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Abstract: GH4169 alloy/Inconel 718 is extensively utilized in aerospace manufacturing due to its
excellent high temperature mechanical properties. Micro-structuring on the workpiece surface
can enhance its properties further. Through-mask electrochemical micromachining (TMEMM) is a
promising and potential processing method for nickel-based superalloys. It can effectively solve the
problem that traditional processing methods are difficult to achieve large-scale, high-precision and
efficiency processing of surface micro-structure. This study explores the feasibility of electrochemical
machining (ECM) for GH4169 using roll-print mask electrochemical machining with a linear cathode.
Electrochemical dissolution characteristics of GH4169 alloy were analyzed in various electrolyte
solutions and concentrations. Key parameters including cathode sizes, applied voltage and corrosion
time were studied in the roll-print mask electrochemical machining. A qualitative model for micro-pit
formation on GH4169 was established. Optimal parameters were determined through experiments:
300 µm mask hole and cathode size, 10 wt% NaNO3 electrolyte, 12 V voltage, 6 s corrosion time. The
results demonstrate that the micro-pits with a diameter of 402.3 µm, depth of 92.8 µm and etch factor
(EF) of 1.81 show an excellent profile and localization.

Keywords: GH4169 alloy; through-mask electrochemical micromachining (TMEMM); process
parameter optimization; micro-pit structure forming

1. Introduction

Due to the rapid development of aerospace manufacturing and nanotechnology, the
demand for high temperature resistant metamaterials is also increasing [1,2]. In order to
achieve the significant improvement in the performance of gas turbines for space shuttles
and rocket engines [3], high temperature resistant materials have been applied, widely rep-
resented by GH4169 alloy. GH4169 is a nickel-based alloy strengthened by homogeneous
precipitation of γ′ and γ′′ phases, and the γ′′ phase plays a leading role in strengthening [4].
The existence of γ′ phase and γ′′ phase can improve the high temperature strength, de-
formation resistance and fatigue resistance of GH4169 alloy by strengthening mechanism,
including dispersion strengthening and dislocation obstruction, so as to enhance the high
temperature mechanical properties of GH4169 alloy. It has been reported that GH4169 alloy
can maintain high strength, and good stability and weldability at ultra-high temperature [5],
which can effectively improve the high temperature resistance of gas turbines, especially at
the inlet, so that its performance has also been greatly improved.

GH4169 alloy has mechanical properties of high hardness and yield strength, which
makes the micro-structure processing have the disadvantages of serious tool wear, uneven
processing surface and residual stress. Therefore, the traditional processing technology is
difficult to meet its high efficiency and quality processing. Many researchers have studied
its machining process by adjusting the processing method or adopting a new process.
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Zhu et al. [6] studied the effects of amplitude, frequency, spindle speed and feed speed on
drilling force, processing quality and drill wear in the process of ultrasonic assisted drilling
of nickel-based superalloy, and successfully processed high-quality micropores on its
surface. Ma et al. [7] deeply studied the influence of geometric parameters of micro-milling
tools on the machinability of Inconel 718. They reported that the geometric parameters of
the machining tool can significantly affect the machining process of Inconel 718, and when
the small rake angle tool was used for high-speed machining of Inconel 718, the machining
wear of the machining tool can be effectively reduced, and the service life of the machining
tool can be significantly improved. Chen et al. [8] designed a polycrystalline diamond
tool (PCD) micro-end milling cutter, carried out three-dimensional simulation analysis
and experimental verification, and successfully processed high-precision micro-groove
structures on the surface of nickel-based superalloys through such tools. On the other hand,
electrical discharge machining (EDM), as a non-contact special processing technology, is
widely used in the processing and manufacturing of high hardness and strength materials.
However, EDM also has defects that cannot be eradicated, such as edge fracture, burr and
surface recast layer. Sun et al. [9] proposed and studied the discharge drilling method
using the spiral micro-electrode, and completed the processing and preparation of high-
precision micro-porous structures on the surface of nickel-based alloy. In addition, Zhang
et al. [10] proposed a laser processing with high-temperature chemical etching method to
complete the high-quality surface micro-porous structures processing of Inconel 718 under
different processing media. However, due to the non-directionality and complexity of the
combination of laser and chemical reaction, the honeycomb structure was generated during
the processing.

Electrochemical machining (ECM) is an anodic electrochemical dissolution reaction
process on a metal surface to realize the processing of surface micro-structure
arrays [11,12]. This process has many advantages, such as high efficiency, no recast layer
and tool wear, no residual stress, high material removal rate and is not affected by the
mechanical properties of materials [13,14]. At the same time, compared with the traditional
and other new processing methods of GH4169 alloy, ECM can use self-designed and man-
ufactured machine tools or devices, without the need to separately purchase expensive
machine tools or special equipment, such as high-precision lathes and laser equipment.
The cost of operation and later maintenance is also low, and the application and promo-
tion prospects are very broad. Ye et al. [15] used tube electrodes with different oblique
angles to generate pulsating flow field in the electrochemical processing area, so that a
micro-groove with a depth of 5 mm was stably machined on the surface of GH4169 alloy at
one time. Liu et al. [16] established the electric field and flow field models of electrochem-
ical milling by using the spiral micro-electrode, analyzed the influence of flow field and
electric field on micro-structure forming, and successfully processed a series of complex
micro-structures on the surface of Inconel 718. Huang et al. [17] successfully processed
high-precision micro-structures on the surface of nickel-based alloy on ECM of nanosecond
pulse. Through-mask electrochemical micromachining (TMEMM) is one of the variants
of ECM, which is a machining method that uses an insulating material with a customized
pattern on the surface as a mask to attach to the surface of the anode workpiece to limit its
processing area [18–20]. It has the advantages of cold processing, flexible solvent, no tool
loss and mass manufacturing of TMEMM, which can effectively alleviate the problems of
serious stray corrosion and poor localization in the process of conventional electrochemical
machining methods.

The roll-print mask electrochemical machining using the linear cathode is a technical
method for electrochemical dissolution process using a rolling device with a linear cathode
and an insulation mask. This has the advantages of high processing efficiency, no tool
cathode loss, large-scale and high-efficiency continuous processing for the surface micro-
structures [21,22]. The aim is to obtain the optimal process parameters for high precision,
high efficiency and good localization of surface micro-structure arrays in the roll-print mask
electrochemical machining using the linear cathode of GH4169 alloy in this paper. Therefore,



Materials 2024, 17, 2729 3 of 15

the electrochemical dissolution characteristics of GH4169 alloy is firstly analyzed under
static conditions of TMEMM. The polarization curves of GH4169 alloy in different solutions
and different concentrations of NaNO3 electrolyte and the current efficiency in the process
are obtained to determine the appropriate electrolyte processing parameters. The effects
of main process parameters are clarified in detail on the machining performance of the
workpiece, such as the linear cathode size, applied voltage and corrosion time. Meanwhile,
the optimal process parameters are selected. Finally, on the basis of the optimal process
parameters, the qualitative model of the surface micro-pit structure forming process of
GH4169 alloy in NaNO3 electrolyte is established under the roll-print mask electrochemical
machining using the linear cathode.

2. Experimental
2.1. GH4169 Alloy

The anode workpiece material applied in all experiments is GH4169 alloy. GH4169 is
one of the precipitation-strengthened nickel-based alloys of Chinese Standard, which has
similar micro-structure, mechanical and material properties with Inconel 718 of American
Standard and NC19FeNb of French Standard [23–26]. Some characteristics of GH4169,
Inconel 718 and NC19FeNb alloys are shown in Table 1. The chemical composition of
GH4169 alloy is shown in Table 2. Cube-shaped GH4169 alloy specimens were prepared for
electrochemical tests, and TMEMM experiments using a self-developed device to complete
the preparation of surface micro-structures.

Table 1. Some characteristics of GH4169, Inconel 718 and NC19FeNb alloys.

Characteristic GH4169 Alloy Inconel 718 NC19FeNb

Chemical Composition
Nickel, chromium,

molybdenum, iron and
titanium, mainly

Nickel, chromium, iron,
cobalt and titanium,

mainly

Nickel, chromium,
molybdenum, iron and

niobium, mainly

Intensity High strength, high
temperature resistance

High strength, high
temperature resistance

Medium strength, high
temperature resistance

Corrosion Resistance Excellent corrosion
resistance

Excellent corrosion
resistance

Excellent corrosion
resistance

Machinability Good machinability Good machinability Good machinability

Application
Aerospace,

petrochemical and other
high-end fields

Aerospace, energy and
other fields

Chemical, medical and
other fields

Table 2. Chemical composition of GH4169 alloy/Inconel 718 (%).

Composition C Si Mn S P Ni Cr Al Cu Co Ti Mo Nb B Ta Fe

Percentage 0.038 0.16 0.12 0.001 0.01 52.75 17.96 0.55 0.022 0.018 1.09 3.05 5.13 0.002 0.01 Bal

2.2. Basic Theory of the Roll-Print Mask Electrochemical Machining Using the Linear Cathode

The roll-print mask electrochemical machining makes a metal wire as the linear
cathode using a rolling device, on which a mask and the linear cathode are installed (as
shown in Figure 1).

During machining, the mask rotates along with the rolling device, while the position
of the linear cathode remains stationary, selectively removing the workpiece material in the
electrochemical processing area. Compared with conventional electrochemical machining,
the small size linear cathode is used to limit the electric field below it. This makes the
current density mainly concentrated in the electrochemical processing area to obtain better
micro-structure etching morphology and geometric size profile.
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Figure 1. Principle of the roll-print mask electrochemical machining using the linear cathode.
(a) Schematic diagram of the working process; (b) the rolling device.

2.3. Polarization Curves

A three-electrode configuration system was usually used to measuring electrochemical
polarization curves of GH4169 alloy, which can effectively eliminate the voltage drop
caused by the internal resistance of the solution and the polarization generated by the
auxiliary electrode and can better realize the measurement and control of the potential.
In this study, the electrochemical workstation was used to measure the electrochemical
polarization properties of a GH4169 alloy workpiece in different electrolytes with different
concentrations, and a platinum electrode and a saturated calomel electrode was used to be
as the auxiliary electrode and the reference electrode, respectively. The scanning voltage
range was −1.5~3 V, and the scanning speed was 10 mV/s.

2.4. Current Efficiency Measurement

Current efficiency is an important parameter to estimate the electrolytic erosion ability
of materials. Therefore, in order to study the actual material removal rate of GH4169 alloy,
the current efficiency of it under static conditions of TMEMM was measured by weighing
method using the self-developed experimental device. In order to ensure the uniform and
constant current distribution, the electrolytic power supply in the constant current mode
was selected to precisely control the corrosion time of each detection.

During the measurement process, the rolling device and the anode workpiece re-
mained stationary. Before the GH4169 alloy workpieces were weighed, they were cleaned
by ultrasonic vibration and dried. The dissolution weight of the workpiece was recorded
in each test. The current efficiency was determined by the actual anode dissolution mass,
M, and the theoretical anode dissolution mass, m. The current efficiency of GH4169 alloy
workpiece can be calculated by the following formula [27]:

η = M/m = M/ωρIt (1)

ηω = M/ρIt (2)

2.5. TMEMM Experiments

The experiments of TMEMM were carried out to complete the machining of the surface
micro-pits of GH4169 alloy using the self-developed experimental device (as shown in
Figure 2).

The GH4169 alloy workpiece with a size of 10 mm × 10 mm × 10 mm was selected
as the anode, and the linear copper wire was as the cathode. Polyimide (PI) with 0.1 mm
thickness was used as a flexible mask material, and its surface was machined to customized
micro-porous arrays by femtosecond laser process. Table 3 summarizes the process param-
eters of these experiments.
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Figure 2. Schematic diagram of the experimental system of the roll-print mask electrochemical
machining using the linear cathode.

Table 3. Main experimental conditions and parameters.

Parameter Value

Electrolytic solution H2SO4, NaOH, HCl, NaNO3
H2SO4, NaOH, HCl electrolyte 10 wt%

NaNO3 electrolyte 5 wt%, 10 wt%, 15 wt%, 20 wt%
The anode workpiece GH4169 alloy

The linear cathode 0.1–0.5 mm(diameter), Cu
Inter-electrode gap 0.1 mm

Thickness of the mask 0.1 mm
Corrosion time 0–8 s

Applied voltage 10–13 V
Electrolyte flow rate 1 L/min

After experiments, the three-dimensional morphology and actual size of the micro-
pit structures on the surface of GH4169 alloy can be observed by Olympus microscope
(Olympus LEXT OLS5000, Tokyo, Japan). The micro-pit morphology on the surface of
GH4169 alloy can be observed by a scanning electron microscope (SEM, Carl Zeiss NTS
GmbH, Oberkochen, Germany).

The experiments were conducted by using the present experimental device to investi-
gate the dissolution characteristics, the effects of the linear cathode size, applied voltage
and corrosion time on the micro-pit etching morphology and geometric size profile of
TMEMM on GH4169 alloy. The EF was measured to evaluate the electrochemical machin-
ing performance and machining accuracy of GH4169 alloy.

3. Results and Discussion
3.1. Electrochemical Characterization of GH4169 Alloy

The electrochemical dissolution characteristics of GH4169 alloy is important to explore
its electrochemical machining performance. Therefore, the electrochemical polarization
behavior of the GH4169 alloy workpiece was analyzed in different kinds of solutions and
the current efficiency under the condition of TMEMM using the linear cathode.

Figure 3 shows the influence of electrolyte composition and concentration on the
electrochemical dissolution characteristics of GH4169 alloy.

The polarization curves of GH4169 alloy in the selected H2SO4, NaCl and NaNO3
solutions have apparent passivation zones. However, it is difficult to find the passivation
regions in the polarization curves measured in strongly corrosive NaOH solution (as shown
in Figure 3a). By comparing and analyzing the polarization curves measured in 10 wt%
H2SO4, NaOH, NaCl and NaNO3 solutions, it is shown that the 10 wt% NaNO3 solution
has the longest passivation region compared with H2SO4, NaOH and NaCl solutions, and
its over-passivation zone is smooth and stable. Although the SO4

2− ions also possess
passivating properties, the NO3− ions exhibit stronger passivation, and the passivation
film formed is more stable [28]. This is because the NO3

− ion has a strong passivation, and
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the passivation film formed is more stable. This indicates that the passivation film formed
by the non-processing zone on the surface of GH4169 alloy in NaNO3 solution is more
stable, the protective effect is stronger and the stray corrosion is less. Therefore, NaNO3
solution is selected to as the experiment solution of GH4169 alloy for TMEMM.
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Figure 3. Determination of polarization curves in (a) Different electrolytes; (b) NaNO3 electrolyte
with different concentration.

The corresponding polarization curves of GH4169 alloy in different concentrations of
NaNO3 solution have obvious passivation zone and over-passivation zone, and the passi-
vation zone does not change significantly with the increase in the concentration of NaNO3
solution (as shown in Figure 3b), which indicated that a stable and dense passivation film
is easily formed on the surface of GH4169 alloy in NaNO3 solution and its compactness
does not change significantly with the increase in the concentration. In the over-passivation
zone, the surface of GH4169 alloy is severely dissolved, and the corresponding polarization
curve is approximately coincident with Ohm’s law. The polarization curve slope indicates
the difficulty of material removal of the workpiece. The larger the slope, the easier the
material removal. For the polarization curve corresponding to 5 wt% NaNO3 solution, the
slope is small after reaching the passivation region, which indicates that the dissolution
efficiency is slow. Therefore, 10 wt% NaNO3 solution was chosen to account for both the
accuracy and efficiency requirement of TMEMM on GH4169 alloy.

The current efficiency of GH4169 alloy was measured under different current values
on the electrochemical conditions of 10 wt% NaNO3 electrolyte, 1 L/min electrolyte flow
rate and 6 s corrosion time using the linear cathode with a diameter of 0.3 mm and the
mask hole with a diameter of 0.3 mm. As shown in Figure 4, the current efficiency of
GH4169 alloy has no obvious change with the increase in current density.
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When the current density is small, the current efficiency of GH4169 alloy is still high,
but the micro-pit is shallow in depth (only 67.8 µm), which indicates that the stray corrosion
in the non-processing area is serious at low current density, and the surface processing
quality of GH4169 alloy is poor. With the increase in current density, the depth of micro-pit
can reach 85.7 µm or even deeper, which indicates that the stray corrosion phenomenon in
the non-processing area is gradually weakened, and the smooth machined surface can be
obtained. Therefore, the moderate current density can be selected to ensure the processing
efficiency and accuracy of the GH4169 alloy workpiece and the economy of processing in
actual processing.

3.2. The Optimal Experimental Parameters of GH4169 Alloy under Static Conditions of TMEMM

The process parameters of electrochemical machining are an important factor affecting
the surface accuracy of the workpiece. The process parameters including the linear cathode
size, applied voltage and corrosion time were investigated. The EF was calculated to
evaluate the processing localization under different conditions, which was used to select
the optimal experimental parameters of GH4169 alloy.

3.2.1. The Linear Cathode Size

Figure 5 shows the micro-pit structure profile of the workpiece machined with different
linear cathode diameter on the processing condition of 300 µm mask hole diameter, 6 s
corrosion time, 12 V processing voltage.
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When the linear cathode with a diameter of 100 µm was selected, the linear cathode size
was smaller than the mask hole size and the applied electric field was mainly concentrated
below the cathode. This was not uniform for the distribution of the processing area and the
current density distribution at the bottom of the micro-pit, which resulted in uneven surface
corrosion of the processed micro-pits and the appearance of some micro-cracks (as shown
in Figure 5a). When the diameter of the linear cathode was 500 µm, the linear cathode size
was larger than the size of the mask hole and the gap between the mask and the cathode
was so narrow that the electrolyte was difficult to discharge, and the mass transfer of the
flow field was poor. The electrolytic products produced by the processing accumulated
at the bottom of the micro-pits, which led to poor forming quality of the micro-pits (as
shown in Figure 5c). When the diameter of the linear cathode was 300 µm and equal to
the size of the mask hole, the applied electric field was evenly distributed in the whole
electrochemical machining area, and the machined micro-pit profile was better, as shown
in Figure 5b. Therefore, the copper wire with a diameter of 300 µm can be selected as the
linear cathode in this study.

3.2.2. The Applied Voltage

Figure 6 shows the surface micro-pit morphology of GH4169 alloy of TMEMM using
the linear cathode at different voltages (10, 11, 12 and 13 V).
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When the applied voltage increased from 10 V to 13 V, the etching depth of the
micro-pits increased from 45.6 µm to 105.8 µm. As shown in Figure 6c, when the applied
voltage was 12 V, the diameter and depth of the micro-pit reached 402.3 µm and 92.8 µm,
respectively. The bottom of the micro-pit was relatively smooth, and the stray corrosion in
the non-processing area was significantly reduced, compared with the processed surface
when the applied voltage was 11 V (as shown in Figure 6b). As the voltage increased,
the diameter of the micro-pit increased significantly to 487.3 µm, but the micro-pit only
increased to 105.8 µm. The stray corrosion in the non-processing area is more serious, as
shown in Figure 6d at 13 V.

The reason for the above results is the complex composition of GH4169 alloy, the
electrode potential of the phase with different element composition is different, and the
order of dissolution is different. Therefore, when the applied voltage was small, the phase
with more negative electrode potential in GH4169 alloy was electrochemically dissolved
firstly, resulting in a large roundness deviation of the processed micro-pit. When the
applied voltage reached 12 V, it exceeded the electrode potential of all phases and the
etching speed of each composition tended to be consistent, so the micro-pit boundary
was regular and the bottom was flat. When the applied voltage increased to 13 V or even
higher, the electrochemical reaction was more intense. The electrolytic products cannot
be discharged in time and accumulated at the bottom of the micro-pit. Meanwhile, the
radial corrosion of the micro-pits was still ongoing, leading in poor processing quality of
the micro-pit.

3.2.3. The Corrosion Time

Figure 7 shows the surface micro-pit morphology of GH4169 alloy under different
corrosion time.
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The actual electrochemical reaction time on the workpiece surface was too short to
complete the breakdown of the passivation film on the surface of GH4169 alloy and the
dissolution of the matrix material in the electrochemical processing area when the initial
corrosion time was 2 s. The diameter of the machined micro-pit was 357.3 µm and the depth
was only 8.7 µm, which had the irregular boundary and serious stray corrosion (as shown
in Figure 7a). With the extension of the processing time, the stray corrosion was obviously
weakened and the outline of the micro-pit was gradually formed, but the depth was still
only 48.7 µm at 4 s, as shown in Figure 7b. When the processing time was increased to
6 s, the dissolution reaction of the GH4169 alloy was fully carried out, and the micro-pit
with a diameter of 402.3 µm and a depth of 92.8 µm was processed. These micro-pits
have clear boundary and regular shape, which indicated that there was no corrosion at
the entrance of the micro-pits. When the corrosion time was further increased to 8 s, the
diameter of the micro-pit increased to 457.8 µm, but the depth of the micro-pit was up
from 92.8 µm to 97.3 µm due to the accumulation of electrolytic products. The aspect ratio
decreased significantly.

The machining localization of the mask electrochemical machining process is usually
described by the EF. The rd is defined as the average etching rate, and its expression is
as follows:

rd = h⁄t (3)

When processing circular micro-structures on the surface of the workpiece, ru is
usually defined as the average lateral etching rate, and its expression is as follows:

ru = u⁄t = (xu − r0)⁄t (4)

EF = h⁄(xu − r0) (5)

Figure 8 shows the effect of process parameters on the EF of micro-pit on the GH4169
alloy surface.
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As the size of the linear cathode increased, the EF increased first and then decreased,
which indicates that the processing quality and localization are better using the linear
cathode with the diameter of 300 µm (as shown in Figure 8a). This result is consistent
with the result shown in Figure 5. With higher applied voltage, the EF remained basically
unchanged at the beginning. When the applied voltage was 12 V, the EF was larger, which
indicates that the processing quality and localization of the machined micro-pit are better
(as shown in Figure 8b). With the progress of electrochemical reaction, the etch depth
and the roundness of the micro-pits increased continuously, and the surface morphology
and the localization of the micro-pits gradually became better when the corrosion time
was 6 s (as shown in Figure 8c). The reason for this result is that the electrolytic products
accumulated at the bottom of the micro-pit with the forming of the micro-pit and the
excessive electrochemical reaction, which caused the aspect ratio, the EF, the processing
quality and localization of the micro-pits to deteriorate (as shown in Figure 7).

3.3. Micro-Pit Forming Principle of GH4169 Alloy

Qualitative models of the micro-pit electrochemical dissolution of GH4169 alloy under
the linear cathode electrochemical machining were proposed based on the above electro-
chemical characterization and machining experimental results. Figure 9 shows schematic
diagrams of the micro-pit dissolution process of GH4169 alloy in NaNO3 solution.

According to the potentiodynamic polarization results (as shown in Figure 3), a thin
passivating film is produced on the GH4169 alloy surface in NaNO3 solution when the
electrochemical machining starts (as shown in Figure 9a). The passivating film gradually
thins and is partially broken down via the electrochemical dissolution as shown in Figure 9b,
and electrochemical pitting or crevice corrosion are initiated rapidly by local breakdowns
of the passivating film that gradually exposes the GH4169 matrix material to the electrolyte.
With the dissolution of the passivation film, the amount of the oxygen precipitation on
the surface of the GH4169 alloy increases. Therefore, when the corrosion time is short,
the electrolytic processing is mainly the dissolution of the passivation film and the matrix
material is hardly electrochemical machined.

When the passivation film is completely broken down, violent electrochemical re-
actions occur on the surface of GH4169 alloy in the electrochemical machining zone,
accompanied by the generation of black electrolytic products and insoluble particles (as
shown in Figure 9c,d), and the metal material is dissolved downward and the micro-pit
is gradually formed. With the increase in electrochemical reaction time of the micro-pit,
the electrolytic product and the insoluble particles gradually increases, and the evolution
amount of oxygen on the metal surface is also increased. Due to the small inter-electrode
gap between the mask and the workpiece, the discharge speed of the electrolytic products
is slow, and they will stay on the surface of the micro-pit, which will affect the further
progress of electrochemical reaction and the quality of electrolytic surface. This result can
also be seen in Figure 7.
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The continuous processing was carried out by using the optimal process parameters
above on the presented device to realize the large-area processing of the micro-pit arrays
on the surface of GH4169 alloy (as shown in Figure 10).
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Figure 10. Surface topography of micro-pit arrays on the GH4169 alloy.

Ten micro-pits were randomly selected from the micro-pit arrays to measure their
surface morphology. The micro-pits obtained by the presented method exhibited a relatively
concentrated size distribution, with the average diameter of 405.85 ± 9.45 µm, the average
depth of 87.5 ± 8.5 µm, the average aspect ratio of 0.22 and the average EF of 1.67 (as
shown in Figure 11). The variation coefficient of the diameter and depth is 0.01 and
0.06, respectively. The results show that the micro-pit arrays have good localization and
high uniformity.
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Figure 12 shows triangular micro-pit arrays of GH4169 alloy machined under the
above electrolytic processing conditions using an equilateral triangular pattern micro-
porous arrays mask with a side length of 0.3 mm.
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Five micro-pits were randomly selected to measure their surface morphology from the
triangular micro-pit arrays. The size distribution is shown in Figure 13.
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The average length of three sides and the average depth of the triangular micro-pits
is 400.25 ± 12.05 µm and 85.4 ± 6.2 µm, respectively. The average aspect ratio is 0.21, the
average EF is 1.69, indicating that the triangular micro-pit arrays have high uniformity and
forming quality.
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4. Conclusions

The effects of applied electrolyte composition and concentration, linear cathode size,
voltage and corrosion time on the electrochemical machining performance of GH4169 alloy
were studied experimentally using roll-print mask electrochemical machining with a linear
cathode. Based on the experimental results, the following important conclusions can
be drawn:

1. Compared with H2SO4, NaOH and NaCl solutions, the passivation film formed on
the surface of the corrosion-prone GH4169 alloy is more stable due to the strong
passivation of NO3

− ions in NaNO3 solution, which is more suitable for TMEMM of
GH4169 alloy. There is no obvious change in trend of current efficiency with the change
in current density in the process of the linear cathode TMEMM of GH4169 alloy;

2. When the size of the mask hole is equal to the size of the linear cathode under the
same experiment conditions of electrochemical machining, it is most conducive to ma-
chining micro-pit structure with the clear outline on the surface of GH4169 alloy due
to a uniformly distributed electric field. Meanwhile, moderate voltage and corrosion
time are beneficial to improve the localization of micro-pits on GH4169 alloy surface;

3. Considering the effect of process parameters on the electrochemical processing per-
formance, the optimal process parameters of mask hole with 300 µm diameter,
10% NaNO3, 12V voltage and 6 s corrosion time are selected. The processing re-
sults show that the micro-pits with a diameter of 402.3 µm, a depth of 92.8 µm and an
EF of 1.81 can be obtained by using the above process parameters. These results show
good localization, surface morphology and processing performance.

4. Based on the above optimized micro-pit processing conditions and parameters, high-
precision, localized and uniform micro-pit and equilateral triangular arrays can be
processed on the surface of GH4169 alloy. The diameter of the micro-pit arrays is
405.85 ± 9.45 µm, the depth is 87.5 ± 8.5 µm, the average aspect ratio is 0.22 and
the average EF is 1.67. The average side length of the equilateral triangular array is
400.25 ± 12.05 µm, the depth is 85.4 ± 6.2 µm, the average aspect ratio is 0.21 and the
average EF is 1.69.

5. In future work, we can continue to optimize the relevant microstructure processing
technology or explore new processing methods to continue to improve some surface
properties of GH4169 alloy. In addition, the influence of surface micro-structures
can be further studied on the mechanical properties of GH4169 alloy, such as fatigue
resistance and tensile strength.
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Abbreviation
η current efficiency
M/g the actual anodic dissolution mass
m/g the theoretical anodic dissolution mass
ω/cm3·(A·s)−1 the material theoretical volume electrochemical equivalent
ρ/g·cm−3 the material density
I/A current
t/s the corrosion time
h/µm the etching depth of micro-pit
u/µm the lateral etching width
xu/µm the etching radius
r0/µm the mask hole radius
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