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Abstract

The enhanced performance of aerospace equipment drives parts development towards integration, complexity,

and structural optimization. This advancement promotes metal near-net fabrication technologies like wire electrical
discharge machining (WEDM) and 3D printing. However, the high initial surface roughness from WEDM or 3D printing
poses significant challenges for the high-performance surface finishing required. To effectively reduce the surface
roughness of the workpieces with high initial surface roughness, this paper proposes pulsed unipolar-polarisation
plasma electrolytic polishing (PUP-PEP). The study examined the material removal mechanisms and surface polish-
ing quality of PUP-PEP. This technique combines the high current density and material removal rate of the elec-
trolytic polishing mode with the superior surface polishing quality of PEP through voltage waveform modulation.

For an Inconel-718 superalloy part fabricated by WEDM, PUP-PEP reduced surface roughness from R, 7.39 um to R,
0.27 ym in 6 min under optimal conditions. The roughness decreased from R, 7.39 um to R, 0.78 um in the first

3 min under pulsed unipolar-polarisation voltage, resulting in a remarkable 233% increase in efficiency compared

to that with conventional PEP. Subsequently, the voltage output voltage is transformed into a constant voltage mode,

and PEP is continued based on PUP-PEP to finally reduce the workpiece surface roughness value to R, 0.27 um. The
proposed PUP-PEP technology marks the implementation of ‘polishing'instead of conventional rough-finish machin-
ing processes, presenting a new approach to the surface post-processing of metal near-net fabrication technologies.

roughness, Material removal rate
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1 Introduction

The rapid advancement of metal net-shaping technolo-
gies, such as three-dimensional (3D) printing and wire
electrical discharge machining (WEDM), is transform-
ing key components in advanced manufacturing sectors,
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such as aerospace, making them increasingly lightweight
and complex as they move toward integrated structural
functionality [1]. Within specialised operational environ-
ments, these components place stringent demands on
surface quality. Achieving precise surface effects often
involves multiple processes, including rough machining
(e.g., turning, milling, and grinding) as well as intricate
semi-finishing and finishing procedures. However, parts
manufactured using metal net shaping techniques often
exhibit intricate structures and high surface roughness,
presenting substantial challenges for subsequent process-
ing [2, 3]. This has emerged as a technological bottleneck
constraining the further advancement and application of
metal net-shaping technologies [4, 5]. Furthermore, to
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maintain the dimensional accuracy of the external form
of the component, sufficient machining allowance must
be retained during the forming and manufacturing pro-
cesses. Nevertheless, this requirement results in a partial
loss of the inherent advantages of net-shaping manu-
facturing technology. Thus, it is essential to develop a
novel technology that can directly machine 3D printed or
WEDM parts with high surface roughness to narrow the
aforementioned gap [6].

Plasma electrolytic polishing (PEP) is a rapidly devel-
oping non-valve metal surface polishing process that can
remarkably improve the surface quality of the workpiece
within a short time frame of 3 to 10 min [7-9]. PEP has
garnered significant attention as an emerging, efficient,
and environmentally friendly metal surface-polishing
technology. During this process, a low-concentration
salt solution serves as the electrolyte, and the workpiece
is enclosed in a vapour gaseous envelope (VGE) due to
the Joule heating effect, leading to luminescence and
exothermic reactions [10, 11]. Traditional PEP requires
immersion of the workpiece in an electrolyte and the
application of a constant DC voltage ranging from 250 to
400 V. This process enables the polishing and deburring
of complex workpiece surfaces [12, 13].

Although traditional PEP has unique advantages in
reducing the surface roughness of complex workpieces,
it has significant limitations that cannot be ignored. Fully
immersing the workpiece in the electrolyte does not
allow selective processing of the workpiece surface. Pro-
longed processing, due to the sharp-point effect of the
electric field distribution, can compromise the dimen-
sional accuracy of the workpiece, particularly affect-
ing sharp corners and edges [14, 15]. Additionally, the
size of the electrolytic cell and power supply restrict the
dimensions of the workpieces that can be processed.
To address these issues, researchers have proposed the
spray PEP method as an alternative to the traditional
immersion-based approach [16—18]. Furthermore, the
final surface roughness of the processed workpiece is
significantly influenced by the initial surface roughness
[9, 19]. During the PEP process, the state and properties

Table 1 Surface roughness of typical materials before and after PEP
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of the VGE significantly impact polishing and efficiency
[20]. The VGE, primarily composed of water vapor, is
crucial for realising PEP. Compared with the electrolyte
(0.65 S/m), the conductivity of the VGE is much smaller
(2.55%107* S/m), resulting in much lower current densi-
ties for PEP [12]. In the PEP process, the current density
ranges from 0.3 to 0.7 A/cm? which is considerably less
than the 10 to 50 A/cm? required for electrolysis [21].
The normal dissolution rate of the workpiece surface dur-
ing PEP is only 1 to 8 um/min, leading to the problem
of low efficiency in treating surfaces with high surface
roughness [22].

The effectiveness and rate of traditional PEP depend
not only on polishing parameters but also on the initial
roughness of the workpiece [23]. Table 1 lists the final
surface roughness values achieved by PEP for various
materials. Traditional PEP is well-suited for polishing
the surfaces of workpieces with a roughness of less than
3 um [24]. Rapidly reducing the surface roughness values
of workpieces under direct current stabilization while
enhancing the efficiency of PEP polishing remains a chal-
lenging task, especially concerning workpiece surfaces
with high roughness values such as those produced by
wire electrical discharge machining and 3D printing.

To enhance the efficiency of PEP and significantly
reduce the surface roughness of the workpiece, this study
proposes a pulsed unipolar-polarisation plasma electro-
lytic polishing (PUP-PEP) process for nickel-based super-
alloys. Since material removal in PUP-PEP primarily
hinges on electrochemical reactions, the equivalent cir-
cuit of the reaction interface layer of nickel-based super-
alloys was initially derived through EIS to elucidate the
electrochemical behavior throughout the reaction pro-
cess. Following this, under equivalent current density, a
comparative analysis was undertaken regarding the sur-
face roughness and material removal rate of workpieces
in low-voltage (8 V) electrolytic mode and high-voltage
(300 V) PEP mode. The effects of electrolytic mode and
PEP mode on PUP-PEP were discussed. Then the process
parameters of PUP-PEP were optimized by grey correla-
tion analysis method and verified by experiment.

Material Initial surface Final surface Time (min) Voltage range (V) Literature reference
roughness (um) roughness (um)

20X13 R, 045 R, 0.06 15 250-300 Parfenov et al. [14]

AlSI 316 S, 3 5,06 10 350 Yang et al. [25]

CoCr R,3 R,0.015 8 450 Seo et al. [26]

Aluminum R, 1.2 R,0.2 5 280-320 Zakharov et al. [27]

Copper 0.16 0.08 1 400-550 Valiev et al. [28]

Ti-6Al-4V R,0.2 R, 0.05 10 260-280 Smyslova et al. [29]
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2 Design and Conception of PUP-PEP

PUP-PEP is a kind of polishing mode that is evolved by
changing voltage waveform based on traditional DC volt-
age regulator PEP. The range of voltage variation occurs
only on the positive half axis, ensuring that the workpiece
is always an anode. Electrolytic mode and PEP mode are
included in this process.

PEP typically occurs within specific voltage ranges, this
is because the material removal and the generation and
state of the VGE are closely interrelated during the pro-
cess. The formation and maintenance of the VGE require
a particular input voltage. The workpiece experienced a
progressive voltage escalation within the electrolyte, dur-
ing which voltage and current signals were monitored to
generate a dynamic current-resistance curve, depicted in
Figure 1. This evolving trend can be segmented into four
distinct regions [30—32]. Region (a) corresponds to the
classical electrochemical reaction zone, which adheres
to Faraday’s first law. Region (b) signifies the range with
a negative differential resistance characteristic [14],
whereas Region (c) corresponds to the PEP zone. Typi-
cally, PEP occurs within the specific voltage range of 250
to 400 V [12]. When the voltage exceeds 400 V, it enters
Region (d), known as the arc discharge phase. In this
phase, the polishing effect diminishes, and it is accompa-
nied by intense glow, heat, and popping noise [7].

Material removal in PEP is primarily driven by electro-
chemical reactions, and the material removal rate is posi-
tively correlated with the average current density on the
workpiece surface [33]. Although the voltage was main-
tained at a relatively high value throughout the process-
ing, the presence of the VGE, a high-resistance material,
maintained the average current density in a low range.
Under the traditional direct current constant voltage
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Figure 1 Dynamic current density and resistance signals in different
regions
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condition, the average current density during the pro-
cessing remains stable at a low level of 0.35-0.5 A/cm?, as
shown in Figure 1. Consequently, the processing of large
workpieces with high surface roughness requires a signif-
icant amount of time.

In the electrolysis mode, Region (a) in Figure 1 exhib-
its a significantly higher average current density (0.5—
596 A/cm?) compared to the PEP mode, as there is
no presence of a VGE. Enhancing the average current
density through electric field regulation is a relatively
straightforward approach for improving the material
removal rate during PEP. As shown in Figure 2(d), chang-
ing from direct-current (DC) voltage regulation to pulses
in the unipolar-polarisation voltage led to a substantial
increase in the average current density during the pro-
cess, which theoretically corresponds to an increased
material removal rate. This is the basic principle of PUP-
PEP. In this process, the machining process undergoes
electrolysis with a higher current density, followed by
PEP with VGE. As depicted in Figure 2(a), in the elec-
trolysis mode, electrochemical reactions occur between
the electrolyte and workpiece surface in direct contact.
In the PEP mode, the VGE consisted of numerous vapour
bubbles, as illustrated in Figure 2(b). The generation and
collapse of the VGE in the electrolyte forcefully impacted
the workpiece surface, leading to the removal of surface
products. Additionally, the strong electric field gener-
ated within the VGE triggered intense oxidation reac-
tions, further enhancing the electrochemical reactions
in the electrolysis mode. The occurrence of the discharge
breakdown phenomenon was not excluded within the
VGE. The impact of plasma discharge will also promote
the separation of electrolytic products on the surface of
the workpiece. As shown in Figure 2(c), when the voltage
returns to the electrolysis mode, the electrolyte contacts
the workpiece surface again, initiating electrochemi-
cal reactions and completing one cycle. In this case, the
PUP-PEP can greatly improve the average current density
in the polishing process, and further improve the polish-
ing efficiency.

3 Materials and Methods

3.1 Material and the Properties of the Specimens
Ni-based superalloys find widespread use in critical aer-
ospace components such as turbine disks and turbine
casings due to their high yield strength, elevated-tem-
perature strength, and exceptional fatigue resistance [34,
35]. Ensuring a precise surface finish on a superalloy is
essential to prevent fatigue damage and prolong its over-
all lifespan. The workpiece is made of Inconel 718, a typi-
cal nickel-based superalloy, whose chemical elements are
listed in Table 2.
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Figure 2 Design and conception of PUP-PEP: a Electrolytic reactions below 200V, b VGE and plasma discharge removes electrolytic products,
Return to electrolysis mode, and d Variation of current density with different voltage waveforms within one cycle

Table 2 Chemical composition of Inconel 718 superalloy [36]

Element Composite (wt  Element Composite (wt %)
%)

Ni 529 @ 0.03

Fe 19.2 Si 0.03

Cr 18.1 Cu 0.02

Nb + Ta 5.09 Mn 0.02

Mo 3.04 B 0.004

Ti 1.00 S 0.002

Al 0.61 P <0.001

Co 0.06 TOE <05

To maintain consistent workpiece dimensions and
surface roughness, the material was cut into sam-
ple pieces measuring 10 mm X 10 mm X5 mm using a

32.22 ym

-35.77 pm -40

WEDM machine. As depicted in Figure 3, the work-
piece surface exhibits significant roughness, with a R,
value ranging from 6 to 8 um.

3.2 Experimental Setups

A part-handling system was employed to execute lin-
ear movements in the Z-direction, ensuring proper
immersion depth of the workpiece. Furthermore, the
polishing system includes an electrolyte-control unit to
maintain stable electrolyte parameters, including tem-
perature and concentration [17]. Figure 4 illustrates the
utilization of an ITECH programmable DC power sup-
ply (IT6000D) during the polishing process. It boasts
a maximum output voltage of 1500 V and a maximum
output current of 30 A, as well as the ability to capture
real-time measurements of output voltage, current, and
power signals.
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Figure 3 Surface topography of the workpiece after WEDM: a 3D topographic, b section profile
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Figure 4 Schematic of the experimental devices

3.3 Design of Experiments

Initially, polarisation curve analysis of the workpiece
was carried out using a multi-channel electrochemi-
cal workstation of model VSP. The scanning range is
—0.1 V-5V, and the scanning speed is 5 mV/s. The
electrolyte temperature is 75 °C + 1 °C. The critical volt-
age of the workpiece for electrochemical reaction is
obtained. The electrochemical impedance analysis was
carried out under the critical voltage, and the equiva-
lent circuit was obtained by analyzing and fitting the
data with Zview software. The contact area of the reac-
tion surface was 1 cm?, while insulation treatment was
applied to the remaining five surfaces. The initial volt-
age was set at the open circuit potential, with an ampli-
tude of 5 mV, a frequency range of 0.1 Hz—10° kHz, an
electrolyte concentration of 3 wt%, and a temperature
of 75°C+1°C.

Subsequently, a comparative analysis was conducted
to assess the processing characteristics of the electro-
lytic and PEP modes at the same current density. The
analysis focused on evaluating the current signal, sur-
face element composition, surface morphology, and
material removal rates in both modes. To ensure the
accuracy of the experimental results, it was crucial to
maintain consistent parameters except for the volt-
age. The electrolytic mode operated at a voltage of 8 V,
whereas the PEP mode operated at a voltage of 300 V.
Both modes utilised an electrolyte concentration of
3 wt% and a temperature of 75 °C + 1 °C, with a process-
ing duration of 10 min. Data were collected at 1-min
intervals.

The introduction of variations in the voltage wave-
form brought about new factors. To minimise the
number of experiments a Taguchi orthogonal design of
experiments was employed. Within a specific parameter
range, the grey correlation analysis method was utilised
to optimise the combination of process parameters and
validate them through experimentation. The orthogo-
nal experiment involved specific process parameters,
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Table 3 Levels of factors in orthogonal experiments
Levels A B C D

Peak Voltage waveform  Periods(s) Loading

voltage time

(V) (min)
1 250 Square 0.5 1

300 Sine 2 2

350 Triangle 8 3

as outlined in Table 3, incorporating four factors: peak
voltage, voltage waveform, period, and loading time,
with each factor having three levels. The voltage values
were set within the range of PEP voltages, and the volt-
age waveforms were selected from three typical wave-
forms that span the electrolytic voltage range: sine,
square, and triangular. Taking into consideration the
time required for the generation of the VGE, the mini-
mum period value was set at 0.5 s, with the other two
levels being incremented by four times. It is important
to note that even though non-numerical factors were
included in the factors, the evaluation indicators (sur-
face roughness, material removal rate, and current effi-
ciency) are numerical, which will not affect the analysis
results.

3.4 Surface Characterization
The workpieces underwent cleaning with alcohol using
an ultrasonic cleaning machine both before and after the
processing. Surface morphologies of the workpieces were
assessed through scanning electron microscopy (SEM),
three-dimensional video microscopy, and confocal white-
light interferometry. The surface roughness of the work-
piece was measured using a handheld Mahr roughness
gauge (model number PS10). Three measurements were
taken at distinct positions on the workpiece surface and
then averaged. The weight loss of the processed workpiece
was determined using a precision electronic balance with
an accuracy of 0.1 mg. Three measurements were recorded
and then averaged. The elemental composition of the work-
piece surface was analysed using energy-dispersive spec-
troscopy (EDS).

The surface quality of the processed workpieces was
assessed using surface roughness as the evaluation param-
eter, whereas the material removal rate was determined
based on the normal removal quantity per unit time and
current efficiency, as specified by Eq. (1). Additionally, cur-
rent efficiency served as an evaluation criterion and was
calculated using Eq. (2).

Am 4

r=—x10

st (1)
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where r represents the material removal rate (um/min),
Am is the workpiece weight loss (g), p denotes the mate-
rial density (g/cm?®), s represents the workpiece surface
area (cm?), and ¢ denotes the processing time (min).

Am 0
n =60 x i x 100%, (2)

where 7 represents the current efficiency, Am is the
workpiece weight loss (g), k denotes the electrochemical
equivalent (g/(A-h)), i is the average current during pro-
cessing (A), and t denotes the processing time (min).

4 Results and Discussion

4.1 Impedance Spectroscopy Analysis

Figure 5 depicts the polarisation curve of the Inconel 718
superalloy in a 75 °C+1 °C electrolyte. The self-corrosion
potential of the nickel-based superalloy in the electrolyte
is 41.9 mV (open-circuit voltage of 0.195 mV +0.03 mV).
The critical potential at which a significant change in cur-
rent density occurs is 1.32 V. When the voltage exceeds
1.32 V, the Tafel polarisation curve enters a gentle stage,
and at this point, a passivation film (electrolytic product)
forms on the surface of the workpiece. Failure to promptly
remove the passivation film from the workpiece surface in

3 1500
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S ol 1300 >
2
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:
-3l —100§
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-4l (8]
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Figure 5 Polarisation curve of the Inconel 718 superalloy
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the electrolytic mode will impede the progress of electro-
chemical reactions.

To gain a deeper understanding of the electrochemi-
cal behavior of the Inconel 718 superalloy in the elec-
trolyte, Electrochemical Impedance Spectroscopy
(EIS) tests were conducted at the critical voltage (1.32
V), and the test results are depicted in Figure 6(a) and
(b). The final equivalent circuit diagram for the elec-
trochemical reaction interface layer was obtained, as
shown in Figure 6(c). At the reaction interface, a dou-
ble-layer capacitance C is present, with an electrolyte
resistance R, and R, represents the charge transfer
resistance. Additionally, there is ion diffusion (R; and
L). Specific values for the equivalent components are
provided in Table 4.

During the process of PEP, there are charge transfer and
material transfer near the surface of the workpiece. This
primarily involves the electrochemical oxidation of elec-
trons from the metal surface of the workpiece and the
process of metal ions entering the electrolyte. Possible elec-
trochemical reaction processes includes reactions in Egs.

(3)=(7).
Me(s)—ne~ — Me"" (aq), (3)

Me"* (aq) + n(OH™)(aq) — Me(OH),,, (4)

Table 4 Characteristics of the equivalent circuit derived by the
fitting of impedance

Equivalent component Value Error (%)
R (Q/cm?) 8655 0.13

C (F/cm?) 4782 %1074 26

R; (/cm?) 3435 7.1

R, (Q/cm?) 1571 13

L (H/cm?) 0.0860 83

(a)15
1+
N 05
0
_05 1 " " _5 M M "
8.5 9 9.5 10 10.5 -1 0 1 3 4 5
z' Log f (Hz)

Figure 6 Electrochemical impedance spectroscopy and equivalent circuit: a Nyquist plot, b Bode plot, ¢ Equivalent circuit
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2Me"™ (aq) + 2 (ozf) (aq) — 2MeO +4e~,  (5)
4(OH_)(aq)—4e_ — 2HO0 + Oy (g) 1, (6)
2H"*(aq) + 2¢~ — Ha(g) 1. (7)

4.2 Comparative Analysis of Electrolytic and PEP Modes
Material removal in PEP relies primarily on electrochem-
ical reactions and is closely related to the characteristics
of the VGE. To further understand the effects of the elec-
trolytic and PEP modes on material removal and surface
roughness, as well as verify the feasibility of the PUP-PEP
processing method, comparative experiments were con-
ducted in both modes. The material removal rates, cur-
rent efficiencies, and surface qualities were compared
and analysed.

Figure 7 presents a comparison of the processed sig-
nals and phenomena observed while maintaining a con-
sistent average current density (0.43 A/cm?) during the
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processing. When compared to the processing signal in
the electrolytic mode, the signal in the PEP mode dis-
played significant fluctuates attributed to the oscillations
of the VGE, as depicted in Figure 7(a). Furthermore, it
is evident that in the PEP mode, the workpiece surface
becomes coated with a layer of VGE accompanied by
luminescence, and audible sounds of bubble collapse can
be observed on-site. By contrast, the electrolytic mode is
comparatively quieter but generates small bubbles on the
workpiece surface, as shown in Figure 7(b). This consti-
tutes one of the most noticeable distinctions between the
PEP and electrolytic modes. A comparative analysis of
the polishing effects of these two modes was conducted,
revealing distinct differences in their polishing outcomes.

4.2.1 Material Removal Rate and Current Efficiency

Despite maintaining an identical current density in both
the electrolytic and PEP modes, differences arose in the
material removal and current efficiency. As depicted in
Figure 8(a), the amount of material removed exhibited
a direct proportionality to time in both modes, with the
material removal rate in the electrolytic mode nearly dou-
ble that observed in the PEP mode. Figure 8(b) illustrates
the calculated current efficiency, revealing a range of
80% to 95% in the electrolytic mode, whereas, in the PEP
mode, the current efficiency ranged from 50% to 65%.

In the electrolytic mode, the workpiece surface is in
direct contact with the electrolyte. In addition to the for-
mation of bubbles on the electrode surface, minimal Joule
heating occurs. The vast majority of the electrical energy
output from the power source is converted into chemi-
cal energy, which is used for electrochemical reactions.
However, in the PEP mode, a portion of the energy must
be converted into Joule heating to maintain the existence
of the VGE. Consequently, the material removal rate and
current efficiency in the electrolytic mode both surpassed
those in the PEP mode.
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Figure 8 Material removal and current efficiency of the workpiece in two modes: a The amount of material removed, and b Current efficiency
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4.2.2 Surface Roughness and Surface Element Analysis
Although higher material removal rates and current effi-
ciency can be achieved in electrolytic mode, a lower sur-
face roughness cannot be obtained. As shown in Figure 9,
with an increase in processing time, the surface rough-
ness values of the workpieces in both the electrolytic and
PEP modes show a decreasing trend. After 10 min of
processing in the electrolytic mode, the surface rough-
ness value of the workpiece decreases from the initial
R, 7.5 pm to R, 4.6 um. In comparison, after 10 min of
processing in the PEP mode, the surface roughness of the
workpiece can be reduced from the original R, 6.9 pm to
R, 1.1 um, which is lower than that achieved in the elec-
trolytic mode.

The processing differences between the electrolytic
and PEP modes are not only reflected in the surface
roughness values but are also characterised using three-
dimensional video microscopy and scanning electron
microscopy to observe the surface morphology after
both modes of processing. The results revealed that the
surface of the workpiece after the PEP mode exhibited a
smoother finish with no apparent residues on the cross-
section, as shown in Figure 10(a) and (b). By contrast, the
electrolysis mode left behind a layer of visible electroly-
sis products on the workpiece surface, as shown in Fig-
ure 10(c) and (d).

The energy spectrum analysis revealed that, except for
a small number of oxygen elements, the major elements
present on the workpiece surface after PEP were simi-
lar to those before polishing, as depicted in Figure 11(a).
Interestingly, only the Fe and Cr compositions differed
from those of the matrix. The iron content of the work-
piece surface decreases significantly after polishing,
whereas the chromium content increases significantly.
This difference in composition can be attributed to the
varying electrochemical dissolution rates of Fe and Cr,
with the dissolution rate of Fe being higher than that of

L —=s— Electrolytic

= N W » OO O N ©
T

Surface roughness Ra (pm)

0 2 4 6 8 10
Time (min)

Figure 9 Variation trend of surface roughness in PEP and electrolytic
modes
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Selected area A

Figure 10 Cross-section and SEM of the surface at two modes: a
and b after PEP, ¢ and d after electrolysis

Cr. Similarly, the main element types in the electrolysis
product were identical to those present before polishing;
however, the contents of the other elements, except for
chromium, were significantly different. This is because
these other elements exist in ionic form in the electrolyte.

In addition, a substantial amount of oxygen is detected
in the electrolysis products, as presented in Figure 11(b).
In the electrolytic mode, the oxidation reaction on the
workpiece surface generates a large number of metal
oxides that tend to adhere to the workpiece surface,
thereby impeding effective surface polishing. These
findings underscore the superiority of the PEP mode in
achieving an improved surface finish with minimal resi-
due formation, thus providing valuable insights into the
underlying material-removal mechanism of PUP-PEP.

Based on the comparative analysis presented above,
it can be inferred that the VGE plays a crucial role in
removing electrolytic products generated on the work-
piece surface. This removal process is instrumental in
understanding the material removal and surface smooth-
ing mechanisms of PEP, which are the outcomes of the
combined action of electrochemical and VGE [31].

To reflect the function of the VGE and plasma dis-
charge more directly, the workpiece was first pro-
cessed in the electrolytic mode for 60 s and then in the
PEP mode for 10 s. As shown in Figure 12(a) and (b),
after 60 s of electrolysis, a black layer of electrolytic
product is formed compared to the original surface.
Compared with the initial surface morphology, the pro-
cessed workpiece surface has obvious black and bright
areas, as shown in Figure 12(b). This is because black
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Figure 11 Surface energy spectrum analysis of workpiece under two modes: a PEP, and b Electrolysis

Figure 12 Localised detachment of electrolytic products: a Initial surface topography, b Surface morphology of the workpiece after 60 s
of electrolysis, ¢ Surface morphology after 60 s of electrochemical etching followed by 10 s of PEP, and d Enlarged view of a specific area
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electrolytic products formed on the workpiece sur-
face after 60 s of electrolysis and attached to the sur-
face. After 10 s of PEP, under the fluctuations of VGE,
the electrolytic products on the workpiece surface
are selectively detached in certain areas, revealing a
bright metallic substrate, as shown in Figure 12(c) and
(d). At the same time, it cannot be ruled out that the
impact of the plasma discharge may cause the detach-
ment of electrolytic products from the workpiece sur-
face. Hence, it is feasible to use the PUP-PEP method to
reduce the surface roughness of workpieces with high
surface roughness. The combined action of electro-
chemical and plasma discharges in PUP-PEP mode is a
highly effective approach for achieving superior work-
piece surface polishing.

4.3 Performance Evaluation of PUP-PEP
4.3.1 Parameter Optimization of PUP-PEP
Based on a comprehensive analysis of the experimen-
tal results, it can be inferred that PUP-PEP has a nota-
ble effect on mitigating workpiece surface roughness.

Table 5 Orthogonal test results

Page 10 of 17

Specifically, as evidenced in Table 5 and Figure 13(a),
the experimental outcomes reveal that Group 3 exhib-
its the most favourable surface finish. Also, as shown in
Figure 13(b), Group 3 exhibits a relatively high material
removal rate. However, the current efficiency of Group 3
was not the highest; Group 6 had the highest. It is chal-
lenging to obtain a process parameter combination that
comprehensively considers surface roughness, material
removal rate, and current efficiency directly from the
results of the orthogonal experiment. To obtain a com-
prehensive consideration of the optimal process param-
eter combination based on these three indicators, further
analysis of the results from the orthogonal experiments is
required.

To quantitatively assess the extent of influence exerted
by each contributing factor on the test results, we
employed the grey correlation analysis method to analyse
and process the data obtained from the orthogonal tests.
Furthermore, this method allows for parameter optimi-
zation across multiple indicators. Utilizing grey correla-
tion analysis enabled the quantification of the influence

Exp. Nr A B C D Roughness MRR Current

Voltage Waveforms Periods Loading time R, (um) (um/min) efficiency

(%)

1 1 1 1 1 4.38 28.06 68.84
2 1 2 2 2 37 30.13 55.84
3 1 3 3 3 0.95 38.99 62.89
4 2 1 2 3 2.37 16.8 4213
5 2 2 3 1 5.01 20.25 44.20
6 2 3 1 2 143 38.93 7049
7 3 1 3 2 3.61 12.6 51.90
8 3 2 1 3 1.64 2838 66.58
9 3 3 2 1 347 32.25 65.58

Ela £ b
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Figure 13 Orthogonal test results: a Surface roughness, and b Material removal rate and current efficiency
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associated with each factor level. Subsequently, the
results of the orthogonal tests underwent analysis and
calculation using the grey correlation analysis method to
ascertain the impact of each factor on polished surface
roughness, material removal rate, and current efficiency.
Due to the diverse nature of these factors and the non-
standardised units they represent, it becomes imperative
to standardise the results from orthogonal tests. Grey
correlation analysis employs three primary data preproc-
essing approaches based on distinct desired outcomes:
maximising the value, minimising the value, or achieving
proximity to a specific numerical target. In our study, the
primary objective was to minimise the surface rough-
ness of the workpiece. Therefore, the roughness values
in the orthogonal test table were standardised using Eq.
(8). Conversely, the material removal rate and current
efficiency serve as indicators of polishing efficiency for
the workpiece surface, and the goal is to maximise these
parameters. Thus, the material removal rate was stand-
ardised using Eq. (9). The results of the orthogonal test
and the corresponding grey correlation analysis values
are presented in Table 6.

max y; (k) — y; (k)
max y; (k) — min y; (k) ’

x; (k) = (8)

yi(k) — min y; (k)

xi(k) = max y; (k) — min y; (k)

)

where x,(k) is the corresponding normalised value under
index k, and y,(k) is the test result of group i under index
k. The corresponding correlation coefficient ¢,(k) can be
obtained by processing the normalised data according to
Eq. (10):

ANpin + 0+ Appax

ik) = —————,
i) Ai(K) + p - Apax

(10)
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where p is the discrimination coefficient (the value is gen-
erally 0.5), and A,(k) is the absolute difference between
the normalised value x;(k) and the reference value 1,
corresponding to the group of i under the indicator of k
(Afk) = |x(k)—1]). 4,,, and 4,,,, are the minimum and
maximum values of A,(k), respectively.

The grey correlation coefficient &;(k) represents the
degree of correlation between the reference sequence
X,(k) and the comparison sequence X,(k). The reference
sequence can be regarded as a certain result, whereas the
comparison sequence can be understood as the sequence
that causes the result. The correlation coefficient can be
understood as the degree to which the causality holds. In
this study, the surface roughness, material removal rate,
and current efficiency have the same weight, so the cor-
relation degree y; between the actual test scheme and the
ideal test scheme is:

1 n
vi=- Zk:l &i(k). (11)

Table 6 reveals that the degree of correlation corre-
sponding to Group 6 was the closest to 1. This indicates
that, within the specific combination of process param-
eters tested in the third group of nine experiments, con-
sidering the three indices of surface roughness, material
removal rate, and current efficiency, the polishing effect
is optimal. It is important to note that the parameter
combinations considered in this study are limited to
those included in the orthogonal experimental matrix.
However, the process parameter combination that aligns
most closely with ideal experimental results may not nec-
essarily be present within an orthogonal experimental
matrix.

In elucidating the impact of process parameters on
surface roughness, material removal rate, and current
efficiency during polishing, the average correlation
coefficient was calculated for each level of every factor

Table 6 Orthogonal test results and correlation degree according to Egs. (8)-(11)

Exp. Nr Parameter x; (R,) X; (MRR) X; (%) & (R,) & (MRR) & (%) Yi

1 A.B,C,D, 0.155 0.586 0.940 0372 0.547 0.893 0.6039
2 A,B,C,D, 0323 0.664 0482 0425 0.598 0491 0.5048
3 A;B;C5Ds 1.000 1.000 0.732 1.000 1.000 0.651 0.8838
4 A,B,C,Ds 0.650 0.159 0.000 0.588 0373 0333 04315
5 A,B,C;D, 0.000 0.290 0.074 0333 0413 0.351 0.3657
6 A,B;C,D, 0.882 0.998 1.000 0.809 0.995 1.000 0.9347
7 AsB,C;D, 0.345 0.000 0.345 0433 0333 0433 0.3997
8 A;B,C,Ds 0.830 0.598 0.863 0.746 0.554 0.785 0.6950
9 A3B;C,D, 0379 0.743 0.827 0.446 0.743 0.743 06166
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Figure 14 Average values of correlation coefficients corresponding to each factor level: a Correlation coefficients for surface roughness, b
Correlation coefficients for material removal rate, ¢ Correlation coefficients for current efficiency

listed in the orthogonal test table. This average coeffi-
cient serves as an indicator of how closely each process
parameter level aligns with the optimal testing param-
eter, allowing for a quantitative assessment of their
respective influences. Furthermore, the range of mean
correlation coefficient values corresponding to different
levels of the same factor represents the extent of influ-
ence exerted by that factor on achieving the desired
test results. Figure 14(a) illustrates the range of corre-
lation coefficients for the three levels associated with
each factor influencing machined surface roughness.
Notably, the waveform exhibited the largest correla-
tion coefficient range, followed by peak voltage, period,
and loading time, as depicted in Figure 15. This find-
ing suggests that the waveform has the most significant
influence on attaining the desired surface roughness,
with peak voltage, period, and loading time following
in decreasing order of importance. Additionally, the
correlation coefficients linked to Level 1 peak voltage,
Level 3 waveform, Level 1 period, and Level 3 loading
time are the highest among their respective levels, sig-
nifying their utmost influence. Therefore, it is advisable
to employ parameter combination A;B;C,D; to achieve
minimal surface roughness in the machined workpiece.

Similarly, Figure 14(b) and (c) depict the degree of
influence on the material removal rate and current
efficiency, respectively. The impact on the material
removal rate ranked in the following order, from great-
est to least: period, waveform, peak voltage, and loading
time. By contrast, the degree of influence on ionization
efficiency followed this order, from greatest to least:
waveform > period > loading time > peak voltage. The
recommended parameter combination for achieving a
high material removal rate is A;B;C,D,, whereas the
parameter combination recommended for achieving
high current efficiency is A;B;C,Ds.

The analysis revealed that the combination of process
parameters resulting in reduced surface roughness and

Periods

SWIOJOABM
Loading time
SWLIOOABAMN

Periods

high current efficiency was A;B;C,D,, whereas the com-
bination of process parameters leading to a high mate-
rial removal rate was A;B;C,D;. It is important to note
that the above-mentioned process parameter combina-
tions were determined with a focus on optimising a sin-
gle index each. For a more comprehensive perspective,
the average degree of correlation for each level of process
parameters was calculated by averaging the correlation
values corresponding to the same factor and level. This is
illustrated in Table 7, where the average correlation value
for A, (250 V), for instance, is calculated by averaging
the correlation degrees from groups 1-3 of the tests, as
detailed in Table 6. Table 7 displays the resulting average
degree of correlation for each level of PUP-PEP param-
eters (peak voltages, waveforms, periods, loading time).
The process parameters combination for PUP-PEP was
determined by comprehensively considering the values
of surface roughness, material removal rate, and current
efficiency. As shown in Figure 16(a), the experimental
results were closest to the ideal when the peak voltage
was 250 V (level 1), the voltage waveform was triangular
(level 3), the period was 0.5 s (level 1), and the machining
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Table 7 Average correlation degree of each level of process

parameters

Serial Level 1 Level2 Level3 Range Factors

number

A 0.664 0577 0.570 0.094 Peak voltage (V)

B 0478 0.521 0812 0334  Waveforms

C 0.745 0518 0.550 0227 Periods (s)

D 0.529 0.613 0.644 0.115 Loading time (min)

time was 3 min (level 3). Therefore, these values were
chosen as the experimental parameters for PUP-PEP.
Additionally, from Figure 16(b), it can be observed that
the order of the impact magnitude of the four factors on
the experimental results is as follows: waveform, period,
loading time, and peak voltage.

4.3.2 Verification of Optimal Process Parameters

Experimental verification was conducted using the
optimized process parameters. The surface topogra-
phies of the workpiece before and after polishing are
illustrated in Figure 17(a) and (b), respectively. The
workpiece surface became noticeably smoother and
flatter following the polishing process. The initial sur-
face height difference of the workpiece, which stood at
69 pm, was substantially reduced to 14 pm, as depicted
in Figure 17(c) and (d). Moreover, the section profile of
the workpiece surface appeared remarkably uniform.
Figure 17(e) highlights that within a 3-min timeframe,
the surface roughness was reduced from its initial R,
7.39 ym to R, 0.78 pum. By contrast, traditional PEP
required 10 min to reduce the surface roughness of
the workpiece from R, 6.9 pm to R, 1.1 pm, as shown

Peak voltage | cver1

 lLevel 2
Level 3

—_
QD
-

Loading time
SWLIOJOARAN

Periods
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in Figure 9. In comparison to traditional PEP, PUP-
PEP can enhance polishing efficiency by a minimum of
233%.

Similarly, the material removal rate of PUP-PEP is
37.12 um/min, which is 7.77 times that of the tradi-
tional PEP, as shown in Figure 18. Furthermore, under
the optimised process parameters, the polishing cur-
rent efficiency of PUP-PEP was significantly higher
(72.24%) than that of the traditional PEP. However,
there are limitations to optimising the process param-
eter combination using this approach, namely, the fixed
range and levels of the process parameters. Despite
this, it significantly improved the polishing efficiency
and surface quality, providing a valuable reference for
the extended application of PEP.

The impact of waveforms on the surface roughness
and material removal rate is substantial, with the tri-
angular waveform voltage demonstrating the most
favourable trade-off between the quality and efficiency
of the machined surface. This is because the duration
of the electrolysis (E) mode for the triangular wave-
form voltage was longer than that of the PEP (P) mode
in one period, as shown in Figure 19(a). However, the
voltages of the square and sinusoidal waveforms essen-
tially experienced the same duration of electrolysis and
PEP modes in one period, as shown in Figure 19(b) and
(c). Material removal during PUP-PEP relies primar-
ily on electrochemical reactions. The triangular wave-
form voltage affords a longer electrochemical reaction
time, leading to improved polishing surface quality and
efficiency compared with square or sinusoidal wave-
forms. Of course, this does not mean that the longer
the proportion of electrolytic time, the better, because
the PEP mode also needs a certain amount of time to

° e
N W
o o

) Peak voltage Waveforms Periods Loading time

Factors

Figure 16 The correlation of process parameters to experimental results: a Average degree of association for each factor level and range, b Range

of correlation coefficient
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Figure 17 Polishing effect of workpiece surface under optimal process parameters: a SEM image of the initial surface, b SEM image of the surface
after polishing, € 3D topography of the initial surface, d 3D topography of workpiece surface after polishing, and e Section profile of workpiece

surface before and after polishing

completely remove the electrolytic products generated
in the electrolytic mode.

The findings of this study unequivocally demonstrate
that PUP-PEP serves as an effective means to enhance
the surface quality of a workpiece. However, it is
important to note that the achieved surface roughness
through this processing method does not necessarily
represent the final state, as there exists potential for
further reduction in the workpiece’s surface roughness
value. As shown in Figure 20(a) and (b), by employing

the PUP-PEP method, the workpiece’s surface rough-
ness can be swiftly reduced to approximately R, 1 um,
and this value can be further diminished through the
application of traditional PEP techniques. Realising the
full potential of PUP-PEP hinges on the precise control
of the output voltage waveform using a programmable
DC power supply. Consequently, following the comple-
tion of PUP-PEP, the control power supply can be used
to sustain the DC voltage output within the range of
250 V-400 V, facilitating the continuation of PEP on
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Figure 18 Comparison of the polishing effects between PUP-PEP
under optimized parameters and traditional PEP

the workpiece, as shown in Figure 20(d). This sequen-
tial process is expected to achieve the final finishing of
the workpiece’s surface. For instance, transforming the
voltage to 250 V and continuing the polishing process
for 3 min can reduce the workpiece’s surface rough-
ness from R, 0.78 pym to R, 0.27 um, as shown in Fig-
ure 20(b) and (c).

5 Conclusions

In this study, a novel surface machining technology, PUP-
PEP, was introduced. It can efficiently achieve a high sur-
face quality for workpieces with high surface roughness.
The key conclusions are as follows:

(1) PUP-PEP combines the electrolytic and PEP modes
by coordinating the output voltage. As a result,
PUP-PEP seamlessly integrates the benefits of
the electrolytic mode, which offers high material
removal efficiency, with the PEP mode, provid-
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ing a high surface quality. During the electrolytic
mode, the electrolyte and workpiece undergo an
electrochemical reaction, which removes materials
with high efficiency. In the PEP mode, the fluctu-
ates of VGE, and the plasma discharge result in the
removal of electrolytic products, thereby reducing
workpiece surface roughness.

(2) The voltage waveform plays a crucial role in deter-
mining surface roughness, material removal rate,
and current efficiency. Modifying the voltage wave-
form increases current density during the PUP-PEP
process, with the triangular waveform proving to
be the most effective. This is due to the workpiece
spending more time in the electrolytic mode under
the triangular waveform voltage, resulting in a
higher current density and exceptional polishing
performance.

(3) Under the optimal PUP-PEP process parameters,
the surface roughness of the workpiece can be
reduced from R, 7.39 pm within the first 3 min
dropped to R, 0.78 um. Continuing to polish the
workpiece under the DC voltage stabilization con-
ditions for 3 min can reduce the surface roughness
of the workpiece to R, 0.27 um. This study estab-
lishes PUP-PEP as an effective method for machin-
ing workpieces with initially high surface rough-
ness.

The proposed PUP-PEP has demonstrated excep-
tional performance in terms of efficiency and surface
quality. It has a great potential to replace conventional
rough-finish machining processes, e.g., cutting-grind-
ing-finishing, which is commonly used in post-process-
ing for near-net fabrication processes.
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Figure 19 Polishing current signals under different voltage waveforms: a Triangle wave, b Square wave, ¢ Sine wave (E and P stand for electrolysis

and PEP, respectively)
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Figure 20 SEM images of workpiece surface at different processing stages: a Initial surface morphology, b PUP-PEP processing for 3 min, c

Continued PEP processing for 3 min, d Voltage and current signals
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