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Abstract

Inorganic electrolytes are commonly used in commercial electropolishing. However, interest in eco-
friendly electrolytes is on the rise. This investigation presented how electropolishing with choline
chloride, an eco-friendly electrolyte, affects the molar ratio of ethylene glycol and applied potential.
Electrochemical experiments were conducted in natural seawater on stainless steel electropolished
under ideal conditions. The passive current density increased as the ethylene glycol molar ratio rose
(1:1, 1:2, 1:3) in choline chloride. However, the plateau of the passive current density was most
clearly observable in a solution composed of choline chloride and ethylene glycol at a 1:2 molar
ratio. Electropolishing under optimal conditions reduced the surface roughness and height by 67.3%
and 90.5%, respectively, compared to mechanical polishing. The corrosion current density of the
mechanically polished and electropolished stainless steel was calculated as 0.35 ¢A/cm? and 0.01 1A
/em?, respectively, and the pitting potential was 286.08 mV and 410.11 mV, respectively.

Keywords: Stainless steel; eco-friendly electrolyte; Electropolishing; Sea water; Anti-corrosion

1. Introduction

Among the varieties of stainless steel, UNS 531603 has excellent corrosion resistance because it
forms a passive film in a corrosive environment. Therefore, it is widely used in high-value-added
industries, such as the shipbuilding, marine industries, petroleum, chemical plants, biomedicine and
food companies [1]. Generally, the stainless steel used in industrial fields has a rough surface because
it is mechanically polished [2]. Accordingly, problems with mechanically polished stainless steel
include the formation of fine grooves, creation of a corrosive environment (potential difference due
to impurities) and development of fatigue due to stress concentration [3]. In particular, passive films
on surfaces containing impurities are prone to local corrosion in marine environments. Stainless steel
used in marine environments often undergoes additional surface treatment after mechanical
polishing to prevent such problems.

Common surface treatments for stainless steel include acid pickling, passivation and
electropolishing, which improves corrosion resistance using inorganic nitric acid [2]. Corrosion
resistance can be improved by changing the chemical composition, microstructure, and thickness of
the passive film. However, the research using eco-friendly electrolytes is currently underway due to
the disadvantages of surface treatments that use acid, such as environmental issues, handling risks,
environmental corrosion, low current efficiency and extensive gas generation [4]. In particular,
among the various surface treatments, electropolishing has various advantages, such as improved
corrosion resistance, a gloss-formation effect, surface cleanliness due to the removal of fine burrs,
reduction of bacterial growth and removal of surface stress and deformation [5]. Accordingly, the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2304.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025 d0i:10.20944/preprints202506.2304.v1

2 of 24

electropolishing has been applied to automobile parts, pharmaceuticals, medical care (surgical
instruments, dental instruments, needles, implants, etc.), semiconductors, and more [6].

W. Han et al. electropolished UNS 531603 using an NaCl-based, eco-friendly electrolyte [2]. C.
Rotty et al. compared and analyzed the effects on UNS S31603 of different manufacturing methods
after electropolishing with an eco-friendly electrolyte based on ChCl (choline chloride) [7]. A. Kityk
et al. compared the electrochemical characteristics of manganese stainless steel after electropolishing
with a deep eutectic solvent (eco-friendly electrolyte) [8]. According to H. K. Hwang et al., among the
various factors that determine the outcome of electropolishing (electrolyte composition ratio,
processing time, applied current density or potential, temperature, etc.), the electrolyte composition
ratio has the most significant effect [9]. Although various eco-friendly electrolytes have thus been
investigated, no articles have examined the composition ratio of eco-friendly electrolytes.

Therefore, based on the work of C. Rotty et al. and A. Kityk et al. [7,8], the eco-friendly electrolyte
selected for use in this investigation was a mix of choline chloride and ethylene glycol, which has the
best electropolishing effect among deep eutectic solvents. The effects of electropolishing using this
substance were evaluated in relation to changes in the molar ratio of ethylene glycol and applied
potential (as determined by the passive current density)

2. Experimental Method

2.1. Specimen

In this research, austenitic stainless steel, UNS 531603 was used. Its chemical composition is
16.70 wt.% Cr, 0.012 wt.% N, 2.03 wt.% Mo, 10.19 wt.% Ni, 0.023 wt.% C, 0.60 wt.% Si, 1.05 wt.% Mn,
0.034 wt.% P, and 0.282 wt.% Cu; the balance is Fe. In general, the method used to evaluate the pitting
resistance of stainless steel is based on the pitting resistance equivalent number (PREN), and the
calculation formula is as follows [10].

PREN = %Cr + 3.3(%Mo+0.5%W) + 16%N (1)

The PERN of the stainless steel used in this examination was 23.6. This indicates resistance to
pitting and crevice corrosion in chloride-filled environments, such as seawater. In standard
specifications for oil and gas, which can cause enormous damage to life and the environment due to
corrosion in the marine environment, the stainless steel must have a PERN of 40 or higher [11].
However, the material used in this investigation was stainless steel, which is commonly used in the
marine industry and is applied to various targets, such as offshore plants and marine structures [12].
The specimen was processed while minimizing thermal deformation using a fine-cutting machine
supplied with coolant. The processed specimen was mounted with epoxy resin so that 4 cm? was
exposed. The mounted specimen was mechanically polished step by step up to emery paper #220.
Afterwards, it was ultrasonically cleaned with acetone and distilled water, completely dried in a
dryer for 24 hours, and then subjected to electropolishing.

2.2. Electropolishing

2.2.1. Electrolyte composition ratio

The electropolishing solution used was ethylene along with a deep eutectic solvent (DES)—i.e.,
an eco-friendly electrolyte —and it was produced by mixing choline chloride and ethylene glycol. The
molar ratio of choline chloride and ethylene glycol [C2HsO: (structural formula: HO(CH2)20H)] used
is shown in Table 1. The electropolishing solution was mixed at 70°C for 1 hour until it became
completely colorless.

Table 1. Electrolyte compositions (Deep Eutectic Solvents, DES) for electropolishing.

Unit Level (Molar Ratio)
Choline Chloride (ChCl), 99 %/w 1:1 1:2 1:3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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: Ethylene glycol (EG), 99 %/w

2.2.2. Electrochemical experiment

The electrochemical experiment used a 3-electrode cell, and a silver/silver chloride (Ag/AgCl-
saturated, 3.3-M KCl) electrode and platinum mesh electrode were used as the reference and counter
electrodes, respectively. First, as a preliminary investigation of the electropolishing conditions, the
electrochemical characteristics were analyzed in ethylene through potentiodynamic polarization
experiments on stainless steel. In this experiment, the applied potential was from 0 to 4.5 V (vs. open-
circuit potential) after an initial delay time of 30 minutes at 70°C. The electropolishing was conducted
using potentiostatic polarization experiments, which provide potential standards.

The electrochemical characteristics were compared and analyzed by performing
potentiodynamic polarization experiments and potentiostatic polarization experiments in seawater
before and after electropolishing. Table 2 presents the components and characteristics of the natural
seawater. The potentiodynamic polarization experiments were performed at a scanning rate of 1
mV/s from —0.25 to 0.65 V based on the open-circuit potential after an initial delay of 30 minutes at
40°C. In addition, electrochemistry impedance spectroscopy experiments were performed at a
frequency of 100 kHz to 0.01 Hz and an amplitude of 10 mV.

Table 2. Chemical compositions and characteristics of sea water (wt%).

Main Component (mg/L) Dissolved Electric
pH Oxygen Conductivity
2- 1- + K+ 2+ 2+
SOs C Na Mg Ca (mg/L) (mS/cm)
1746 15721 8401 344 1121 357 7.9 16.1 45.3

2.2.3. Specimen surface analysis

The specimen’s phase and surface characteristics before and after electropolishing were
analyzed using an X-ray diffractometer (XRD). The 26 range was 30° to 80, respectively, with a step
size of 0.02° and a scan time of 1.0 sec/step under the Cu Ka condition of A = 1.546 A. The phase was
analyzed by comparing the obtained XRD data and ICDD data files. The electropolished surface was
evaluated using a 3D laser microscope and a scanning electron microscope. In addition, surface
observations to determine corrosion resistance were conducted using 3D laser microscopy, field
emission scanning electron microscopy, and energy dispersive spectroscopy (EDS).

3. Experimental Results and Considerations

3.1. Surface treatment and analysis

Figure 1 presents the results of a surface analysis of mechanically polished stainless steel
conducted using a scanning electron microscope (a) and a 3D profile of the sample (b). The surface
was rough, and many fine burrs and defects were observable. The surface roughness and the height
difference between the mountains and valleys were calculated as 0.614 ym and 6.13 1m, respectively.
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Figure 1. SEM images (a) and 3D profile (b) after mechanical polishing for UNS 531603.

Figure 2 presents the results of the potentiodynamic polarization experiment in the eco-friendly
electrolyte (choline chloride: ethylene glycol = 1:1). In order to magnify and examine each area, the
X-axis range was reduced to 0.02-0.04 A/cm?.

The characteristics relevant to electropolishing in each area are as follows [13]. Area 1 is an active
dissolution reaction area where corrosion damage occurs. Area 2 is a passive region, and the current
density is slightly lower. This is because a passive oxide film is formed on the surface of the specimen
used as the anode. Area 3 is a section in which the passive film remains stable and displays a low
current density. Area 4 is a transpassive section in which the current density increases rapidly as the
potential increases. In this area, corrosion occurs due to the destruction of the passive film, and
oxygen is generated during the dissolution process.

Electropolishing should be carried out in the potential region where the passive film remains
stable, and the surface tends to become flatter at high potentials within the passive current density
[14]. Based on this, a potentiodynamic polarization experiment with the molar ratio of ethylene glycol
was conducted to investigate the effect of the ethylene glycol on electropolishing outcomes.

Figure 3 shows the results of the potentiodynamic polarization experiment with the ethylene
glycol molar ratio at 70°C. The open-circuit potential was similar in all mixing conditions, at about —
0.27 V. However, the molar concentration of the ethylene glycol exhibited differences in the passive
current density value, current density plateau period (@-@®), pitting, and oxygen generation
potential. The passive current density value increased with a higher ethylene glycol molar
concentration. When the ethylene glycol molar ratio was 2, the passive plateau period was at its
longest and the pitting potential at its highest. The passive current density value and stability period
represent the characteristics of the passive film. From a corrosion perspective, given the same
potential, a larger passive current density value corresponds to a less stable passive film, resulting in
lower corrosion resistance [15]. However, from the perspective of electropolishing, the larger the
passive current density value, the faster the uneven surface can be dissolved, and the faster the
process can be completed [7]. Grimm et al. reported that electropolishing is performed through a
mechanism facilitated by a duplex salt film created on the metal’s surface [16]. The salt film is created
by the reaction between cations (Fe%, Cr3*, Mo¥, etc.) in the substrate and anions (OH-) in the solution.
It is believed that as the concentration of ethylene glycol increases, the number of anion particles also
increases, thereby promoting a dissolution reaction in the cations to create a salt film. As a result, it
is thought that the increase in the passive current density values promotes the dissolution reaction in
the cations due to the increased ethylene glycol concentration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Current density-potential curve for electropolishing.
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Figure 3. Potentiodynamic polarization curves for UNS 531603 with DES composition (D: Active potentials, @:
Initial of plateau potentials, (3): Middle of plateau potentials, (@): End of plateau potentials, ®: Transpassive

potentials for electropolishing.

The plateau period of the current density is reached when the chemical reaction forming the salt
film is saturated (suppressing the cation dissolution reaction of the substrate), and this is because a
small number of cations and anions are stably diffused into the electrolyte [16]. Electropolishing
removes protrusions, so stable diffusion is required, and the dissolution reaction of the substrate
must be suppressed as much as possible. For this reason, electropolishing is performed in a passive
(current density stable) period [17]. The longer the plateau period of the current density, the more
stable the salt film, and the better the conditions for controlling diffusion. It is supposed that the
stability of this salt film affects the pitting and oxygen generation potential. Therefore, in the case of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2 moles of ethylene glycol, the stability of the salt film is judged to be the best because the current
density’s plateau period is the longest.

To investigate the effect of electropolishing on the stability of a salt film, electropolishing was
performed at 70°C for 20 minutes with potential conditions (D—(5), which were calculated based on
of the potentiodynamic polarization experiment displayed in Figure 3.

Figure 4 displays the current density over the electropolishing time and the surface after
electropolishing. The same current density pattern in the applied potential was observed in all
electrolyte conditions. In the two lowest potential conditions (D, @), the current density over time
initially increased rapidly and then exhibited a stable value as it decreased. In the case of the
intermediate potential condition (®), the current density initially decreased rapidly and then
remained constant. The current density in the two highest potential conditions ((4) and (5)) decreased
sharply and then exhibited a constant value as it increased.

For the second-lowest potential condition among all the electrolyte conditions, gloss was
observed only at 1 mole of ethylene glycol. Afterwards, under conditions above the intermediate
potential, all electrolytes exhibited gloss.

However, under the two highest potential conditions (@, (®), both damage and gloss were
observed. Differences were observed in the current density value and surface conditions maintained
during the potentiostatic polarization experiment at potential @—@® within the passive section. This
difference was due to the passive film on the metal’s surface [18]. The higher the potential, the more
electromagnetic fields formed in the passive film [18]. This electromagnetic field affects the chemical
structure coordination number of the passive film and the distance between atoms in the metal. A
slight change in the coordination number affects the diffusion rate of ions and oxygen, thereby
changing the thickness of the passive film. It was believed that differences in current density and
surface condition emerged because the surface resistance characteristics were different due to the
various passive film thicknesses.

Figure 5 displays an image and the height difference between the mountains and valleys using
a 3D laser microscope after electropolishing with the applied potential. In all electrolyte conditions,
the height difference between the mountains and valleys was observed to follow the same pattern:
increasing after decreasing as the potential increased. For all electrolytes, under potential condition
@, grain boundaries were distinguished (2D image) on the surface, looking like products of etching.
Accordingly, other researchers have identified the active dissolution reaction region as the etching
region in electropolishing [19,20]. The mountains and valleys on the surface (3D image, profile)
clearly exhibited a difference in height due to this damage (etching). Afterwards, the height difference
between the mountains and valleys decreased until (3. It is believed that the current density in the
dissolution reaction had a dominant effect on the mountain sites, decreasing their height. This is
because the current density is inversely proportional to the diffusion layer’s thickness, in accordance
with Equation (2) [21].

i ="Lexp (-2 (2)

(i: current density, Do: exponentail pre-factor, n : molar of the total charge on ion, F : Faraday
constant, C : saturation concentration of metal in the solution, &: thickness of anodic diffusion layer,
Q. : activation energy for diffusion, R: gas constant, T: the absolute temperature.)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. 2D, 3D image, and height between mountain and valley after electropolishing with DES composition
for UNS S31603.

It is supposed that the diffusion layer of mountains was relatively thin compared to that of
valleys, creating a high current density and thereby promoting a dissolution reaction in the

mountains. From @ to ®, the height difference between the mountains and valleys increased. This
is thought to be a result of surface damage before and after the pitting potential. Comprehensively
comparing @ to @ for all electrolyte conditions, the applied potential was similar, but the damage

degree became more evident as the concentration of ethylene glycol increased. It is thought that the
increase in ethylene glycol concentration increased the current density (Figure 3) in the active area,
thereby increasing the damage. In the case of (3, within 2 moles and under all electrolyte conditions,
the height difference between the mountains and valleys is the smallest. Accordingly, the surface
electropolished under the 1-mole condition was less polished, but under the 3-mole condition, it is
believed that the height difference between the mountains and valleys increased due to surface
damage. Similarly, when conducted at potential (4) under all electrolyte conditions, it is thought that
the electropolishing created a relative excess of energy, resulting in an increase compared to case (3).

Figure 6 presents the results of surface observations conducted after electropolishing relative to
the applied potential and the surface roughness (Ra) of the profile in Figure 5. The behavior of the
applied potential in 1 mole of ethylene glycol was as follows. In the case of condition @, the metal
surface was damaged by a dissolution reaction, and relatively high roughness was observed.

Accordingly, grain boundary boundaries were observed. In condition @, the grain boundary
grooves decreased, and the surface became flat, reducing the roughness [22]. In conditions 3 and
@, the surface was smooth, and no change in roughness was clearly observed. However, in the case

of condition (®, the roughness actually increased as a hemispherical pit occurred.
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Figure 6. Surface morphology and roughness after electropolishing with DES composition for UNS 531603.

In the case of 2-mole and 3-mole ethylene glycol, the damage pattern of the applied potential
exhibited a similar trend. When electropolishing at the lowest potential (@), pitting damage and

intergranular corrosion were observed [22]. In condition @, only grain boundary damage was
observed. This is thought to be because the viscous layer that controls the dissolution rate of
mountains and valleys does not form densely at potentials below average in the passive region [23].

The surface at ® was flat, with no obvious damage. Additionally, although no clear difference was

observed in the surface shape under condition @ compared to 3, the surface roughness decreased.
The electropolishing process suppresses changes in crystallographic orientation due to the
microsmoothing mechanism, so it is believed that the surface microstructure would change as well
[24]. T. Hryniewicz et al. reported that in the case of electropolishing performed at pitting and oxygen
generation potentials, oxygen molecules adsorbed by a high magnetic field formed a denser
hydroxide layer on the metal surface [25].

Figure 7 compares the height difference between the mountains and valleys (a) and the surface
roughness (b) after electropolishing. The height difference and surface roughness were compared to
select the optimal conditions among those tested in this investigation (i.e., in the comparison of
corrosion resistance before and after electropolishing). Conditions ® and @ of the 2 moles were

excellent height difference and surface roughness values.
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Figure 7. Height (a) and roughness (b) comparison graph after electropolishing with DES composition for UNS
531603.

Because surface roughness was evaluated based on the central area of each specimen, the
roughness under @ was calculated as lower than that under 3. However, when comparing the
appearances of the stainless steel (Figure 4), some damage was observed at the edge of the specimen
in @. Therefore, the optimal condition for electropolishing was determined as condition (3) in this
research. The detailed conditions for this setup are displayed in Table 3.

Figure 8 indicates the XRD analysis results after mechanical polishing and electropolishing. In
general, the size of the diffraction peak is determined by the orientation of the crystal structure. Since
the diffraction peak value increased after electropolishing, it is believed that the crystal orientation
changed due to microsmoothing —a mechanism involved in electropolishing —as indicated in Figure
6. In addition, after the electropolishing, the diffraction peak value of the (111) (200) (220) crystal
plane was crystallographically uniform. This means that the surface was flattened because a surface
dissolution reaction occurred during electropolishing, which was the cause of the gloss effect. An
o'martensite diffraction peak corresponding to 44.6° was observed on plane (111) during the
mechanical polishing, but it was removed after electropolishing. In the case of UNS 531603, which
has a relatively low nickel content, phases other than austenite may exist [26]. It is believed that the
metastable austenite phase transformed into other phases due to changes in microstructure during
the manufacturing process and mechanical polishing [27,28]. Therefore, as the deformed
microstructure was removed during electropolishing, the austenite phase became clear and the
diffraction peak value increased.

Table 3. Optimal conditions for electropolishing of UNS S31603.

Electrolyte Composition (Molar Ratio) Voltage Temperature Process Time
ChCl:EG=1:2 24V 70 °C 20 minutes

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. XRD analysis with electropolishing.

3.2. Electrochemical experiment

Figure 9 presents the potentiodynamic polarization curve in seawater at 40°C after mechanical
polishing and electropolishing. The corrosion potential (Ecor.) and corrosion current density (Ieorr.) of
the mechanically polished stainless steel were calculated as —225.83 mV and 0.35 zA/cm?, respectively.
The corrosion potential and corrosion current density of the electropolished stainless steel were
recorded as —58.15 mV and 0.01 zA/cm?, respectively. After electropolishing, the corrosion potential
increased by 74.25%, and the corrosion current density decreased by 97.14%. The corrosion potential
refers to the time at which corrosion begins; the corrosion potential after electropolishing indicated a
nobler value, so it can be concluded that the initial corrosion was delayed [29]. Corrosion current

density refers to the corrosion rate of the same material under Faraday’s law [Equation (3)] [30].

. 0.13 xi AJ/cm? xB.W
Corrosionrate = corr. (k4] > ) 3)
Density(g/cm#)

(E.W: Equivalent weight)

Accordingly, it is believed that the corrosion rate was reduced by 97.14% after electropolishing.
In addition, the polarization resistance calculated using Equation (4), which implements the Tafel
slope and corrosion current density, were 96.36 kQcm? and 2153.97 kQcm? for mechanical polishing
and electropolishing, respectively [31].
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Figure 9. Potentiodynamic polarization curves and electrochemical parameters.
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Polarization resistance refers to resistance to oxidation reactions. After electropolishing, the
polarization resistance increased by about 2,100%. The pitting potential, which indicates pitting
resistance, was calculated as 286.08 mV and 410.11 mV before and after electropolishing, respectively,
and the pitting resistance also improved significantly. In general, damage to metals with passive
characteristics starts at foreign matters and defects in the passive film. After electropolishing,
corrosion resistance and pitting resistance are improved, so the surface is very clean, and the passive
film is strong, with few defects [32]. Potentiostatic polarization experiments were performed to
investigate the pitting growth and behavior in seawater before and after electropolishing.

Figure 10 presents the results of the potentiostatic polarization experiment and the visual
observation. In the case of mechanical polishing, the current density initially decreased rapidly and
then increased steeply for 100 seconds. The current density gradually increased from 100 to 600
seconds and was maintained at 12.86 mA/cm? until the end of the experiment. In the case of
electropolishing, the current density decreased for 175 seconds, gradually increased for 300 seconds,
and then increased rapidly for 450 seconds. Afterwards, the current density gradually increased, and
the experiment ended at 6.35 mA/cm?. The reason for the increase in current density is thought to be
the growth of stable pitting due to the destruction of the passive film. In particular, for mechanical
polishing and electropolishing, the stable growth in pitting (blue arrows) was determined as 11
seconds and 175 seconds, respectively, and it can be seen that electropolishing delayed the pitting
growth. Additionally, the pitting growth was suppressed during the electropolishing because the
current density was lower than that in the mechanical polishing. Localized corrosion was observed
in the center and edges of the mechanically polished stainless steel. However, damage to the
electropolished stainless steel occurred only at the edges. M. Momeni et al. determined that the
number and size of metastable pits is based on the current density before stable pitting growth [32].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2304.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025 d0i:10.20944/preprints202506.2304.v1

14 of 24

Corresponding to the results of other research in this field, in this electropolishing experiment, the
current density before the stable pitting growth was lower than that resulting from mechanical
polishing, which explains the number and size of metastable pitting pits.
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Figure 10. Potentiostatic polarization curves and appearance at 0.35 V (vs. Ref) in sea water with

electropolishing.

Figure 11 exhibits a 3D profile of the results of the potentiostatic polarization experiment. The
width and depth of the damage to the center area and crevice resulting from mechanical polishing
were 334.40 ym /112.66 m and 301.74 ym /117.10 pm, respectively. In the case of electropolishing, the
corresponding values were 34.96 ym / 43.31 ym and 251.60 m / 116.10 um, respectively. Thus, after
electropolishing, the width and depth of damage in the center area were significantly reduced, and
the damage width in the crevice area was reduced by 50.14 um; however, there was no significant
difference in the depth of the damage.
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Figure 11. 3D profile after potentiostatic polarization experiment at 0.35 V (vs. Ref.) in sea water with

electropolishing.

Figure 12 displays the results of the scanning electron microscopy that followed the
potentiostatic potential polarization experiment. In the center area, the pitting from mechanical

polishing was divided into areas @ and ®. Damage in the depth direction was observed in the

pitting in @ due to the self-propagation process caused by chloride ions. Chlorine ions have a high
absolute value of Gibbs energy, so it is easy for them to hydrate the passive film, and their particle
size is small, so they easily penetrate the passive film and cause surface damage [33]. Due to this
damage, the grain boundaries of austenite microstructure were observed. An enlarged photo of the
pitting edge can be seen in (®), where the damage (marked in a square) takes the shape of a lace. This
shape indicates the risk that localized corrosion presents as like pitting and undercuts [34]. The pitting
from electropolishing was smaller than that caused by mechanical polishing, but the shape was
similar. Therefore, it was proposed that the damage mechanisms of electropolishing and mechanical
polishing are similar.
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Figure 12. SEM analysis after potentiostatic polarization experiment at 0.35 V (vs. Ref.) in sea water with

electropolishing (Hatched area: sea water, Allow: Direction of crevice progression).

The results observed in the crevice area, which is the edge in mechanical polishing, are as follows
[35]. The hatched area represents the solution, and the arrow indicates the direction of crevice-
corrosion expansion. Inarea @), it was difficult to be initially ion exchange with the external solution,
so crevice corrosion began. Afterwards, the critical size for crevice corrosion was exceeded, and ion
exchange with the outside became easy, so the pitting grew in the depth direction, and a relatively

smooth surface was observed. The surface of area ® looks like a step morphology, indicating that

crevice corrosion has expanded. Area (© is the opposite region with the hatched area. Where
metastable pitting is clearly observed, it indicates the possibility of expanding crevice corrosion. In
particular, when the critical size for crevice corrosion is exceeded, metastable pitting is not observed,
and crevice corrosion no longer extends in the width direction. During the mechanical polishing
within same time, most of the expansion of the crevice corrosion occurred, and only a slight amount
of metastable pitting was observed. However, in the electropolishing, the crevice corrosion was less
extensive, and the metastable pitting was clearly expressed. Therefore, the crevice corrosion process
in the case of electropolishing was suppressed. In this investigation, the chemical composition of
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inside the damaged and other areas was analyzed to determine the cause of the delay in pitting after
the electropolishing.

Figure 13 indicates the results of an EDS analysis the damaged parts and other areas after
potentiostatic polarization experiment in mechanical polishing and electropolishing. Generally,
during the stainless steel manufacturing process, annealing is performed to remove internal stress or
release internal impurities (Mn) to the outside [36]. Manganese is released to the outside because
manganese (Mn) and sulfur (S) combine to form impurities in MnS, which causes the nucleation and
growth of pitting [37]. In addition, when MnS is dissolved, sulfur is released, and manganese is
adsorbed, suppressing repassivation and promoting localized corrosion [37]. In the case of
mechanical polishing, the manganese content inside the damaged area and other areas were 3.39 wt%
and 1.20 wt%, respectively. However, the manganese content inside the damaged area and other
areas of the electropolished stainless steel were 1.50 wt% and 1.08 wt%, respectively. This
phenomenon can be interpreted in two ways. First, it is possible that the manganese that has not yet
been released during the annealing process was removed by electropolishing [36]. Second, it is
believed that manganese adsorption was suppressed during MnS dissolution due to the dense
viscous layer formed after electropolishing [37].
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Figure 13. EDS analysis after potentiostatic polarization experiment at 0.35 V (vs. Ref.) in sea water with
electropolishing.

Figure 14 presents a Nyquist plot (a), Bode plot (Bode —impedance (b), Bode —phase angle (c)),
and equivalent circuit (d) constructed based on the results of electrochemistry impedance
spectroscopy applied after immersion in seawater for 24 hours. The parameters after the equivalent
circuit were fitted are shown in Table 4. The Nyquist plot (a) expresses the dissolution reaction
occurring at the interface between the stainless steel and electrolyte. In general, the larger the radius
of the capacitance arc, the better the corrosion resistance, so it can be inferred that the corrosion
resistance was improved after electropolishing [38,39]. The Bode plot indicates that the impedance
value and phase angle after electropolishing were large at all frequencies. Therefore, a stable and
dense passive film was formed by electropolishing. Finally, to analyze the detailed electrochemical
characteristics before and after the electropolishing, an equivalent circuit model (d) was fitted using
EC-Lab software. Rs, R, and CPEar are the resistance of the electrolyte (sea water), charge transfer
resistance, and capacitance of the electric double layer, respectively. Since the capacitance measured
in the equivalent circuit was often suboptimal, the constant phase element (CPE) was used instead of
capacitance [40]. The impedance of the CPE can be expressed as in Equation (5).

Z(CPE) =1/ [Yo(jw)"] (5)

(Yo: Fitting parameter(constant value), j:V-1, w: Angular fequency, n: Inductor parameter)

Table 4. Fitting parameters with electropolishing.

Rs Rct CPEdl n
(Q cm?) (kQ cm?) (x 10 Q1 cm? sn) «
Mechanical
echanica 13.8 438 43.51 0.89
polishing
Electropolishing 14.8 2196 16.21 0.92
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Figure 14. Impedance spectra and interface model with electropolishing.

Here, when nis 1, it is an ideal case, and CPE operates identically to Yo. However, in reality, n is
not 1, so it is expressed as CPE and n. The chi-square value, which indicates the fitness of the
equivalent circuit, was calculated as 7.65 x 10 — 8.85 x 10-3. Accordingly, the fitting line was accordant
with the experimental data (a). According to the Stern-Geary formula (Rt x r =K, r: corrosion rate, K:
constant, Re: charge transfer resistance), the corrosion rate is inversely proportional to the charge
transfer resistance. The charge transfer resistance of the stainless steel before and after
electropolishing was calculated as 438 k() cm? and 2196 kQ cm? respectively, and the corrosion
resistance was significantly improved after electropolishing. CPEai is determined by the thickness
(migration index) of the corrosion layer, and accordingly, the smaller the CPEdI, the stabler and
denser the passive film. Since CPEa was small after electropolishing, we can conclude that the ability
to form a passive film improved.

Figure 15 is a schematic diagram presenting electropolishing with ethylene glycol (EG)
concentration (a) and the corrosion resistance improvement mechanism by electropolishing (b). The
electropolishing mechanism in a mixed solution of choline chloride and ethylene glycol is as follows.
In this investigation, it is the preferential adsorption mechanism of shielding molecules proposed by
Change et al [41]. Accordingly, the model structure was expressed as solution, adsorbed shielding
layer, salt film, metal ions layer, and stainless steel. A solution mixing choline chloride and ethylene
glycol is similar to ionic liquids. Most ionic liquids exist in the form of cations and anions, which are
free charge carriers [42]. In particular, ethylene glycol acts as a hydrogen bond donor that promotes
charge delocalization [42]. Charge delocalization exists like an electron cloud, resulting in high
electrical conductivity. When electrical conductivity is high, it facilitates electron transfer in
oxidation-reduction reactions and thus promotes electrochemical reactions. As a result, it can be seen
that when the concentration of ethylene glycol is high, the electrochemical reaction is promoted.
Choline ions (Ch*) decomposed by chemical reactions are chemically adsorbed to the surface to form
a shielding layer [43,44]. And chlorine ions (Cl') react electrochemically with stainless steel to form
salt films such as iron chloride (FeClz), chromium chloride (CrCls), and nickel chloride (NiClz) [43,44].
In this way, the adsorbed shielding layer and salt film are created through an electrochemical reaction
of choline chloride (ChCl) with stainless steel. As a result, the high concentration of ethylene glycol
promotes the electrochemical reaction that forms the shielding layer and the salt layer, and these
layers (products) are formed in large quantities and become thicker [Figure 15(a)].
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Figure 15. Schematic diagram of the mechanism of electropolishing with ethylene glycol content (a) and for

improving corrosion resistance through electropolishing (b).

In Figure 15(b), the corrosion resistance improvement mechanism is shown as a strong passive
film and manganese removal effect. First, in the case of a passive film, the stainless steel containing
molybdenum forms a bipolar membrane in a corrosive environment [45,46]. Bipolar membrane
consists of an anion-selective layer [Cr(OH)s] and a cation-selective layer (MoOs). The cation-
selective layer releases internal hydrogen ions into the solution and blocks the entry of aggressive
anions into the solution. Additionally, oxygen ions diffuse to the metal surface through the anion-
selective layer, making the passive film stronger. Accordingly, after electropolishing, a thick bipolar
membrane (cation-selective layer, anion-selective layer) is formed. There are three reasons why it is
expressed like this. First, as a result of XPS analysis by other researchers, the content ratio of
molybdenum and chromium in the passivation film layer increased, thereby improving the formation
ability [47,48]. Second, as a result of the potentiodynamic polarization experiment, although it is the
same material, the passive film is formed strongly and densely, improving corrosion resistance.
Lastly, as a result of EIS, the charge transfer resistance increased significantly, so it is judged that the
passive film thickness increased. In addition, in the schematic diagram, the mechanical polishing
exhibited a concentrated distribution of manganese, while electropolishing presented a uniform
distribution. This was expressed due to the EDS analysis results in the pitting in Figure 13. In the case
of mechanical polishing, a larger amount of Mn content in the pitting was detected than in other
regions. However, the amount of manganese inside and outside the pitting was almost similar in
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electropolishing. Manganese is a factor that causes localized corrosion in the corrosion environment.
G. S et al. investigated corrosion behavior with manganese content in NaCl environments, and
reported that the corrosion rate accelerates as the manganese content increases [49]. Accordingly, it
can be seen that localized corrosion began in the region where manganese is concentrated in
mechanical polishing. In general, steels discharge impurities (manganese) to the outside or perform
normalization in order to remove this in the manufacturing process [36]. However, in mechanical
polishing, manganese was not yet discharged to the outside and was unevenly distributed. It is
considered that this manganese is selectively removed by electropolishing, and the surface is
homogenized, thereby improving pitting resistance.

4. Conclusion

This research investigated the effect on electropolishing of electrochemical characteristics with
ethylene glycol molar ratio based on choline chloride and applied potential change. The results are
as follows:

1. The open-circuit potential was observed to be similar at all molar ratios of ethylene glycol, at
approximately —0.27 V. However, the ethylene glycol concentration affected the value of the passivity
current density, the passive plateau period and the pitting potential.

2. As the ethylene glycol concentration increased, the passive current density increased.
However, in the case of 2 moles of ethylene glycol, the longest passive-plateau period was observed,
and the passive film was most stable and dense.

3. After electropolishing under optimal conditions, the corrosion current density was reduced
by 97.1% compared to mechanical polishing, and the pitting potential was significantly improved.

4. In EDS analysis result, the pitting resistance was improved by removing manganese not
released during the annealing process through electropolishing.

5. In EIS analysis result, the charge transfer resistance was higher by 401.4% after
electropolishing compared to mechanical polishing, and the corrosion resistance was significantly
improved. In addition, the impedance value and phase angle were improved, indicating that the
passive film was dense and stable.
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