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The nickel-based super-alloy of GH4169 is often used for manufacturing core functional components
of turbo-machinery systems. It is a kind of high temperature, high specific strength and wear-resistant
material, and machining this material by the use of conventional means is difficult. Electrochemical
machining (ECM) is an effective method to machine GH4169 alloys but the electrochemical
dissolution characteristics of GH4169 under ECM conditions are different from those measured by
conventional electrochemical measurements. This study focuses on the electrochemical dissolution
characteristics of GH4169 under ECM conditions. The open circuit potential, electrochemical
impedance spectrum (EIS) and anodic polarization curve are investigated. The polarization curves
were measured using an electrochemical workstation and corresponding equations were obtained by
computer fitting. In addition, a formula for the electrochemical polarization resistance and the peak
phase of alternating-current impedance’s Bode diagram is deduced, and surface defects arising from
unsteady flow in different electrolyte are compared.
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1. INTRODUCTION

The GH4169 nickel-base super-alloy is commonly used to produce aerospace engines and gas
turbine wheels, blades, and other heat-resistant parts, because of its excellent thermal strength, stability,
and fatigue performances at high temperature [1-3]. However, it is challenging to machine such
‘difficult-to-cut’ materials using conventional means, often resulting in low material removal rates,
reduced precision because of high cutting forces, high tooling costs, and low process efficiency [4-6].
In addition, the resulting surface integrity is often characterized by thermo-mechanically altered or
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even damaged rim zones. In order to overcome the current manufacturing limitations of conventional
machining, electrochemical machining (ECM) is often required for machining such alloys [7-9].

Research into anodic electrochemical dissolution characteristics is a precondition of ECM.
However, the electrolyte of conventional electrochemical measurements undergoes free convection,
and the electrode gap between the working electrode and counter electrode is several millimetres,
where only a low exchange current (current density 0-100 mA/cm?) can be measured by the use of a
three-electrode system [10-12]. Actually there is high speed flow of electrolyte (6—30 m/s), high
current density (10-100 A/cm 2), and small electrode gap (0.1-1 mm) in ECM [7, 13, 14]. Therefore,
conventional electrochemical measurement conditions do not correspond to the electrochemical
machining requirements, and the open circuit potential, electrochemical impedance spectra and linear
sweep voltammetry curves obtained by the former do not correspond to the dissolution characteristic
of ECM actually; thus, it is necessary to carry out the detection and analysis of electrochemical
dissolution characteristics curve under ECM conditions.

In recent years, many researchers have focused on the ECM and the electrochemical
dissolution characteristics of ‘difficult-to-cut’ materials, especially nickel-base super-alloy. Ching used
a rotating disc electrode to study the electrochemical dissolution behaviour of Inconel 718 in
perchloric-acetic acid mixtures and identified chose a suitable electrolyte to polish Inconel 718 [15].
Wang carried out basic research on stray corrosion of Inconel 718 and 304 stainless steel in NaNO3
solution [16]. Qu conducted basic research on electrochemical grinding of Inconel 718 [17]. Singh
analysed the microstructural and carried out multi-response optimisation during the ECM of Inconel
825 [18]. Wynick used electro-polishing to enhance Inconel 718 and Ti-22AI-28Nb preparation for
electron backscatter diffraction analysis [19]. Kalaimathi performed experiments on the
electrochemical machining characteristics of Monel 400 Alloys and optimised the process parameters
[20]. Gu evaluated the flow field in the electrochemical trepanning of aero engine diffuser which was
made of nickel-based super alloy [21]. Jain employed jet-electrochemical micromachining to produce
micro-hole patterns on Incoloy 800 specimens [22]. In addition to these, Weinmann investigated
electrochemical dissolution behaviors of Ti90AI6V4 and Ti60AI40 used for ECM applications [23].

To test the dissolution characteristics of GH4169 under ECM conditions, an experimental
testing device has been designed and set up. This study focuses on analysing the time—voltage curves,
electrochemical impedance spectra, and linear sweep voltammetry curves of GH4169 measured under
ECM conditions, and comparing with those measured under conventional electrochemical conditions.
By analysing the electrochemical impedance spectra, a formula for the electrochemical polarization
resistance and the peak phase of alternating-current impedance’s Bode diagram was deduced. The
surface qualities of the work-pieces which were manufactured by ECM, had different characteristics in
different electrolyte. The results show that the decay resistance of GH4169 under ECM conditions is
lower than that under conventional electrochemical measurement conditions and that there was no pre-
passivation because of the high-speed flowing electrolyte. In addition, the surfaces of GH4169 were
more likely to have lower processing quality because of the unsteady flow in sodium chloride aqueous
solution, whose electrochemical activity and volume expansion ratio of anodic products were higher
than those in sodium nitrate aqueous solution.
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2. EXPERIMENTAL

2.1. Testing environment

An experimental testing system, which consists of a three-electrode system [24], testing device,
and electrolyte circulation system, has been designed and set up. Among these, the electrolyte
circulation system, which contains a fixture, temperature sensor, flow-meter, filter, throttling valve,
centrifugal pump, thermostat bath, and counterbalance valve, can control the gap between electrodes,
the flow velocity, and the temperature of the electrolyte, allowing the testing conditions to match to
those of ECM. The structure of the experimental testing system is shown in Fig. 1.
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Figure 1. Structure of the experiment testing system

2.2. Materials and electrolytes

The work-piece material (the working electrode) is GH4169 alloy, which was produced with
radial forging technology. The GH4169 alloy is a kind of precipitation hardened nickel-base super-
alloy that is highly resistant to oxidation and corrosion because of the presence of Cr, Si, Mn, and Ti.
Fig. 2 shows the geometry of the working electrode, isolated by an organic glass, whose working face
is a 3.5 mm diameter circle. The schematic of the working electrode pre-processing is shown in Fig. 3.
First, wire-cut electrical discharge machining (WEDM) was applied to obtain a cylindrical work-blank
from a hunk of the GH4169 alloy. Next, high-speed turning was implemented to obtain a specimen
with three different column sizes, where the smallest column was used as the working electrode and
the largest column was used as locating feature to cut the insulating material into a cylindrical. Then,
the organic glass was mixed and solidified, acting as the insulating material of the working electrode.
Subsequently, excess organic glass was removed by turning, where the largest column of the specimen
was the locating feature that ensured the size of the insulating material and its concentricity. In
addition, the end face of organic glass was also cut by turning to expose the working electrode to the
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air. The position plane was the end face of the largest column, ensuring that the electrode gap between
the working electrode and the counter electrode was 0.3 mm.

Two types of electrolyte were used, sodium chloride and sodium nitrate electrolytes, both of
which are widely used in the ECM industry. The electrolyte concentrations were both 1.84 mol/L.
Distilled water was used to prepare these solutions, and the electrolyte circulation system was cleaned
when we changed the electrolyte. The temperature of the electrolyte was maintained by the
combination of a thermostatic bath and temperature sensor, and the velocity of the electrolyte was
controlled by the combination of centrifugal pump, throttling valve, and flow-meter. In addition, a
filter was used to remove the anodic products from the electrolyte, and a counterbalance valve was
used to prevent the formation of a liquid deficient region in the gap between working-electrode and
counter-electrode (Fig. 1).

Figure 2. Working electrode protected by organic glass
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Figure 3. Schematic of the working electrode pre-processing

2.3. Experimental set-up and sample preparation

The components of the samples used in the study were characterised by energy-dispersive X-
ray spectroscopy (EDX X-flash 5010, Bruker, Germany). Electrochemical measurements were
performed using an electrochemical workstation and a potentiostat (Zennium E, Zahner Instruments
Inc., Germany). The counter electrode was a platinum electrode, the reference electrode was a
saturated calomel electrode (SCE), and the working face of the working electrode was pretreated using
wet abrasive papers followed by rinsing with distilled water. All the anodic polarization curves tests
were performed potentio-dynamically with a scan rate of 1 mV/s!, from 0 to 16 V. The
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electrochemical impedance spectra (EIS) were recorded at 0 A/cm 2 and the frequency range during
the EIS measurements was 100 kHz to 0.5 Hz. The open circuit potential curves were recorded at 0
Alcm 2, from 0 to 15 min. The surface geometry of work-piece machined by ECM was characterized
by a microscope (LEICA DVM5000, Leica, Germany).

3. RESULTS AND DISCUSSION

3.1. Composition of material samples

The principal composition of the GH4169 alloy samples was determined by EDX, as shown in
Table 1.

Table 1. Composition of sample

Element Cr Si Mn Ti Al Ni Fe Nb Mo C

Wt% 19.26  0.06 0.07 0.98 0.60 5251 1810 5.24 3.10 0.08

cps/eV

Mo
Nb

il
2 4 6 8 10 12 14 16 18 20
keV

Figure 4. Energy dispersive X-ray spectrum of sample

3.2. Electrochemical characterization

3.2.1. The time dependence of open circuit potential curves

The time dependence of the open circuit potential (Eocp) curves of GH4169 at 30 °C were
measured under two conditions separately, including conventional electrochemical measurement
condition, where the electrolyte is subject to free convection, and ECM conditions, where the primary
clearance between working electrode and counter electrode is controlled to be 0.3 mm and the velocity
of the electrolyte is controlled to be 10 m/s using the electrolyte circulation system. These two types of
measurements were carried out in sodium chloride electrolyte and sodium nitrate electrolyte. The same
molar concentration (1.84 mol/L) was used for both electrolytes. Thus, four Eocp curves were
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obtained, and these are shown in Fig. 5. The results show that the Eqcp values of GH4169 under ECM
conditions are obviously lower than these in the condition of free convection because of the fast-
flowing electrolyte. The Eocp values of GH4169 in the sodium chloride electrolyte were lower than
those in sodium nitrate electrolyte, regardless of the electrochemical conditions to which the GH4169
samples were subjected; this indicates that GH4169 is more easily to be fabricated by the use of
electrochemical machining in sodium chloride electrolyte than in sodium nitrate electrolyte.

—— NacCl (fluxion)
—— NaNOg (fluxion)

0.00+ —— NaCl (free convection)
—— NaNOg (free convection)

0 200 400 600 800 1000
time/s

Figure 5. The time dependence of the Eqcp of GH4169 at 30 °C

3.2.2. The EIS studies and modelling of equivalent circuit

Fig. 6 shows the inverse Nyquist diagram of GH4169 at 30 °C. There is a semicircle in the
high-frequency region and a straight line in the low-frequency impedance region, caused by the
combination of the charge transfer and diffusion steps. Fig. 7(a) shows the equivalent circuit of the
inverse Nyquist diagram. The ohmic resistance of the electrolyte, the capacitance of the electric double
layer, the electrode reaction resistance, the resistance of concentration polarisation, and the capacitance
of concentration polarisation are represented by the symbols Ry, Cq, Ry, Ry, and C,, respectively. This
equivalent circuit can be simplified when the frequency of the voltage (w) is sufficiently high (o > 100
Hz) because R,, o< w™%% and €, o< w ™% [25]. The simplified equivalent circuit in the high frequency
region is showed in Fig. 7(b). The data were evaluated using the equivalent circuits mentioned in Fig.7
(b), and the determined parameters are listed in Table 2, whose calculated fitting curves are shown in
Fig.8 (solid lines).
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Figure 6. The inverse Nyquist diagram of GH4169 at 30 °C
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Figure 7. The equivalent circuit: (a) theoretical and (b) simplified circuit in the high frequency region

Table 2. Fitting results of the EIS measurements in the high-frequency region

Electrolyte R1/Q Cqy/uF R, /Q
NaCl (free convection) 10.07 1.1044 4836
NaNQO; (free convection) 11.42 1.4857 8326
NaCl (fluxion) 3.14 0.7161 211
NaNOj3(fluxion) 3.55 1.2757 193
6000 150+
5000 - _— . ° Ll
9 40001 . o 100- -
@ 3000 - é
$ 2000 = measured in NaCl £ 501 = measured in NaCl

® measured in NaNO,

simulation of NaCl

— simulation of NaNO,

e measured in NaNO,
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Figure 8. Measured data and calculated fitting curves of GH4169 in the high frequency region: (a) in
free convection and (b) in fluxion

The impedance value of equivalent circuit in Fig. 7(b) can be expressed by equation:
T _ R r . wRT
T1joRC; T T (wR.C2 T+ (@R.Cp)?

Z=R1 + (1'1)

where Z is the impedance value between reference electrode and working electrode (Fig.7 (b)),
R; represents the ohmic resistance of electrolyte, Cq represents the capacitance of electric double layer,
Ry is the electrode reaction resistance, w represents the frequency of voltage, and j is the square root of
-1.
Because Z is a is complex number, the phase angle (¢(w)) of Z is given by:
R C,w
Ri+ R, + R{R2C}w?

(1-2)

@(w) = arctan

The maximum value of the phase angle (pmax) and its corresponding value of voltage frequency
(w”) are calculated as follows:
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_ (1 _ [RitRa) _ R, i
Prmazx = (p<Rer N ) = arctan Ry (1-3)
.1 [Ri+Ry
= . 1-4
©® TR R (1-4)

When the resistance of the electrolyte (R;) is constant, the maximum value of the phase angle
will increase with increasing electrode reaction resistance (R;). Therefore, as the maximum value of the
phase angle in the high-frequency region increases, the electrochemical activity of electrolyte
decreases. The Bode diagrams of the GH4169 EIS measurements are shown in Fig. 9. In the phase-
frequency curves of GH4169, the maximum values of the phase angle decrease, compared to those of
free convection, as the speed of the high-speed flowing electrolyte increases. Therefore, the
electrochemical activity of the electrolyte is increased by the flowing electrolyte, which indicates that
flowing electrolyte is beneficial to the electron transfer process at the work-piece surface. This is the
mechanism by which the fast-flowing electrolyte (10 m/s) reduces the Eqocp of GH4169 (Fig. 5).

In the GH4169 resistance-frequency curve, the impedance modulus of GH4169 in fluxion are
decreased by two orders of magnitude at 0.5 Hz compared to that with free convection; this indicates
that the flowing electrolyte is beneficial for ion diffusion and significantly reduces the concentration
polarisation [20].
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Figure 9. Bode diagrams of the GH4169 EIS measurements: the phase-frequency curve (left) and
resistance-frequency curve (right)

3.2.3. Influence of the electrolyte velocity and temperature on the dissolution behaviour of the alloy

The anodic polarization curves of G4169 at 30 °C are shown in Fig. 10. The current densities in
sodium nitrate electrolyte are always lower than those in sodium chloride electrolyte. This is because
of the difference in the ion migration velocities between the electrolytes that results in the lower
current density in the sodium nitrate electrolyte, where larger nitrate ions with larger relative ion mass
migrate more slowly.

Ching have measured anodic polarization curves of the Inconel 718 in the HCIO4-CH3COOH
mixed acids with different HCIO4-concentrations [28]. In their study, limiting-current plateaus were
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detected in their anodic polarization curves, which were attributed to the dense mat film found on
anode surface. Wang presented the passivation oxide film on the surface of Inconel 718, which
influenced stray corrosion and current density of anode [16]. Compared to the state of free convection,
the curves of fluxion are very different, and there are non-existent of pre-passivation region (the
limiting-current plateau in Ching’s study) after decomposition potential. This indicates that the shear
stress generated in the interface between high-speed flowing electrolyte and anode wipes off the oxide
layer of GH4169. When the electrolyte is free convection, the pre-passivation region in sodium
chloride electrolyte is broader than that in sodium nitrate electrolyte. A possible explanation for this is
that the volume expansion ratio of anodic products generated in sodium chloride electrolyte is greater
than that in sodium nitrate electrolyte (105.47 in NaCl and 76.73 in NaNOs), which leads to a higher
trans-passive potential. With electrolyte flux, anodic polarization curves show a similar rising tendency
in these two kinds of electrolyte because flow-field wipes off anodic products.

— NaCl (free convection)
—— NaNOg (free convection)

—— NacCl (fluxion)

304 = NaNOg (fluxion)
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Figure 10. Polarization curves of GH4169 alloy

As what have been discussed in Fig. 9, a flowing electrolyte is beneficial for the electron
transfer process at the work-piece surface and for the diffusion of metal ions from work-piece to
electrolyte, thus fluxion increases the current densities. The polarization curves of GH4169 alloy at
different velocities of electrolytes are shown in Fig. 11. The flow of the electrolyte is conducive to
electrochemical machining, increasing current density and material removal rate, and further
increasing the electrolyte velocity increases the current density.

Fig. 12 shows anodic polarization curves of GH4169 in flow field at different temperatures.
The curves can be divided into two different regions. When anode potentials are below decomposition
potentials, there is no electrochemical dissolution, and current densities are almost zero. When the
potentials are above decomposition potentials, the current densities increase gradually, which means
that electrochemical dissolution occurs. In sodium nitrate electrolyte, the decomposition potentials of
GH4169 was located about 1.30 £0.05 V, whereas, in the sodium chloride electrolyte, the
decomposition potential was 1.18 + 0.05 V, which is lower than former because chloride ions with
smaller sizes and stronger adsorptive properties can penetrate the oxide layer and react with the base
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alloy more easily. In addition, in sodium nitrate electrolyte the current densities increase as the
temperature rising from 30 to 50 °C, however, in the sodium chloride electrolyte, the current densities
decreased with increasing temperature, from 40 to 50 °C.
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Figure 11. Polarization curves of GH4169 alloy at different velocities of electrolytes: (a) in NaCl and
(b) in NaNO3

These observations are explained in Fig. 13. As shown by equation (1-3), as the maximum
value of the phase angle (¢pmax) in the high-frequency region increases, the electrode reaction resistance
(Rr) also increases; thus, the electrochemical activity of the electrolyte is reduced. In the sodium nitrate
electrolyte, the electrochemical activities of the electrolytes increase and the impedance modulus
decreases as the temperature increases; however, in the sodium chloride electrolyte, when the
temperature increases from 40 to 50 °C, the electrochemical activities of electrolytes stay the same but
the impedance modules increases, possibly because the increasing temperature resulted in the volume
expansion of the anodic products, hindering metal ion diffusion from the anode to the electrolyte and
electron transfer processes in the work-piece surface.

When the potentials were above decomposition potentials, the current densities (J) and anode
potentials (&) fitted this equation:

J=axet*® +cxd+d (1-5)

In this equation, a, b, ¢, and d are undetermined constants, and e Euler’s number. The values of
undetermined constants are shown in Table 3. In this table, the closer the coefficient of determination
(R?) is to 1, the better the fit of equation (1-5).

There is a turning point in each polarization curve when the potential is greater than the
decomposition potential (Fig. 12). Here, the current density curve shows different characteristics on
the two sides of this turning point; thus, we call this the turning potential (@y,). In the sodium chloride
electrolyte, @y, is approximately 5 V, whereas, in the sodium nitrate electrolyte, &y, is approximately 7
V (Fig. 12). When the anode potentials are lower than @, the current densities increase exponentially
with the anodic potential, whose two coefficients are constants of a and b. If the temperature rises,
these two coefficients will change because of the change in the electrochemical reaction polarization
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and concentration polarization. When the anode potential is sufficiently high (greater than @), the
current densities are linearly and positively correlated with the anode potential, whose positive
correlation coefficient equals c. If the temperature rises, the coefficient of positive correlation increases
because of the increased electrolyte conductivity.

Table 3. Undetermined constants of anodic polarization curves

Electrolyte Temperature a b c d R-square
1.84 mol/L 30°C -29.99 -0.3619 0.6975 16.01 0.9989
NaCl 40 °C - 50.59 - 0.5579 0.7060 20.53 0.9988
fluxion(10 m/s) 50 °C -43.19 -0.5131 0.7668 18.50 0.9984
1.84 mol/L 30 °C - 33.18 - 0.2692 0.3837 19.78 0.9996
NaNO;3 40 °C - 34.85 -0.3274 0.6200 18.28 0.9992
fluxion(10 m/s) 50 °C -37.77 - 0.3586 0.7716 18.89 0.9971
< 354 < 354
g 30 E 304
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Figure 12. Polarization curves and fitted curves for GH4169 alloy in a flow field at different
temperatures: (a) measured in sodium chloride electrolyte and (b) measured in sodium nitrate
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3.2.4. Influence of the electrolyte on work-piece surface quality

As discussed above, there are significant differences in the electrochemical dissolution
characteristics of GH4169 between the sodium chloride electrolyte and sodium nitrate electrolyte. The
surfaces of GH4169 alloy manufactured by ECM are also different (Figs. 14 and 15). In the sodium
chloride electrolyte, the surfaces of GH4169 alloy have conspicuous sunken region on the left side of
circular work-piece, whereas, in the sodium nitrate electrolyte, the work-piece surfaces are smoother.

2000 !

Figure 15. Surfaces of GH4169 alloy in NaNOs electrolyte at different temperatures

The simulation and analysis of the flow field were carried out using computational fluid
dynamics (CFD) modelling, and the finite element method (FEM) discretization meshes of this mode
are demonstrated in Fig. 16. The simulation boundaries are the following. 1) The volume flow rate of
the inlet is 4.8 mL/s. 2) The outlet pressure is 0.1 MPa. The turbulence eddy dissipation of electrolyte
based on the k-e turbulence model is shown in Fig. 17(a). Roode presented the parameterised equation

for turbulent kinetic energy models [26]. This equation can be written as
3/2

de de 0 de ce
— + u— =-KN + KS§ +2—|K——| - +t—
ot Jox; m ox; \ "ox; A (1-6)
~— ~—— —— —— —————— N——
Tendency Mean advection Buoyancy Shear production Turbulent transport Dissipation
with
2
, 1 (0u;  du, o, ou,\ du,
S=c|\—+) ==+ (1-7)
2\ ox, dx; dx;  ox; ) ox;

where e, t, and u are the typical kinetic energy, time, and velocity, and Ky, N, Ky, c,, and 4
represent the eddy viscosity for momentum, buoyancy frequency, the eddy diffusivity for the
thermodynamic scalars, the proportionality constant for molecular viscosity, and the characteristic
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length scale of the turbulent eddies, respectively. In the viscous, turbulent flow-field, the large-scale
turbulent eddies (A are large) contribute to the transport of the fluid elements and the turbulence
energy, and the small-scale turbulent eddies (A are small) contribute to the adulteration of the fluid
elements and the dissipation of turbulence energy [26-27]. As shown in Fig. 17(b), the distribution of
electrolyte velocities are concentrated in low eddy dissipation region, where the size of turbulent
eddies (A in equation (1-6)) are small, however the distribution of electrolyte velocities are incompact
in high eddy dissipation region, where the size of turbulent eddies are large. Besides, on the right side
of anode surface, there is the low Reynolds number region where electrolyte flows very slowly and
almost has no eddy turbulence.

a B y :, Anode

surface

o : Region of low eddy dissipation
f : Region of high eddydissipation
v : Region of low Reynolds number

(@) (b)
Figure 17. Turbulent eddy dissipation of electrolyte (a) and electrolyte velocity distribution of the
electrolyte channel (b)

As shown in the images of the surfaces in Figs. 14 and 15, the work-pieces of the GH4169
alloy manufactured by ECM are more dramatically affected by turbulent eddies in the sodium chloride
electrolyte. A possible explanation for this is that the volume expansion ratio of anodic products
generated in sodium chloride electrolyte is higher than that in sodium nitrate electrolyte, which
contributes to thicker layer of anodic products in electrolyte. As the electrolytic reaction continues in
sodium chloride electrolyte, the amount of anodic products accumulated in the high-dissipation region
and the low Reynolds number region are greater than that of the sodium nitrate electrolyte, thus the
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electrolysis velocity of anode are lower in these region. Moreover, the electrolysis velocity of anode is
higher in the low-dissipation region, because the concentrated electrolyte flux removes metal oxides in
this region. Therefore, in sodium chloride electrolyte, the anode surface will become uneven.
However, in sodium nitrate electrolyte, the process is quite different because of thinner layer of anodic
products, which is more easily removed by electrolyte flux; thus, the difference of electrolysis velocity
among high-dissipation region, low-dissipation region and low Reynolds number region disappears,
and the anode surface will be still flat. This indicates that GH4169 alloy manufactured by means of
ECM with sodium nitrate electrolyte will be of better processing quality than that prepared in sodium
chloride electrolyte.

4. CONCLUSIONS

Compared to measurement under conditions of free convection, the electrochemical dissolution
characteristics of GH4169 measured under ECM conditions differ significantly, including a reduction
of Ecop and the improvement of the electron transfer process at the work-piece surface and ion
diffusion from the work-piece to the electrolyte. In addition, when the electrolyte is under high-speed
flow in both sodium chloride and sodium nitrate electrolytes, the current densities are similar, although
they differ greatly in the state of free convection; furthermore, pre-passivation regions are not present
after the decomposition potential, whereas both exist in these two electrolytes in the state of free
convection. This investigation shows that electrolyte flow is conducive to electrochemical machining,
increasing the current density, and, as the electrolyte velocity increases, the current density increases.
Under ECM conditions, when the anode potential is greater than the decomposition potential and
electrochemical machining occurs, the current density exponentially increases with increasing anode
potential at the beginning of the potential and is linearly and positively correlated with the anode
potential at later potentials. In addition, the cause of the sunken regions on the work-piece surface in
sodium chloride electrolyte have been discussed and are attributed to higher volume expansion ratio of
the anodic products and the different dissipation of the turbulent eddies in the distinct regions of the
electrode surface; thus, the sodium nitrate electrolyte has better processing qualities than the sodium
chloride electrolyte.
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