-speed 

EDM unstable, and even resulted in secondary discharge that increased surface 

roughness of the wall. In summary, increasing the internal flushing pressure can 

increased the speed of debris removal in the gap. The processing time of high-speed 

EDM was shorter and the diameter of exit was smaller. The MRR was higher, as was 

the precision of the hole. It was more circular in shape. The optimal internal flushing 

parameter was 9 MPa. 
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Fig. 15 Influence of different internal flushing pressures on machining performance in 

high-speed EDM: (a) diameter of the exit and the MRR; (b) taper 

   

  
Fig. 16 The morphologies of the exit in high-speed EDM: (a) 1 MPa; (b) 3 MPa; (c) 5 

MPa; (d) 7 MPa; (e) 9 MPa 
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Fig. 17 The morphologies of the holes in the wall in high-speed EDM: (a) 1 MPa; (b) 

3 MPa; (c) 5 MPa; (d) 7 MPa; (e) 9 MPa 

5.2 Influence of rotating speed of tool electrode on high-speed EDM  

The effects of the rotating speed of the electrode on the exit aperture, taper, and 

rate of material removal rate are shown in Fig.18. The exit aperture decreased as the 

rotating speed increased, and the minimum aperture was 0.97 mm. The SEM 

morphology of the exit is shown in Fig. 19. An increasing in the speed of rotation 

smoothened the edge of the hole, reduced defects, and rendered it rounder. The MRR 

increased with the speed of rotation, and the maximum material removal rate was 0.046 

mm3/s. The taper decreased as the rotating speed increased, and the minimum taper was 

0.02. Fig. 20 also shows the results of the taper and the quality of the holes in the wall 

under different speeds of rotation of the electrode. As the rotating speed increased, the 

upward force of the subsurface of the helical groove on the debris increased. The debris 

generated an axial velocity, and the internal flushing caused the medium to flow upward 

in the gap such that the debris could be quickly discharged. To summarize, increasing 
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the speed of rotation of the electrode can accelerate the rate of removal of the debris, 

thereby increasing the frequency of effective discharges, improving processing 

efficiency, and reducing the taper of the hole and making its orifice smoother. The 

optimum rotating speed for high-speed EDM was 460 rpm. 

 

  

  

Fig. 18 Influence of different rotating speeds on machining performance in high-speed 

EDM: (a) diameter of exit and the MRR; (b) taper 
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Fig. 19 The morphologies of the exit at different rotating speeds of the tool electrode in 

high-speed EDM: (a) 60 rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm 

   

  

Fig. 20 The morphologies of the holes in the wall at different rotating speeds of the tool 

electrode in high-speed EDM: (a) 60 rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 

460 rpm 

5.3 Influence of external flush pressure on ECM  

Fig. 21 shows the influence of external flushing pressure on machining 

performance in ECM. The curve shows that as the external flushing pressure increased, 
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the MRR and exit diameter increased while the taper decreased. This indicates that 

when the direction of rotation of the helical electrode matched the external flushing in 

electrochemical machining, the electrolyte was extruded into helical groove owing to 

the high pressure. At the same time, a vortex was created around the groove that added 

axial speed to electrochemical products. The higher the pressure was at the entrance, 

the higher the volume of electrolyte flowing into the narrow gap, and the higher the 

accuracy of the exit and the MRR were, as shown in Fig. 22. It shows different shapes 

of the exit when using different external flushing pressures. However, a very high flush 

pressure could have influenced the stability of rotation, leading to a wide entrance, 

degrading surface quality, and increasing taper as shown in Fig. 23. It shows the 

morphology of the taper of the hole at different external flushing pressures. Hence, the 

most appropriate external flush pressure was 4 MPa, and yielded a hole with a diameter 

of 1.17 mm, MRR of 0.039 mm3/s, and taper of 0.01. 
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Fig. 21 Influence of external flushing pressure on machining performance in ECM: 

(a ) diameter and MRR; (b) taper 

   

  
Fig. 22 The morphologies of the exit with different external flush pressures in ECM: 

(a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa; (e) 5 MPa 
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Fig. 23 The morphologies of the hole in the wall with different external flush pressures 

in ECM: (a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa; (e) 5 MPa 

5.4 Influence of rotating speed of tool electrode on ECM  

Fig. 24 shows the influence of the rotating speed of helical electrode on the 

performance of ECM. The diameter of the exit and the MRR increased, and the 

maximum material removal rate was 0.014 mm3/s. The taper decreased with increasing 

rotating speed. The higher speed added axial velocity to the machining products. The 

helical grooves expanded the flowing space of the electrolyte and refreshed it more 

quickly. This helped remove more material, which increased the MRR and improve the 

effect of electrolysis around the exit. This can be observed in the SEM images in Fig. 

25. The electrochemical performance at entrance was better than that at the exit; thus, 

the taper decreased as the electrolytic reaction continued, as shown in Fig. 26. 

Increasing the velocity of the dielectric in the narrow space effected by high rotating 

speed refreshed the electrolyte and reduced the taper until a micro-hole with a small 

taper was obtained. The optimum rotating speed of the tool electrode was 460 rpm. 
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Fig. 24 Influence of the rotating speed of the tool electrode on machining performance 

in ECM: (a) diameter and MRR; (b) taper 

   

  
Fig. 25 The morphologies of the exit at different the rotating speeds of the tool electrode 

in ECM: (a) 60 rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm 
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Fig. 26 The morphologies of the holes in the wall at different the rotating speeds of the 

tool electrode in ECM: (a) 60 rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm 

6 Conclusions 

This study proposed a combination of high-speed electrical discharge drilling and 

ECM by using a helical tube electrode matched with internal and external flushing to 

remove debris and enhance the flow velocity of the electrolyte in narrow gaps. This can 

help improve the accuracy of machining of micro-holes. The conclusions of this study 

can be summarized as follows: 

 The results of simulations of the flow field showed that using a helical tube 

electrode, the directions of rotation of which matched the internal and external 

flushing, can enhance the flow velocity and reduce particle concentration in the 

narrow gap. 

 Experiments to verify the results of the simulations showed that under the 

combination of high-speed EDM and ECM, drilling by using a helical tube 

electrode can yield a high machining accuracy, high surface quality, and a small 

taper hole. 

 We used the proposed design in an experiment to optimize the speed of rotation of 
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the tool electrode, pressures of the internal and external flushing, and the distance 

between the workpiece and the guide device. A minimum taper of 0.008 was thus 

obtained at a rotating speed of 460 rpm, and pressures of internal and external 

flushing of 9 MPa and 4 MPa, respectively. 
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Figures

Figure 1

Principle of the combination of high-speed EDM and ECM: (a) high-speed electrical discharge drilling; (b)
ECM; (c) �nal results of machining



Figure 2

CFD models of the blind hole stage and breakthrough hole stage: (a) and (c) cylindrical tube electrode; (b)
and (d) helical tube electrode



Figure 3

Experimental apparatus of a combination of high-speed EDM and ECM using a helical tube electrode with
matched internal and external �ushing

Figure 4

SEM images of the tube electrode fabricated with a smooth surface and a helical structure



Figure 5

Contours of axial velocity: (a) cylindrical tube electrode; (b) helical tube electrode; (c) the velocity of the
working �uid along the depth direction



Figure 6

Cloud diagram of particle concentrations in the gap in case of (a) cylindrical tube electrode; and (b)
helical tube electrode. Distribution of particle concentration in the helical groove and the side gap (c) and
(d)



Figure 7

Effects of electrode structure on the exit diameter, MRR, and taper of hole in case of high-speed EDM

Figure 8

Morphologies of the entrance and the exit in high-speed EDM: (a) entrance, cylindrical tube; (c) exit,
cylindrical tube electrode; (b) entrance, helical tube electrode; and (d) exit, helical tube electrode



Figure 9

The morphology of the hole in the wall in high-speed EDM: (a) cylindrical tube electrode; (b) helical tube
electrode



Figure 10

Contours of axial velocity in the breakthrough hole stage: (a) cylindrical tube electrode; (b) helical tube
electrode; (c) velocity of working �uid in the direction of hole depth



Figure 11

Cloud diagram of particle concentration in ECM, using: (a) cylindrical tube electrode; and (b) helical tube
electrode. Particle concentration distribution in the helical groove and the side gap in ECM, (c) and (d)



Figure 12

Effects of the electrode structure on the diameter of the exit, the MRR, and the taper in ECM

Figure 13

In�uence of electrode structure on the roundness of the entrance and exit in ECM: (a) entrance, cylindrical
electrode; (b) entrance, helical electrode; (c) exit, cylindrical electrode; (d) exit, helical electrode



Figure 14

The morphology of holes in the wall after combined machining: (a) cylindrical electrode; (b) helical
electrode



Figure 15

In�uence of different internal �ushing pressures on machining performance in high-speed EDM: (a)
diameter of the exit and the MRR; (b) taper

Figure 16

The morphologies of the exit in high-speed EDM: (a) 1 MPa; (b) 3 MPa; (c) 5 MPa; (d) 7 MPa; (e) 9 MPa



Figure 17

The morphologies of the holes in the wall in high-speed EDM: (a) 1 MPa; (b) 3 MPa; (c) 5 MPa; (d) 7 MPa;
(e) 9 MPa

Figure 18

In�uence of different rotating speeds on machining performance in high-speed EDM: (a) diameter of exit
and the MRR; (b) taper



Figure 19

The morphologies of the exit at different rotating speeds of the tool electrode in high-speed EDM: (a) 60
rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm

Figure 20

The morphologies of the holes in the wall at different rotating speeds of the tool electrode in high-speed
EDM: (a) 60 rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm



Figure 21

In�uence of external �ushing pressure on machining performance in ECM: (a ) diameter and MRR; (b)
taper

Figure 22

The morphologies of the exit with different external �ush pressures in ECM: (a) 1 MPa; (b) 2 MPa; (c) 3
MPa; (d) 4 MPa; (e) 5 MPa



Figure 23

The morphologies of the hole in the wall with different external �ush pressures in ECM: (a) 1 MPa; (b) 2
MPa; (c) 3 MPa; (d) 4 MPa; (e) 5 MPa

Figure 24

In�uence of the rotating speed of the tool electrode on machining performance in ECM: (a) diameter and
MRR; (b) taper



Figure 25

The morphologies of the exit at different the rotating speeds of the tool electrode in ECM: (a) 60 rpm; (b)
160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm

Figure 26

The morphologies of the holes in the wall at different the rotating speeds of the tool electrode in ECM: (a)
60 rpm; (b) 160 rpm; (c) 260 rpm; (d) 360 rpm; (e) 460 rpm


