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Investigation of material removal in 
inner-jet electrochemical grinding 
of GH4169 alloy
Hansong Li1, Shen Niu1, Qingliang Zhang1,2, Shuxing Fu1 & Ningsong Qu1

Electrochemical grinding (ECG) is a low-cost and highly efficient process for application to difficult-to-
machine materials. In this process, the electrolyte supply mode directly affects machining stability 
and efficiency. This paper proposes a flow channel structure for an abrasive tool to be used for inner-jet 
ECG of GH4169 alloy. The tool is based on a dead-end tube with electrolyte outlet holes located in the 
sidewall. The diameter and number of outlet holes are determined through numerical simulation with 
the aim of achieving uniform electrolyte flow in the inter-electrode gap. Experiments show that the 
maximum feed rate and material removal rate are both improved by increasing the diamond grain size, 
applied voltage, electrolyte temperature and pressure. For a machining depth of 3 mm in a single pass, 
a feed rate of 2.4 mm min−1 is achieved experimentally. At this feed rate and machining depth, a sample 
is produced along a feed path under computer numerical control, with the feed direction changing four 
times. Inner-jet ECG with the proposed abrasive tool shows good efficiency and flexibility for processing 
hard-to-cut metals with a large removal depth.

GH4169 (Ni–Fe–Cr) alloy, with its excellent fatigue resistance, high-temperature strength, and good resistance to 
corrosion and radiation damage, is widely used in a number of important industries, including aerospace, navi-
gation and petroleum1–4. However, its high strength and stiffness, low thermal conductivity, and tendency to high 
work hardening with consequent damage to tool materials make it extremely difficult to cut5, 6. When traditional 
cutting processes are used, it is impossible to avoid problems such as severe tool wear, high work hardening and 
low material-removal rate (MRR), all of which lead to unacceptably high manufacturing costs7. Hence, as with 
other difficult-to-cut materials, attention has increasingly been focused on the use of non-conventional processes 
to machine GH4169 alloy at low cost and with high efficiency.

Various non-traditional machining techniques based on a number of different principles have been developed 
to process difficult-to-cut materials, including electrical-discharge machining (EDM), laser-beam machining 
(LBM) and electrochemical machining (ECM), among others. Yadav and Yadava8 optimized the selected input 
process parameters for MRR, average surface roughness and average circularity of holes made by EDM in a 
nickel-based superalloy. Darwish et al.9 used LBM in both dry and wet media to fabricate channels in Inconel 718 
and investigated the effects of laser power, pulse repetition rate and laser scan speed on channel width, depth and 
taper. Mohanty et al.10 used an analysis-of-variance approach to study the influence of various process parameters 
on performance characteristics such as MRR and surface roughness during ECM of Inconel 825.

Because of the mechanism by which it removes material, ECM has a significant advantage over both EDM 
and LBM in that it can produce machined workpieces without heat-affected zones and recast layers11, 12. However, 
ECM with a passive aqueous electrolyte suffers from the major disadvantage that a non-conductive passivation 
layer is formed on the machined surface of the metal, which can prevent further electrolytic dissolution of the 
anodic workpiece13–15. Electrochemical grinding (ECG) is a non-conventional hybrid process based on a com-
bination of ECM and mechanical grinding (MG)16, with the electrochemical and abrasive actions contributing 
about 90% and 10%, respectively, of the total material removal17, 18. In ECG, the abrasive action of a grinding 
wheel continually removes the soft passivation layer, thus exposing fresh metal for electrolytic reaction14, 15, 19. 
Furthermore, in contrast to MG alone, there is low tool wear and an absence of a hardened surface layer or sur-
face distortions20, 21. When machining tough alloys, the MRR with ECG may be 5–10 times that achievable with 
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conventional machining22. Hence, ECG is a technologically and economically viable approach for the fabrication 
of any electrically conductive difficult-to-cut material.

ECG uses a grinding tool made of metal to which abrasive is bonded, with an additional nozzle arrange-
ment. Typically, a small removal depth and a high feed rate are adopted, with the aim of improving the surface 
integrity of difficult-to-cut materials. For example, Goswami et al.21 explored ECG of an alumina–aluminium 
interpenetrating-phase composite and found that the minimum surface roughness was obtained with a cutting 
depth of 0.08 mm and a feed rate of 24 mm min−1. Hascalık and Caydas23 used ECG with a cutting depth of 
0.05 mm and a feed rate of 24 mm min−1 to remove the damaged surface layers of Ti6Al4V alloy machined by 
EDM. To enhance processing flexibility, computer numerical control (CNC) has been applied to ECG. Curtis et 
al.24 investigated a method for machining both sides of a V-shaped slot in a nickel-based superalloy by using a 
mounted grinding point with fir-tree geometry, with a depth of cut and feed rate of 0.5 mm and 10 mm min−1, 
respectively. Qu et al.25 used a spherical abrasive tool with rod-like geometry to machine Inconel 718, with a feed 
rate of 6.6 mm min−1 and a machining depth of 0.5 mm.

However, when the electrolyte is provided through an additional nozzle, most of it drains away from the 
workpiece surface instead of flowing into the narrow machining gap, which causes difficulties when it is desired 
to remove a large depth of material. To overcome this problem when machining GH4169 alloy, Zhang et al.26 pro-
posed a method of inner-jet ECG using an abrasive tool based on a tube with a round end from which the electro-
lyte was ejected through seven outlet holes. In this pioneering work, a machining depth of 3 mm was achieved in 
just a single pass at a feed rate of 1.8 mm min−1. If the product of the removal depth and the feed rate is taken as a 
reflection of the machining area per unit time, it is clear that, compared with ECG using an additional nozzle, this 
inner-jet ECG method allows more efficient removal of greater depths of material. Even so, the positioning of the 
electrolyte outlet holes in the round end of the tool still imposes a limitation on the achievable feed rate: because 
the tool sidewall plays a major role in material removal at large depths, greater feed rates should be possible if the 
outlet holes are located in the sidewall of the tool. To determine the optimum number, positions and diameter of 
these holes, it is necessary to analyse the flow-channel structure of the ECG system.

Thus, to further improve the MRR and widen the applicability of inner-jet ECG, this paper proposes a 
flow-channel structure for an abrasive tool based on a dead-end tube, with electrolyte outlet holes located in the 
tool sidewall. The diameter and number of these holes are optimized by means of a finite-element fluid simula-
tion method. Furthermore, the possibility of achieving a higher feed rate and MRR is explored experimentally 
on GH4169 alloy. Finally, a sample is produced under CNC using the proposed abrasive tool with optimized 
structure and a higher feed rate.

Flow-field analysis
Principle of the inner-jet ECG. Figure 1 is a schematic depiction of the principle of inner-jet ECG with the 
proposed abrasive tool. The latter is a tubular electrode with a flat dead-end, coated with electroplated diamond 
particles on its outer surface and with electrolyte outlet holes in the sidewall. In the machining process, the abra-
sive tool is charged negatively and the workpiece is connected to the positive pole of the power supply. Electrolyte 
is sprayed under pressure onto the machining surface of the workpiece through the outlet holes. The machining 
by-products and Joule heat are rapidly removed from the inter-electrode gap by the flow of electrolyte. As a result, 
the risk of blockage in the machining gap is significantly reduced and the process can start from the sidewall 
of the workpiece, thereby allowing the required depth to be achieved one pass. In addition, when the rotating 
abrasive tool is in contact with the moving workpiece, the protruding diamond particles continuously remove the 
passivation layer on the machining surface. With the use of CNC technology, more complicated structures can be 
produced by controlling the feed path of the workpiece.

Physical models of flow field. The machining depth of the abrasive tool is 3 mm in a single pass. The outer 
diameter, inner diameter and wall thickness of the tool tube are 6, 4 and 1 mm, respectively. To obtain a uniform 
concentration of the machining by-products in the inter-electrode gap, the electrolyte outlet holes are uniformly 

Figure 1. Schematic diagram of inner-jet ECG with the proposed abrasive tool.
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distributed along the circumference of the tube. The axial distance from the bottom of the tube to the centreline 
of the outlet holes is 1.5 mm.

To optimize the diameter and number of the outlet holes, a flow-field model is established for the flat-ended 
tube, as shown in Fig. 2a. Two values are considered for the hole diameter (0.6 and 1 mm) and two values for the 
number of holes (4 and 6). Section A is chosen in order to observe the different flow velocity distributions. In 
addition, another flow-field model is established for a tool based on a tube with a round end, as shown in Fig. 2b. 
Such an abrasive tool with a round end with seven outlet holes of diameter 1 mm was used in a previous study, in 
which a machining depth of 3 mm was achieved in one pass26. Section B is chosen in the same position in both 
flow-field models in order to compare the flow-velocity distributions in the inter-electrode gap.

To evaluate the flow-field distribution in each model, the following assumptions are made:

 (i) The electrolyte flow is incompressible and continuous.
 (ii) Energy dissipation and changes in electrolyte temperature are ignored.
 (iii) The ECM process is taken to be an equilibrium state.
 (iv) The flow motion is constrained by mass and momentum conservation.

On the basis of these assumptions, a computational fluid dynamics (CFD) model can be established. For 
finite-element analysis, the mass conservation and momentum conservation equations are

ρ∇ ⋅ =u 0, (1)
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where p is the pressure, ρ is the density of the electrolyte, μ is its dynamic viscosity, u is the velocity vector along 
the x-axis, and g is the acceleration due to gravity.

Many experimental results have shown that turbulent flow is necessary for the stability of the ECM process27. 
Here, the three-dimensional electrolyte flow field is described using the standard κ–ε turbulence model28. The 
equations for the turbulence kinetic energy κ and dissipation rate ε are
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where ρK is the generation of turbulent kinetic energy κ due to mean velocity gradients, μt is the turbulent viscos-
ity, and σK, σε, CC1, CC2, Cμ and K are constants in the model (σK = 1.0, σε = 1.3, CC1 = 1.44, CC2 = 1.92, Cμ = 0.09 
and K = 0.41).

The boundary conditions for the numerical simulation are determined by setting values for the inlet and outlet 
pressures, which are taken to be 0.5 and 0.1 MPa, respectively. Based on the above equations and conditions, the 

Figure 2. Electrolyte bodies in the flow-field simulation: (a) flat-ended tool tube; (b) round-ended tool tube.
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flow-field simulation for each electrolyte body for the two flow-field models is conducted using the CFD software 
ANSYS Fluent 15.

Results of numerical simulation. The simulation results for the flat-ended tool tube are shown in Fig. 3. A 
very large difference in flow velocity is observed between the outlet holes on the left and right sides because of the 
high fluid resistance in the inter-electrode gap, which leads to a non-uniform flow field and unstable machining 
in the inter-electrode gap. When a tool tube with four outlet holes of diameter 0.6 mm is used, there is an obvi-
ous dead-water zone in the inter-electrode gap (Fig. 3a). When the diameter of the outlet holes is increased to 
1 mm, although the average flow velocity increases in the inter-electrode gap, there is still an obvious low-velocity 
zone between the two outlets (Fig. 3b). With an increase in the number of outlets to six, there remain only a few 
low-velocity zones in the inter-electrode gap (Fig. 3c). In an actual machining process, because the tool continues 
to rotate, the low-velocity zones are quickly refreshed. The simulation results indicate that the uniformity of the 
flow field in the inter-electrode gap can be greatly improved by increasing the diameter and number of outlet 
holes. However, this also decreases the effective working area of the tool, so further increases in the diameter and 
number of outlets will not be considered here. Therefore, a flat-ended tool with six outlet holes of diameter 1 mm 
is chosen as the optimal structure.

Figure 4 presents velocity contours in section B using the two different tool tubes. For the round-ended tube, 
there is an obvious dead-water region in the front-end gap, which gives rise to a very uneven flow rate distribution 
(Fig. 4a). This can cause a non-uniform material dissolution rate and a non-uniform concentration of machining 
by-products. Hence, it is difficult to achieve a high feed rate with the round-ended tool tube. However, for the 
flat-ended tool tube with optimized outlet-hole number and diameter, some of the electrolyte flows from the 
front-end gap to the bottom gap, which leads to a more uniform flow velocity in the front-end gap (Fig. 4b). These 
contrasting results indicate that the optimized flat-ended tool tube provides better flow-channel properties than 
the round-ended tool tube.

Experimental procedure. Figure 5 shows a schematic view of the machining system. A rotating joint is 
connected to the top of the hollow spindle, and a bearing and dynamic seal are located between the inner and 
outer rings of this joint. The inner ring can rotate with the rotating spindle while the outer ring remains at rest. 
The filtered electrolyte, supplied from a pump, is injected into the working gap directly through the rotating 
joint, hollow spindle and inner holes of the abrasive tool. The abrasive tool is clamped to the end of the spindle 
and rotates with it. The workpiece is fed along a programmed trajectory via a motion control system, through 
which the feed rate can be changed and measured. A current detection unit is used to monitor the machining 
current, which is considered to be indicative of machining stability. The working voltage is applied between the 
cathode and anode through a DC power supply. A heater is used in the electrolyte tank to control the electrolyte 

Figure 3. Velocity distributions at section A for a flat-ended tool tube: (a) four outlet holes of diameter 0.6 mm; 
(b) four outlet holes of diameter 1 mm; (c) six outlet holes of diameter 1 mm.
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temperature, which is maintained at the required level by means of a thermostat. The electrolyte pressure is 
adjusted by a valve and is measured by a piezometer.

The MRR is one of the most important criteria determining machining efficiency and is defined as

=
m
t

MRR , (6)

where m is the mass removed by ECG and t is the total processing time.
According to the theory of ECM, the inter-electrode gap Δ can be expressed as27, 29

ηωκ δ
∆ =

−U E
v

( ) ,
(7)f

0

where η is the current efficiency, ω is the volume electrochemical equivalent, κ0 is the electrolytic conductivity, U 
is the applied voltage, δE is the polarization potential and vf is the feed rate.

From equation (7), it can be seen that the applied voltage and those electrolyte parameters that affect the 
conductivity, such as pressure and temperature, are the key factors determining the electrochemical action. The 
diamond grain size is also a critical factor, because it can influence the grinding action. Therefore, the experimen-
tal investigation will be conducted in terms of these parameters.

Figure 4. Velocity distributions at section B: (a) round-ended tool tube; (b) flat-ended tool tube.

Figure 5. Schematic diagram of the machining setup.
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The feed rate is a major concern in industrial production30. According to equation (6), a greater MRR can 
be achieved by increasing the feed rate, because of the resulting shorter processing time. However, according to 
equation (7), an excessive feed rate would lead to too small a machining gap, which would impede refreshment 
of electrolyte and cause a short circuit or undesired machining30. Hence, it is relevant to attempt to determine the 
maximum feed rate in inner-jet ECG using the proposed abrasive tool.

GH4169 workpieces with dimensions of 80 mm × 60 mm × 10 mm were weighed before and after each experi-
ment by an analytical balance with a precision of 0.001 g. Cross-sectional images of machined slots were obtained 
using a three-dimensional profilometer (DVM5000, Leica, Germany). The machining conditions were as shown 
in Table 1. During the manufacturing process, the abrasive tool rotated continuously with the spindle at 1000 
rev min−1. The electrolyte was an aqueous solution of sodium nitrate with a mass fraction of 10%. The diamond 
grain size of the tool ranged from 90 to 180# in four equally spaced intervals (Fig. 6). The applied voltage ranged 
from 10 to 25 V in four equally spaced intervals. The electrolyte temperature was adjusted from 20 to 35 °C in four 
equally spaced intervals. The electrolyte pressure was set from 0.2 to 0.5 MPa in four equally spaced intervals.

Experimental results and discussion. The maximum feed rate was first tested for each group of machin-
ing parameters. Each test started with a low feed rate, which was then gradually increased by the motion control 
program, until a short-circuit current appeared in the current detection unit. Each test was repeated three times 
in order to confirm the same maximum feed rate. Next, a straight slot of length 23 mm was machined with the 
maximum feed rate in each experiment. Each experiment was performed twice, with the MRR being calculated 
each time. Finally, a sample was produced according to a preset CNC feed path using the experimental parame-
ters giving the highest feed rate.

Influence of diamond grain size. In this set of experiments, the applied voltage, electrolyte temperature 
and pressure were 15 V, 25 °C and 0.2 MPa, respectively. Figure 7 shows the variation of the maximum feed rate 
and MRR with diamond grit size. As the grain size increased from 90 to 18#, the maximum feed rate increased 
from 1.0 to 1.3 mm min−1.

In ECG, the machining gap is determined by the height by which the diamond particles protrude above the 
surface of the abrasive tool. Generally, as this height decreases, so does the machining gap, which may lead to 
greater electrochemical activity22. When a diamond abrasive tool is manufactured, the diamond grain size is 
inversely proportional to the mesh. Cross-sections of machined slots obtained for different grain sizes are shown 

Electrolyte NaNO3 aqueous solution

Concentration 10 wt%

Spindle speed 1000 rev min−1

Diamond grain size 90, 120, 150, 180#

Applied voltage 10, 15, 20, 25 V

Electrolyte temperature 20, 35, 30, 35 °C

Electrolyte pressure 0.2, 0.3, 0.4, 0.5 MPa

Machined depth 3 mm

Table 1. Machining conditions25, 26.

Figure 6. Four abrasive tools with different diamond grain sizes.
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in Fig. 8. It can be clearly seen that grinding marks become more noticeable as the diamond grain size increases. 
It can also be seen that the grinding action is weaker for smaller diamond grain size. Obviously, the maximum 
feed rate and the MRR are both increased when the electrochemical activity in ECG is enhanced. However, the 
grinding action may be restricted when the diamond grain size is too small. Therefore, diamond particles of the 
appropriate size should be used to achieve greater machining efficiency.

Influence of applied voltage. In this pair of experiments, the diamond grain size, electrolyte temperature 
and pressure were 180#, 25 °C and 0.2 MPa, respectively. Figure 9 shows the variations of the maximum feed rate 
and MRR with applied voltage. As the applied voltage increased from 10 to 25 V, the maximum feed rate increased 
from 1.0 to 1.6 mm min−1.

A passivation layer develops on the machined surface because a passive NaNO3 electrolyte is used11, 13. The 
use of a high applied voltage accelerates the formation of the passivation film, thereby greatly increasing the 
processing efficiency. Meanwhile, the machining gap becomes larger as the applied voltage is increased, owing to 
enhancement of the effects of electrolysis. Therefore, the feed rate should be further increased so as to improve 
MRR. Cross-sections of machined slots obtained at different applied voltages are shown in Fig. 10. Grinding 
marks are quite noticeable at an applied voltage of 10 V. The mechanical abrasive action plays a relatively signifi-
cant role in this case because the applied voltage is too low. However, with increasing applied voltage, fewer and 
fewer grinding marks can be observed, owing to the gradual increase in electrochemical dissolution. However, 

Figure 7. Variations of maximum feed rate and MRR with diamond grain size.

Figure 8. Cross-sections of machined slots for different diamond grain sizes: (a) 90#, 1.0 mm min−1; (b) 120#, 
1.1 mm min−1; (c) 150#, 1.2 mm min−1; (d) 180#, 1.3 mm min−1.
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the rate of growth of the maximum feed rate declines as the applied voltage is increased, because it becomes more 
and more difficult to completely wash away electrolytic products from the machining gap. This indicates that an 
appropriate high voltage should be applied in order to obtain a higher MRR.

Influence of electrolyte temperature. In this set of experiments, the diamond grain size, applied voltage, 
and electrolyte pressure were 180#, 25 V and 0.2 MPa, respectively. Figure 11 shows the variations of maximum 
feed rate and MRR with electrolyte temperature. As the electrolyte temperature increased from 20 to 35 °C, the 
maximum feed rate increased from 1.4 to 1.9 mm min−1.

Temperature is one of the key factors affecting the conductivity of the electrolyte. It is usually proportional 
to the electrical conductivity of the electrolyte and to the current density, because ions in the electrolyte become 
more active as the temperature increases. As a result, the maximum feed rate increases with increasing electrolyte 
temperature owing to enhancement of electrochemical dissolution, which also leads to increased MRR during the 
fabrication of a slot. However, when the electrolyte temperature becomes too high, the electrolyte in the neigh-
bourhood of the machining gap can readily reach boiling point owing to Joule heating and to heat generated by 
grinding. This means that a sparker or short-circuit can easily arise owing to unsteady flow in the machining gap. 
Therefore, too high an electrolyte temperature should be avoided in inner-jet ECG. It can be concluded that the 
choice of correct electrolyte temperature can improve the efficiency of material removal.

Influence of electrolyte pressure. In this pair of experiments, the diamond grain size, applied voltage and 
electrolyte temperature were 180#, 25 V and 35 °C, respectively. Figure 12 shows the variations of maximum feed 

Figure 9. Variations of maximum feed rate and MRR with applied voltage.

Figure 10. Cross-sections of machined slots at different applied voltages: (a) 10 V, 1.0 mm min−1; (b) 15 V, 
1.3 mm min−1; (c) 20 V, 1.5 mm min−1; (d) 25 V, 1.6 mm min−1.
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rate and MRR with electrolyte pressure. As the electrolyte pressure increased from 0.2 to 0.5 MPa, the maximum 
feed rate increased from 1.9 to 2.4 mm min−1.

With increasing electrolytic activity, a greater volume of products and a greater amount of heat are produced 
in the machining gap. Holes in the sidewall of the abrasive tool can easily become blocked by a large amount of 
insoluble electrolytic products if the electrolyte pressure is not high enough to wash them away. Meanwhile, the 
conductivity of the electrolyte gradually drops owing to more and more hydrogen being produced by electrol-
ysis. In addition, electrolyte in the neighbourhood of the machining gap can reach boiling point because of the 
massive amount of heat generated by both electrolysis and grinding. These effects would have a deleterious effect 
on processing stability. Therefore, an increase in electrolyte pressure is useful because it enhances the removal of 
electrolysis products and heat from the machining gap, thereby enhancing the efficiency and stability of the ECG 
process.

With the machining depth set at 3 mm in one pass, a feed rate of 2.4 mm min−1 could be obtained using 
the proposed abrasive tool, which gave a higher removal efficiency than the round-ended tool used previously 
for inner-jet ECG26. In addition, although the feed speed of the workpiece can reach 200 mm min−1 during 
high-speed grinding of nickel-based alloy, the depth of cut was set to only 0.01 mm to avoid over-rapid wear of 
the abrasive grit31. From a comparison of the values of the product of machining depth and feed rate for inner-jet 
ECG and high-speed grinding, respectively, it is found that inner-jet ECG with the proposed abrasive tool has an 
obvious advantage in allowing a large depth of removal for difficult-to-cut materials.

Sample fabrication. The sample was produced along a predefined feed path with a feed rate of 2.4 mm 
min−1 and a machining depth of 3 mm. The total machining length was 47 mm and the feed direction was 
changed four times. The diamond grain size, applied voltage, electrolyte temperature and pressure were 180#, 
25 V, 35 °C and 0.5 MPa, respectively. The processed sample is shown in Fig. 13. The surface roughnesses of the 
bottom and the sidewall of this sample, as obtained using a roughometer (Perthometer M1, Mahr, Germany), 
were 3.259 and 2.336 μm, respectively. It is clear that inner-jet ECG with the proposed abrasive tool has improved 
flexibility and extendibility for the machining of difficult-to-cut materials.

Conclusions
The flow field during inner-jet ECG using an abrasive tool based on a dead-end tube has been analysed both for 
a flat-ended tube with electrolyte outlets located in the tool sidewall and for a round-ended tube with outlets 

Figure 11. Variations of maximum feed rate and MRR with electrolyte temperature.

Figure 12. Variations of maximum feed rate and MRR with electrolyte pressure.
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in the end. The results of these flow-field simulations and of experimental investigations lead to the following 
conclusions:

 (1) The simulation results indicate that the uniformity of the flow field in the inter-electrode gap can be greatly 
improved by increasing the diameter and number of outlet holes in the sidewall of the flat-ended tube, 
although the associated decrease in the effective working area of the tool also has to be taken into account. 
The optimum choice was found to be six uniformly distributed outlet holes of diameter 1 mm. Compared 
with the round-ended tool tube, the flow velocity distribution is more uniform in the frontal gap.

 (2) The experimental results show that larger diamond grain size, applied voltage, electrolyte temperature and 
pressure are conducive to increasing the feed rate and MRR. With the flat-ended tube, a machining depth 
of 3 mm in a single pass at a feed rate of 2.4 mm min−1 was obtained with a diamond grain size of 180#, 
an applied voltage of 25 V, an electrolyte temperature of 35 °C and an electrolyte pressure of 0.5 MPa. The 
efficiency of material removal was improved significantly compared with that achieved with a round-ended 
tool tube.

 (3) Using the flat-ended tool tube, a sample was fabricated along a CNC feed path at a feed rate of 2.4 mm 
min−1 and a machining depth of 3 mm. The total length of machining was 47 mm and the direction of feed 
was changed four times. The surface roughnesses of the bottom and the sidewall of this sample were 3.259 
and 2.336 μm, respectively. It was found that inner-jet ECG with the proposed abrasive tool is a promising 
method for machining GH4169 alloy into complex shapes with a large removal depth.

This investigation has demonstrated that inner-jet ECG with a dead-end tubular tool has high efficiency and 
good flexibility for processing hard-to-cut metals with a large removal depth. In future work, appropriate insula-
tion will be incorporated at the bottom of the tool with the aim of improving the flatness of the machined bottom 
and the contribution of the grinding effect will be explored for different machining parameters.

References
 1. Yang, X. W. et al. Finite element modeling of the linear friction welding of GH4169 superalloy. Mater Des. 87, 215–230 (2015).
 2. Ren, X. D. et al. A finite element analysis of thermal relaxation of residual stress in laser shock processing Ni-based alloy GH4169. 

Mater. Des. 54, 708–711 (2014).
 3. Chen, X. M., Lin, Y. C., Wen, D. X., Zhang, J. L. & He, M. Dynamic recrystallization behavior of a typical nickel-based superalloy 

during hot deformation. Mater. Des. 57, 568–577 (2014).
 4. Deng, G. J. et al. Small fatigue crack initiation and growth mechanisms of nickel-based superalloy GH4169 at 650 °C in air. Eng. 

Fract. Mech. 153, 35–49 (2016).
 5. Sun, P. F., Sun, J. F., Chen, W. Y. & Shen, X. Investigation of cutting force and tool wear in high speed milling of GH4169 using 

ceramic tools. Mater. Sci. Forum. 800–801, 42–47 (2014).
 6. Akhtar, W., Sun, J. F. & Chen, W. Y. Effect of machining parameters on surface integrity in high speed milling of super alloy GH4169/

Inconel 718. Mater. Manuf. Process. 31, 620–627 (2016).
 7. Kong, X. J., Yang, L. J., Zhang, H. Z., Zhou, K. & Wang, Y. Cutting performance and coated tool wear mechanisms in laser-assisted 

milling K24 nickel-based superalloy. Int. J. Adv. Manuf. Technol. 77, 2151–2163 (2015).
 8. Yadav, U. S. & Yadava, V. Experimental modeling and multiobjective optimization of electrical discharge drilling of aerospace 

superalloy material. Proc. IMechE, Part B: J Eng. Manuf. 229, 1764–1780 (2015).
 9. Darwish, S., Ahmed, N., Alahmari, A. M. & Mufti, N. A. A comparison of laser beam machining of micro-channels under dry and 

wet mediums. Int. J. Adv. Manuf. Technol. 83, 1539–1555 (2016).
 10. Mohanty, A., Talla, G., Dewangan, S. & Gangopadhyay, S. Microstructural investigation and multi response optimisation using 

Fuzzy-TOPSIS during the electrochemical machining of Inconel 825. Int. J. Precis. Technol. 5, 201–216 (2015).
 11. Zhu, D., Zeng, Y. B., Xu, Z. Y. & Zhang, X. Y. Precision machining of small holes by the hybrid process of electrochemical removal 

and grinding. CIRP Ann. – Manuf. Technol. 60, 247–250 (2011).
 12. Natsu, W., Ikeda, T. & M. Kunieda, M. Generating complicated surface with electrolyte jet machining. Precis. Eng. 31, 33–39 (2007).
 13. Skoczypiec, S., Grabowski, M. & Ruszaj, A. The impact of electrochemical assistance on the microturning process. Int. J. Adv. Manuf. 

Technol. 86, 1873–1880 (2016).
 14. Mohammad, A. & Wang, D. W. Electrochemical mechanical polishing technology: recent developments and future research and 

industrial needs. Int. J. Adv. Manuf. Technol. 86, 1909–1924 (2016).
 15. Puri, A. B. & Banerjee, S. Multiple-response optimisation of electrochemical grinding characteristics through response surface 

methodology. Int. J. Adv. Manuf. Technol. 64, 715–725 (2013).

Figure 13. Photograph of machined sample.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 3482  | DOI:10.1038/s41598-017-03770-1

 16. Lauwers, B. et al. Hybrid processes in manufacturing. CIRP Ann. – Manuf. Technol 63, 561–583 (2014).
 17. Malkin, S. & Levinger, R. Electrochemical grinding of WC–Co cemented carbides. ASME J. Eng. Ind. 101, 285–294 (1979).
 18. Sapre, P., Mall, A. & Joshi, S. S. Analysis of electrolytic flow effects in micro-electrochemical grinding. J. Manuf, Sci. Eng. 135, 1–9 

(2013).
 19. Maksoud, T. M. A. & Brooks, A. J. Electrochemical grinding of ceramic form tooling. J. Mater. Process Technol. 55, 70–75 (1995).
 20. Mariusz, L. & Stanislaw, Z. Simulation of energy consumption in electrochemical grinding of hard-to-machine materials. J. Appl. 

Electrochem. 39, 101–106 (2009).
 21. Goswami, R. N., Mitra, S. & Sarkar, S. Experimental investigation on electrochemical grinding (ECG) of alumina–aluminum 

interpenetrating phase composite. Int. J. Adv. Manuf. Technol. 40, 729–741 (2009).
 22. Bose, G. K., Goswami, R. N., Sarkar, T. K. & Mitra, S. Analysis of cutting forces on electrochemical grinding process. Int. J. Comput. 

Mater. Sci. Surf. Eng. 3, 3–11 (2010).
 23. Hascalık, A. & Caydas, U. A comparative study of surface integrity of Ti–6Al–4V alloy machined by EDM and AECG. J. Mater. 

Process. Technol. 190, 173–180 (2007).
 24. Curtis, D. T., Soo, S. L., Aspinwall, D. K. & Sage, C. Electrochemical superabrasive machining of a nickel-based aeroengine alloy 

using mounted grinding points. CIRP Ann. – Manuf. Technol. 58, 173–176 (2009).
 25. Qu, N. S., Zhang, Q. L., Fang, X. L., Ye, E. K. & Zhu, D. Experimental investigation on electrochemical grinding of Inconel 718. 

Procedia CIRP 35, 16–19 (2015).
 26. Zhang, Q. L., Wang, H., Qu, N. S. & Zhu, D. Experimental Investigation on GH4169 by electrochemical grinding. Electromach. 

Mould 4, 21–25 (2016).
 27. Qu, N. S., Hu, Y., Zhu, D. & Xu, Z. Y. Electrochemical machining of blisk channels with progressive-pressure electrolyte flow. Mater. 

Manuf. Process. 29, 572–578 (2014).
 28. Tang, L. & Gan, W. M. Utilization of flow field simulations for cathode design in electrochemical machining of aerospace engine 

blisk channels. Int. J. Adv. Manuf. Technol. 72, 1759–1766 (2014).
 29. Tang, L. & Guo, Y. F. Experimental study of special purpose stainless steel on electrochemical machining of electrolyte composition. 

Mater. Manuf. Process. 28, 457–462 (2013).
 30. Wang, X. D., Qu, N. S., Fang, X. L. & Li, H. S. Electrochemical drilling with constant electrolyte. J. Mater. Process. Technol. 238, 1–7 

(2016).
 31. Zhao, Z. C., Fu, Y. C., Xu, J. H. & Zhang, Z. W. Behavior and quantitative characterization of CBN wheel wear in high-speed grinding 

of nickel-based super alloy. Int. J. Adv. Manuf. Technol. 87, 3545–3555 (2016).

Acknowledgements
This work was financially supported by the National Natural Science Funds of China (grants 51275233 and 
51323008) and Funding of Jiangsu Innovation Program for Graduate Education (grant KYLX16_0316).

Author Contributions
H.S. Li and S. Niu designed the study. S. Niu, Q.L. Zhang and S.X. Fu conducted the experiments. H.S. Li and N.S. 
Qu analyzed the results. S. Niu edited the pictures and tables. All co-authors contributed to writing and edited 
the paper.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Investigation of material removal in inner-jet electrochemical grinding of GH4169 alloy
	Flow-field analysis
	Principle of the inner-jet ECG. 
	Physical models of flow field. 
	Results of numerical simulation. 
	Experimental procedure. 
	Experimental results and discussion. 
	Influence of diamond grain size. 
	Influence of applied voltage. 
	Influence of electrolyte temperature. 
	Influence of electrolyte pressure. 
	Sample fabrication. 

	Conclusions
	Acknowledgements
	Figure 1 Schematic diagram of inner-jet ECG with the proposed abrasive tool.
	Figure 2 Electrolyte bodies in the flow-field simulation: (a) flat-ended tool tube (b) round-ended tool tube.
	Figure 3 Velocity distributions at section A for a flat-ended tool tube: (a) four outlet holes of diameter 0.
	Figure 4 Velocity distributions at section B: (a) round-ended tool tube (b) flat-ended tool tube.
	Figure 5 Schematic diagram of the machining setup.
	Figure 6 Four abrasive tools with different diamond grain sizes.
	Figure 7 Variations of maximum feed rate and MRR with diamond grain size.
	Figure 8 Cross-sections of machined slots for different diamond grain sizes: (a) 90#, 1.
	Figure 9 Variations of maximum feed rate and MRR with applied voltage.
	Figure 10 Cross-sections of machined slots at different applied voltages: (a) 10 V, 1.
	Figure 11 Variations of maximum feed rate and MRR with electrolyte temperature.
	Figure 12 Variations of maximum feed rate and MRR with electrolyte pressure.
	Figure 13 Photograph of machined sample.
	Table 1 Machining conditions25, 26.




