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Abstract: This work presents the first practical application of ionic electrolytes for electropolishing
of nickel-based superalloys. It contains the results of an experiment-driven optimization of the
applied potential and electrolyte temperature during electropolishing of laser powder bed-fused
IN625 components containing surfaces oriented to the building platform under angles varying from 0
to 135°. For comparative purposes, the roughness profilometry and confocal microscopy techniques
were used to characterize the surface finish topographies and the material removal rates of IN625
components subjected to electropolishing in ionic and acidic (reference) electrolytes. After 4 h of
electropolishing in both electrolytes, a roughness of Ra < 6.3 um (ISO N9 grade number of roughness)
was obtained for all the build orientations. To elaborate, both electrolytes manifested identical
roughness evolutions with time on the 45° (75% Ra reduction) and 90°-oriented (65% Ra reduction)
surfaces. Although the roughness reduction on the 135°-oriented surface in the ionic electrolyte was
17% less than in the acidic electrolyte, the former provided a more uniform roughness profile on the
0°-oriented surface (30% Ra reduction) and 44% higher current efficiency than the acidic electrolyte.
This work proves that ionic electrolytes constitute a greener alternative to industrial acidic mixtures
for electropolishing of three-dimensional (3D)-printed parts from nickel-based superalloys.

Keywords: additive manufacturing; electropolishing; ionic electrolyte; surface finish; build
orientation; Inconel625

1. Introduction

Almost all three-dimensional (3D)-printed metal parts require surface finishing to meet
performance standards. Efforts to develop surface finish techniques for parts that are manufactured
by metal laser powder bed fusion (LPBF) technology are increasing exponentially. Examples of
such techniques include mechanical and vibratory grinding, sand blasting, chemical treatment,
chemical-mechanical and electrochemical polishing. Conventional mechanical polishing techniques
are limited in terms of access to internal cavities and channels of complex parts. Chemical polishing
of nickel alloys requires the use of strong and toxic acids, such as HF for example [1]. Furthermore,
chemical polishing is characterized by a low material removal rate and inability to eliminate all
LPBF-induced surface features. On the other hand, a successful removal of the LPBF surface features
using electropolishing (EP) with HC1IO4~CH3;COOH mixed acidic electrolytes has been demonstrated
on Ni-based superalloys IN718 [2] and IN625 [3]. However, the main drawbacks of conventional
electropolishing are the use of highly corrosive liquids, which may cause workplace-related health
issues and negative environmental impacts, and extensive gassing, which leads to poor current
efficiency [4].
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Ionic liquids (ILs) constitute a greener alternative to acidic electrolytes. The interest in ILs for
metal finishing and deposition applications has significantly developed since 1980 [5]. The beneficial
characteristics of green electrolytes are defined as follows [6]: in-flammability, low volatility, high-ionic
conductivity, low-vapor pressure, good thermal and electrochemical stability, ecological soundness,
and long aging time.

Imidazolium and pyridinium cations are the most studied salts in this context, but these salts
have not yet found industrial application because of their sensitivity to water and high cost [7].
The use of ILs composed of Sn, Zn and Fe metal ions mixed with quaternary ammonium salts is
proposed for large-scale metal finishing applications, such as metal deposition, since they are composed
of abundant chemical elements and manifest high air and atmospheric stability. Such electrolytes,
containing ethylene glycol as a hydrogen bond donor and choline chloride system, allow polishing 316
stainless-steel parts with high current efficiency [4,7].

Furthermore, it was demonstrated that a concentration of metal complexes in the ILs has a
limited adverse effect on the surface finish quality. For instance, in EP of 316 stainless-steel in an
ionic electrolyte [4], the electrodissolution of the surface metal elements results in the formation of
metal complexes, soluble in ionic electrolytes. When the concentration of these complexes exceeds
the saturation level, a solid residue is deposited at the EP cell. After that, the electrolyte solution can
be easily strained and refreshed for further EP cycles. During EP in acidic electrolytes however, it is
normally required to control the composition of an electrolyte solution during the process to obtain the
desired surface finish improvement. Examples are an addition of iron residues to the acidic electrolyte
solution for EP of 316 stainless-steel [4], or increasing the proportion of HF in the acidic electrolyte
composed of HF and H,SO, for EP of niobium [8].

Another beneficial use of ILs instead of acidic solutions for EP of metals and alloys is the limited
adverse effect of water content on the surface finish quality. Researchers ran the polishing process in an
open atmosphere at 40 °C and up to 5 wt.% moisture absorption and did not observe any deleterious
effect of the electrolyte history on the surface finish [4]. On the contrary, adding up to 10 wt.% of
water reduces the metal complex solubility in the electrolyte, and consequently promotes the film
precipitation at the anode surface. In addition, water in the ionic electrolyte decreases its viscosity,
while increasing its electrical conductivity [9].

Researchers studied various EP processes such as magneto-electropolishing using an externally
applied magnetic field [10], high-current density EP (EP 1000 and EP 2000) [11], and high-voltage EP
(up to 450 V) [12], showing improvements on the metal surface properties for special applications.
One study [13] showed that the composition of nano-coatings formed on alloys varies for different EP
processes, and hence, impacts their characteristics such as corrosion resistance and fatigue properties.
However, in the present work, a standard electropolishing process has been carried out using low
voltage EP (3-15 V) to compare the performances of an ionic electrolyte with that of an acidic electrolyte
used previously by Urlea and Brailovski [3].

It is known that optimizing the electropolishing conditions, such as the electrolyte composition
and temperature, current density and process time, can improve the micro-profile smoothing efficiency,
but to date, only a few reports on EP in ionic liquids have been made available to the public. As an
example, Rotty et al. studied electropolishing of laser powder fusion processed 316L stainless-steel
in an ionic mixture of choline chloride-ethylene glycol [14]. However, in this work, the effect of
build orientation on the EP efficiency was not studied. EP of aluminum, chromium and zinc alloys
using eutectic-based ionic liquids were also performed successfully [15], but to the best of the authors’
knowledge, electropolishing of nickel alloys in ILs has not yet been investigated.

To start filling the gaps discussed above, this work aims to optimize the EP of laser powder
bed-fused IN625 alloy in an ionic electrolyte. Furthermore, the present work also aims to provide an
example of EP allowances for 3D-printed IN625 parts.
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2. Experimental Setup

2.1. Materials EP Cell Setup and Design of Electrodes

All the experiments were carried out in a 1000 mL PYREX beaker. The EP setup was mounted to
carry out the current density (i) versus applied potential (V,) measurements. The operation temperature
was regulated using a PC-420D Corning stirring hot plate, with a Teflon temperature controller. 500 mL
of electrolyte (see Section 2.2 for electrolyte composition) was constantly agitated at a speed of 160 rpm
using a magnetic stirrer bar. A LabVEIW interface was used to adjust and record the applied potential
and the resulting electrical current using a Sorensen DLM 40-15 DC power supply. The EP setup design
provided a repeatable constant cathode-anode distance of 5 mm and a surface ratio of 2:1 throughout
this work.

The V-shaped cathode-anode arrangement, which had been proposed for EP of Ti-6Al-4V alloy
parts [16] (Figure 1), was used in this study. The electrodes were printed using an EOSINT M290 400 W
laser powder bed fusion system (EOS GmbH, Munich, Germany), IN625 powder (EOS) and the EOS
“IN718 Performance” parameter set (40 um layer thickness, PSW version 3.6). Post-processing stress
relief annealing of printed components was carried out for 1 h at 870 °C in argon atmosphere.

3
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Figure 1. (a) Electrodes arrangement (bottom view), (b) V-type cathode, (c) V-shaped anode (dimensions
in mm), adapted from Reference [3].

2.2. Green Electrolyte Preparation and Measurements of the Viscosity-Temperature Dependence

Ethylene glycol and choline chloride ionic liquid (HOC,H4N(CH3) z3+ Cl7) was chosen for the EP
experiments. In this work, the ionic liquid was produced according to the instructions provided in a
research for EP of 316 stainless-steel [4]. The eutectic mixture of choline chloride (ChCl) (Aldrich 99%)
and ethylene glycol (EG) (Aldrich 99%) was prepared by agitating the two solutions in a 1:2 volume
ratio at 75 °C until achieving a colorless 1ChCl:2EG mixture, after which the mixture was cooled down
atarate of 1 °C min~!.

Research [17] showed that low viscosity, and consequently, low current resistance, are required
for the best EP effect. In other words, increasing the electrolyte temperature will decrease viscosity
and, therefore, promote the fresh electrolyte supply, and encourage the selective dissolution of oxide
films, formed in lower valleys of the surface, thus resulting in enhanced EP performances.

The study of the temperature dependence of the 1ChCl:2EG electrolyte viscosity and electrical

conductivity in the 10 to 50 °C temperature range shows that the higher the temperature, the lower the
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viscosity, and the higher the electrical conductivity of the electrolyte [4]. Following this guidance, in
order to study the i-V, behavior of printed IN625 in the 1ChCl:2EG system, four temperatures (25, 30,
40 and 50 °C) were selected for this work. The viscosity-temperature graph shown in Figure 2 was
obtained using a Brookfield DV-II+ Pro viscometer fitted with a thermostat jacket and a stainless-steel
#66 spindle rotating at 20 rpm. The temperature of the 1ChCl:2EG mixture was regulated using a
PC-420D Corning hotplate with a Cat# 6795PR Corning Teflon temperature controller.

45
40
35 |

30

Viscosity (cP)

25

20
20 30 40 50 60

Temperature (° C)

Figure 2. Viscosity-temperature graph of the 1 choline chloride:2 ethylene glycol (1ChCI:2EG)
ionic electrolyte.

3. Experimental Procedure

3.1. i-V,; Measurements and Optimization of the EP Working Conditions

The EP working conditions were determined by measuring the i-V, dependence in the ionic
electrolyte. They were then compared with the EP working conditions in an acidic solution used
by Urlea and Brailovski [3]. During the i-V, measurements, a constant cathode-anode potential was
applied, starting from 1 V and increasing every 5 min. The 5 min interval was selected on the base
of preliminary testing, where the current density evolution with time showed a peak at the first 20 s,
followed by a decrease in the current density value to reach a steady level after ~5 min of exposure.
The anodic current density response (i) at a given operation temperature was plotted as a function of
the applied potential (V,), and the resulting diagrams are shown in Figure 3. The experiments were
carried out at four temperatures (25, 30, 40 and 50 °C) to study the correlation between the polishing
temperature and the EP working conditions. In should be noted that in this case, ohmic losses are
included in the V, data, given the absence of a reference electrode in the system. It should also be
noted that Urlea and Brailovski worked on the EP of LPBF IN625 parts using an acidic electrolyte,
and they showed that the best surface finish quality was obtained when a given constant potential
was applied instantly and not gradually at the beginning of the process [3]. The same EP starting
conditions were applied in the present work.
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Figure 3. Diagrams of the anodic current density as a function of applied potential at four EP operation
temperatures. The dashed line represents the minimum required anodic current density for this study.

The following information can be obtained from Figure 3:

V plateau range: As the temperature increases from 25 to 50 °C, a stable part of the i plateau, or
the polishing region, shortens from 4-7 V to 4-5 V. The characteristic constant current density
of the V plateau is controlled by the mass transport phenomenon and is independent of the
applied voltage.

Current density: As the temperature increases from 25 to 50 °C, the current density corresponding
to the i plateau increases from 13 to 22 mA/cm?. This is attributable to a decrease in viscosity
due to the increasing temperature, which leads to a higher current efficiency and current density
of the electrolyte, as discussed in Section 2.2.

Minimum allowable current density: According to the results of preliminary testing carried out
at temperatures of 25 and 30 °C in the applied potential range of 4,5 and 6 V (i ~ 14 mA/cm?), no
surface roughness improvements were observed. The reason could be that in these cases, anode
surface dissolution led to etching instead of surface polishing. To explain, electropolishing is able
to dissolve asperities (peaks) of the surface layer much faster than the surface of the micro-valleys,
resulting in overall improvement of the surface roughness. In contrast, electroetching does not
have such a selective capacity, ending up with no change or more roughness [2]. Therefore, the
current density of i ¥ 14 mA/cm? was defined as a minimum allowable current density for the
selection of adequate EP conditions.

i peak region: On the i-V graphs in Figure 3, an i peak was observed at 2 V, and the higher the
electrolyte temperature, the greater the peak. The nature of the current density peak before the
Vplateau region depends on the EP mechanism for the electrolyte system. In an ionic electrolyte
with the salt film mechanism, the i peak is related to the super-saturation of the forming salt on the
surface. In an acidic electrolyte with the passivation mechanism, the i peak is the characteristic
passivation response [18].

Negative i-V, relationship after i peak region: There exists a window of negative current
density-voltage relationship after the i peak, whereas there is no such behavior for EP in acidic
electrolytes. This can also be explained by the salt precipitation mechanism in the ionic electrolyte.
During EP, the salt film is formed at the bottom of surface pits. As the temperature rises, the
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i peak value increases, which is an indication of the super-saturation of the salt forming with
the dissolved metal ions. There could be easier ion transport through the salt layer because of
the higher electrical field across this layer. The concentration gradient of the metal ions across
the salt layer decreases after passing the voltage of the i peak region, resulting in a drop in the
current density value [19]. Afterwards, the concentration gradient of metal ions increases to
the V-plateau current density level and becomes saturated and constant through the plateau
region. The transition from the electrical current peak corresponding to the super-saturation of
the salt layer to the current density of the V plateau (equilibrium state) is discussed in detail in
Reference [20].

Based on these observations, two EP temperatures were selected, 40 °C and 50 °C, since their i
plateaus of 19 mA/cm? and 22 mA/cm? are above the minimum pre-established current density of
i ~ 14 mA/cm?. For these temperatures and current densities, the applied potentials correspond to
Va=4Vfor50°Cand V, =5V, for 40 °C. Next, preliminary validation EP tests were carried out at
40 and 50 °C on a selected IN625 sample with a surface roughness of Ra < 6 um. When optimum
applied potentials (Vopt) were applied (4 V for 50 °C and 5V, for 40 °C), mirror surface finishes were
obtained at both temperatures. When V, < Vpt, a purple-blue oxide layer appeared on the surface
(invariable Ra value), whereas when V, > Vo, milky surfaces containing several pits of over 150 um
in diameter were observed (increased Ra value), as can be seen on the samples polished under optimal
and suboptimal operation potentials (Figure 4). These results confirm the validity of the optimization
protocol used in this study:.

Figure 4. V-shaped samples polished at 40 °C: (a) Va < Vopt — purple-blue oxide layer on the surface,
(b) V, = Vopt — mirror surface finish, (¢) V, > Vopt — milky surface.

3.2. Roughness and Material Removal Measurements

First, all the electrodes were degreased with distilled water and put into an ultrasonic cleaner with
acetone for 20 min. After each test, the electrodes were cleaned with distilled water, then with ethanol,
and finally, air-dried. The roughness measurements, including the linear roughness average (Ra), the
root mean square (Rq) and the maximum profile height (Rz), were carried out using a Mitutoyo SJ-402
surface roughness tester and a 122AAB403 standard stylus (tip radius 5 pm). The ISO 1997 standard with
Ac = 0.8 mm and As = 2.5 um was applied for roughness calculations, having three measurements over
alength of 4 mm on each surface, with an additional 0.4 mm of pre- and post-travel. The measurements
were performed across the layers pile-up, except for the 0°-oriented surfaces, thereby resulting in all
the surface features being captured, as shown in Figure 5. The exposure time was 20 min for each test.
The initial and final height profilometry observations were carried out using an Olympus OLS4100
confocal microscope, over an area of 2500 x 2500 um? (MPLFLN 5X objective). The mass measurements
were performed using an Acculab L-Series LA-60 microbalance, with a 0.001 g accuracy.
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Side view 0° BO Concave side 0° surface
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Convex side
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Figure 5. Topography characterization positioning for stylus measurements (black arrows), confocal
microscope (orange rectangle), Coordinate Measuring Machine (CMM) (yellow rectangle). The surface
build orientations (BO) are indicated in the side view of the V-shape specimen, dimensions are in mm.

For the material removal measurements, a Mitutoyo Crysta Apex C S-series Coordinate Measuring
Machine (CMM) with a compact PH6 vertical head and a TP2-5W 40 x 3 mm stylus from Renishaw
was used (Figure 6a). A screw was attached to the V-shaped samples, as shown in Figure 6b, and
its cylindrical surface was used as a reference for the coordinate system in the PolyWorks software.
Twenty-five points on the selected area of the 45°-, 90°- and 135°-oriented surfaces and 16 points on
the 0°-oriented surface (yellow rectangles in Figure 5) were selected and probed after each hour of
polishing. Then, the best-fit planes were generated from the point cloud of each surface, and the
distances between the planes were calculated, always keeping the as-built surface as a reference for the
thickness measurements after the EP process. The measurements were repeated three times, and their
mean values and standard deviations (SD) were noted.

b)

Reference

Figure 6. (a) V-shaped sample installation for the CMM measurement, (b) V-shaped sample with a
reference screw for the coordinate system in the PolyWorks software.

Roughness, surface topography, mass loss and material removal measurements were carried out
from one to four hours of EP, until reaching Ra < 6.3 pm. An Ra value of 6.3 um is known as the ISO
N9 grade number. Preliminary tests showed that at these values of Ra roughness, all semi-welded
particles and most of the surface features of the LPBF process were removed, resulting in an improved
surface finish as compared to the as-built state. Since, after 20 min of EP, a 2 mm-thick foam appeared
on the electrolyte surface, decreasing the current density, the process was stopped every 20 min to
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remove the foam. The Ra, Rq and Rz surface roughness parameters, and the material removal values
of the 0-, 45-, 90- and 135°-oriented surfaces were compared for the ionic electrolyte (current work) and
for the reference acidic electrolyte [3].

4. Results

4.1. Roughness Measurements

The evolution of roughness as a function of time of polishing was evaluated on all the surfaces
of the V-shaped sample (0, 45, 90, and 135°) using the following testing conditions: electrolyte
temperatures of 40 and 50 °C, constant- and instantly-applied potential, exposure time of 20 min, and
polishing time of 1, 2, 3, and 4 h. As shown in Figure 7a for T = 50 °C, V, = 4 V conditions, after
the first hour of EP, Ra did not manifest any notable evolution in time for all the build orientations.
After 4 h of polishing, Ra values of the 0-, 45- and 90°-oriented surfaces decreased below a target
value of Ra = 6.3 um, while that of the 135°-oriented surface reached Ra = 10.3 pum, thus indicating
that only semi-welded particles have been removed before EP was stopped. It can therefore be
concluded that at T = 50 °C, the selected green electrolyte does not perform efficiently for the EP of
LPBF IN625 components.

Temperature = 50°C b) Temperature =40°C
Potential =5V

a) Potential =4V

. Polishing _ Invariant surface roughness

E —
: _——
P =
Pt — S ———— &
_'+_ T—
i ¥ —b
0 1 2 3 4
EP time (hour) EP time (hour)

Figure 7. Ra roughness evolution as a function of time for four build orientations of 0, 45, 90 and 135°:
(a) temperature 50 °C, applied potential 4 V, (b) temperature 40 °C, applied potential 5 V.

As shown in Figure 7b for the T = 40 °C, V, = 5 V conditions, surface roughness was improving
for all the build orientations during the entire polishing time range. For the 0-, 45- and 90°-oriented
surfaces, Ra ~ 3 um was obtained after 2 h of polishing, while for the 135°-oriented surface, Ra = 5.9 pm
was obtained after 4 h of polishing. Note that the surface roughness is the highest for the down-facing
unsupported 135°-oriented surface. Therefore, the minimum polishing time needed to obtain the Ra <
6.3 pm on all the surfaces was 4 h. After this time of EP, all partially bonded particles were removed,
and the surface finish quality was improved up to a level acceptable for multiple applications, such as
aircraft ducting or jet engine exhaust systems. The polishing process was then continued to up to 6 h
of EP, which resulted in a further reduction of the 135°-oriented surface roughness to Ra = 4 pm (not
shown in Figure 7), thus indicating that no saturation of the polishing process occurred during this
polishing time range.

In Figure 8, the roughness parameters Ra, Rq and Rz before and after 4 h of EP in the ionic and
acidic electrolytes are compared as functions of the build orientation. The latter data are taken from
Urlea et al. [3]. It can be observed that both electrolytes provided similar Ra, Rq and Rz reductions
for the 45- and 90°-oriented surfaces. However, in the case of the 135°-oriented surface, the ionic
electrolyte showed 17% less roughness reduction as compared to the acidic one. In should be noted
that for the 0°-oriented surface, the surface roughness after EP in the acidic electrolyte either did not
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change or became even slightly worse than before EP, whereas in the ionic electrolyte, the surface
roughness showed ~30% improvement after polishing.

=8 nitial =8=lonic Electrolyte =a=Acidic electrolyte =a—|nitial =e=lonic Electrolyte =e=Acidic electrolyte

25

20

12 15

10

Surface finish (um)
Surface finish (um)

0 45 90 135 0 45 90 135
Build orientation (°) Build orientation (°)

==a=—|nitial ===|onic Electrolyte ===Acidic electrolyte

100

Surface finish (um)

] 45 90 135
Build orientation (°)

Figure 8. Surface finish parameters of (a) Ra, (b) Rq and (c) Rz as functions of the build orientations are
shown for initial surface roughness (in red) and after 4 h of EP in ionic (in blue) and acidic (in green)
electrolytes. The results of EP in an acidic solution are taken from the work of Urlea and Brailovski [3].

In should be noted that a relatively weaker performance of EP on the 0°-oriented surfaces,
as compared to their 45-, 90- and 135°-oriented counterparts, may be attributable to two mains factors:
arelatively small polishing area and a suboptimal cathode-anode arrangement. The current distribution
on the anode surface is a function of the ohmic resistance and geometrical profile of the anode, the
anode-cathode distance and the anode surface area [18]. Research on anodizing AA1050 alloy showed
that the larger the anode surface area, the faster the local current density minimum is reached, and
the more efficient the process [21]. Another study showed that for buffered electropolishing of Nb,
the more conformal the anode-cathode arrangement, the higher the surface finish quality [22]. It can
therefore be suggested that to improve the EP efficiency on the 0°-oriented surface of this study, the
cathode-anode arrangement must be optimized.

4.2. Surface Topography Characterization and Material Removal Measurements

Figure 9a—d compare the surface topographies for four surface orientations before and after their
EP. For each build orientation, the visual representation and the 3D height distribution (taken with
scanning laser confocal microscopy) are accompanied by their respective roughness traces (obtained
using roughness profilometry), for the initial and final surfaces. The Ra values of the as-built and
polished surfaces are given to provide a better visualization of the surface finish improvements, which
were measured using a contact stylus. The confocal microscopic images on the 0°-oriented surface
show that parallel stripes formed during the LPBF process are eliminated. Moreover, the semi-welded
particles are totally removed from the surface, they are shown as red dots on the height profilometry
representations. Evidently, the roughness trace profiles become more homogenized, and the surface
waviness is reduced.
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Figure 9. Visual representation, height distribution and roughness profile are shown for (a) 0°, (b) 45°,
(c) 90°, and (d) 135° build orientations before and after 4 h EP (40 °C, 5 V). The surface topography
images were taken by Confocal microscope on 2500 x 2500 um? at 5X magnification. Roughness
profiles, obtained by stylus profilometry, are shown for linear measurements on each build orientation,
as illustrated in Figure 5.

As a common EP defect, pitting is present on the polished surfaces irrespective of their build
orientations. The maximum pit diameter is 50 um on the 45-, 90- and 135°-oriented surfaces, which
is equivalent to the pit diameter obtained by EP in an acidic solution carried out for IN625 [3].
Considerably larger pits appeared on the 0°-oriented surface with a diameter of about 150 um. As
stated earlier, this may be due to a small area of the 0°-oriented surface and suboptimal arrangement
of the V-shaped electrodes, which result in a delayed and less uniform primary current distribution on
this surface.
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Results of the mass loss measurements during 4 h of EP at 40 °C under an applied potential of
5V are presented in Figure 10. For the V-shaped sample, the total mass loss evolution over time is
linear, resulting in almost 6% of mass reduction after 4 h of EP. The inserts in Figure 10 illustrate the
surface aspect of the V-shaped sample before and after 4 h of EP under the aforementioned conditions.
It can be seen that EP removed semi-welded particles and decreased the staircase effect on the sample
surface. Furthermore, a homogeneous dissolution and even material removal from all points of the
surface prevented the edge rounding effect and confirmed an adequate level of process optimization.

Initial

Mass loss (%)

Q 1 2 3 L

EP time (hour)

Figure 10. Mass loss as a function of time (40 °C, 5 V). Left insert: specimen before EP, Right insert:
specimen after 4 h of EP, where a red dashed line illustrates the absence of the edge rounding effect.

The results of the thickness reduction (TR) measurements (40 °C, 5 V) are presented in Figure 11
for all the differently oriented surfaces. The TR evolves almost linearly from 0 to 2 h and then from 2 to
4 h of EP, presenting a higher TR slope for the first 2 h. Higher thickness reductions correspond to
rougher surfaces. In addition, the steepest TR slope is obtained for the roughest 135° surface with the
greatest number of semi-welded particles attached to it, as shown in Figure 9, while the smallest TR
slope is obtained for the smoothest 0°-oriented surface.

300
250
200
150

100

Thickness reduction({ Hm)

50

0 1 2 3 4
EP time (hour)

Figure 11. Thickness reduction as a function of EP time (40 °C, 5 V) for differently oriented surfaces.

In summary, after 4 h of EP, TR = 55 pm for the 0°-oriented surface with initial Ra = 1.37 pm, TR =
146 pum for the 45°-oriented surface with initial Ra = 9.27 um, TR = 129 um for the 90°-oriented surface
with initial Ra = 5.92 um, and TR = 258 um, for the 135°-oriented surface with initial Ra = 17.04 um.
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5. Discussion

5.1. EP Optimization, Polishing Mechanism and Viscosity of 1 Choline Chloride:2 Ethylene Glycol
(1ChCI:2EG) Electrolyte

5.1.1. EP Optimization and Polishing Mechanisms

The EP mechanisms differ significantly in ionic versus acidic mixtures. A study on the 316
stainless-steel EP mechanisms in ChCL:EG and aqueous acid electrolytes showed that the ionic system
is more potential-dependent and that polishing occurs at lower potentials as compared to the case with
acidic mixtures [9]. Comparably, in this work, the EP of IN625 in ChCI:EG solution occurred at a lower
and more narrow range of potential (optimum 4 V, range 4-6 V) than in an acidic mixture composed
of 60% perchloric acid and glacial acetic acid in a 3:7 volume ratio used by Urlea and Brailovski [3]
(optimum 9 V, range 4-11 V), Figure 12.

125

100 Acidic electrolyte at 23°C

N

75

lonic electrolyte at 40°C

V plateau = 4—14 /

50

Current density i (mA/cm2)

29
V plateau = 4—6

0 1 2 3 4 5 6 7 8 -, 10 11 12 13 14 15 16

Applied potential (V)

Figure 12. Current density as a function of time for the ionic and acidic electrolytes, the latter is taken
from [3].

The temperature increase results in an exponential increase of current density and affects the
electrochemical reactions [19]. A study on EP of re-melted LPBF 316L stainless-steel using ILs [23]
showed that at very high electrolyte temperatures, the material dissolution and surface roughness
increase due to an increased current density, which may result in a non-homogeneous material
dissolution. As shown in Figure 3, the current density plateau increases as the temperature increases
from 25 to 50 °C. In addition, the temperature increase also intensifies the chemical reactions related to
the super-saturation of the salt film in the i-peak region by increasing the value of the current density
peak. Furthermore, as the temperature rises, the viscosity of the electrolyte decreases (Figure 2), which
makes it difficult to maintain the viscous salt film on the surface [19]. As shown in Figure 7, EP at 50 °C
is only able to remove semi-welded particles from the surface within the first hour of polishing, and no
surface roughness reduction (no polishing) is observed after this time. It is worth noting that there was
a continuous mass loss reduction during EP for 4 h at 50 °C, showing that the material dissolution did
not lead to surface polishing.

Based on the above observations, an optimum temperature of 40 °C was selected to reach the
desired electropolishing effect in this system. At this temperature, an optimum current density between
14 and 20 mA/cm? at a constant temperature 40 °C results in a continuous surface roughness reduction.
Accordingly, a homogeneous material dissolution was obtained, thus preventing the edge rounding
effect (Figure 10).
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Depending on the diffusion-limited species, two different polishing mechanisms are involved in
the EP of IN625 alloy in the ionic and acidic electrolyte systems:

I. Passivation mechanism in acidic electrolyte

The passivation mechanism is limited by the diffusion of acceptor anions to the dissolving metal
ions of the surface. During the passivation process, a viscous layer is produced on the surface as a
result of the formation of a complex between the acceptor and surface metal ions. The concentration of
the diffusion-limited anions reaches to zero on the metal surface, after being consumed. Urlea and
Brailovski [3] showed that a passive layer was formed on the surface of the anode during EP of IN625
in an acidic solution. Abbott et al. [4] also observed the characteristic passivation response in the
polishing potential region of 316 stainless-steel in an acidic electrolyte. In this work, the current density
of the ionic electrolyte was i > 14 mA/cm?, whereas it was about i = 30 mA/cm? in the acidic electrolyte
used by Urlea and Brailovski [3].

The voltage drop caused by the presence of the passive layer might be the explanation of the
higher EP current density at acidic electrolytes compared to the ionic liquids with no passive layer
formation. Moreover, the presence of a passive layer on electrodes increases the ohmic loss of acidic
systems, and consequently, decreases the current efficiency in EP systems with a passivation mechanism.
Decrement of the current efficiency describes the reduction of the efficiency of charge transfer for
accelerating the electrochemical reactions of the EP system. A similar discussion was provided on
the correlation between the current efficiency and operating conditions such as the applied current,
voltage drop and cathode-anode distance for the removal of the green dye from the aqueous solutions
by electrocoagulation [24]. The polishing process took longer in the ionic system for 135° surface with
the worst case of roughness, which might be due to a longer process of oxide layer removal from the
anode surface in the 1ChCl:2EG mixture as described in more detail in the next section. Note that the
oxide layer on the IN625 alloy is a strong protective film made of oxides such as Cr,O3 and NiCrO,,
formed on the surface due to a high percentage of chromium in the alloy composition [25].

II.  Salt precipitation mechanism in Ionic electrolyte

In this mechanism, diffusion-limited species are the dissolving metal ions. The reaction of the
dissolving metal ions with the electrolyte ions results in the precipitation of a salt film on the metal
surface. This salt film guarantees that there will be a constant concentration gradient of metal ions
through the diffusion layer, from the anode surface with a fixed saturation concentration of metal ions
to the electrolyte interface. Consequently, a constant current density is provided in the ionic electrolyte
system. The correlation between the V plateau current density (i) and the salt layer characteristics can
be found in Reference [18].

The metal oxide layer of the anode surface significantly impacts the main EP mechanism of the
ChCLEG system [9]. The primary surface charging of electrodes initiates the reaction of a chemical
dissolution of the metal oxide on the surface, which takes more time in ionic solutions than in acidic
solutions, especially for the 135°-oriented surface with a considerably high initial roughness. In ionic
solutions, the diffusion-limited mechanism of metal dissolution starts during the oxide dissolution by
dissolving base metal through the holes formed in the oxide layer.

It is known that in aqueous electrolytes, the best polishing quality is obtained at higher potentials
within the V-plateau [18]. However, in this work, a mirror-like surface finish was observed at lower
potentials of the V-plateau, which can be explained by the contribution of the oxide layer to the EP
mechanism. The dissolution of the oxide layer occurs at lower potentials, while the diffusion-limited
process is observed at higher potentials [9]. Evidently, the oxide dissolution process affects the polishing
mechanism by decreasing the optimum applied potential, since it is a slow process. In this work, it
took about 5 min to remove the entire oxide layer and precipitation of the salt on the polishing surface.
The non-viscous salt layer had about 1 mm of constant thickness and was green in color.
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As mentioned in Section 4, the EP process was stopped every 20 min to remove the foam from
the surface. This action resulted in the production of a new oxide layer on the surface. Therefore, it
can be suggested that EP with an electrolyte flow produced by a pumping system would increase the
optimum applied potential and the efficiency of the EP system by avoiding the reformation of the
oxide layer. There could not be a tendency of forming the surface oxide layer while the anode sample
is submerged in the electrolyte solution, because of the constant formation and presence of the salt film
on the surface. This might have beneficial effects in terms of increasing the polishing rate and quality.

5.1.2. Viscosity

Figure 2 provides the viscosity versus temperature graph of the 1ChCI:2EG solution. According to
a study on the EP of stainless-steel in an 1ChCl:2EG system, the mixture of ethylene glycol with choline
chloride leads to noticeably higher conductivity and lower viscosity versus the eutectic solvents of
amide or carboxylic acid with ChCl [4]. Most commercial acid-based EP solutions have a viscosity
of about 20 cP at room temperature. At 40 °C, the viscosity of the 1ChCl:2EG electrolyte used in this
study was about 26 cP, which is only slightly higher than that of the acidic solutions.

Yang et al. showed that during the EP of LPBF IN718 parts, the driving force of the electric
field releases the Ni?* ions from the anode surface. Afterwards, the Ni?* species are carried away
from the anode via electrolyte circulation. Accordingly, the mass transportation of Ni** ions could
be increased by decreasing the electrolyte viscosity [26]. It is known that the viscosity of aqueous EP
mixtures can be decreased by adding fluidity enhancers, such as alcohols, which, however, may result
in passivation of the metal surface. In the ChCL:EG electrolyte used in this study, with no oxidizing
agent, the metal dissolution process is fully controlled by electrochemical reactions, which eliminates
the risk of surface passivation.

5.2. Roughness Evolution Time in Ionic Electrolyte as Compared to Acidic Electrolyte

Similar EP times of polishing needed to reach the same roughness improvements on the 0-, 45-
and 90°-oriented surfaces were required in both ionic and acidic electrolytes. There are several factors
responsible for the EP efficiency accompanying the material removal during the EP process, which
compensate the effect of each other. On the one hand, at the optimized working temperature, the green
electrolyte has a higher viscosity (26 cP) than the acidic electrolyte (20 cP) and, therefore, lower electrical
conductivity. On the other hand, the green electrolyte requires lower current density (14 mA/cm?) than
the acidic electrolyte (30 mA/cm?).

Notwithstanding the fact that the use of both electrolyte systems resulted in the same roughness
values for the 0-, 45- and 90°-oriented surfaces, the EP performance for polishing the roughest
135°-oriented surface in the ionic electrolyte is shown to be lower than that in the acidic solution. This
can be explained by the different metal dissolution mechanisms in ionic and acidic electrolytes. The
slow oxide layer breakdown affects the overall polishing mechanism in the ionic electrolyte due to
the absence of a passivating layer (discussed in Section 5.1). The difference in the surface roughness
reduction efficiencies and polishing times on the 135° surface for the two electrolytes can be decreased
by carrying out the EP process in the presence of fluid flow, which should be verified by further studies.

5.3. Mass Loss and Current Efficiency

The current efficiency is the ratio of the actual mass loss of the IN625 V-shaped anode to the
theoretical mass liberated according to Faraday’s law (Equations (1) and (2)) [24]:

actual mass loss

Current efficiency = % 100, 1)

theoretical mass loss
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where, theoretical mass loss m (g) can be calculated as:

_ MXixSxT

NxF ’ @

where, M is the molecular weight of the IN625 alloy (g/mol), I is the current density (A/cm?), S is
the total wet surface of the anode (cm?), T is the time (s), N is the oxidation state and F is Faraday’s
constant (Coulombs/mol).

For the 1ChCl:2EG electrolyte system, M = 60.58 g/mol (calculated according to the chemical
composition of IN625 powder), i = 0.019 A/cm? (current density of the V-plateau at 40 °C), S = 12.5 cm?
(V-shaped anode), T = 14,400 s (4 h), N = 2 (assuming NiO is supposed to be the major formed oxide in
early oxidation of IN625 [27]) and F = 96,487 Coulombs/mol. Using these data and Equation (2), the
theoretical mass loss of IN625 anode corresponds to 1.071 g, which gives, using an actual mass loss of
0.961 g, a current efficiency of 90% (Equation (1)).

According to the results of the EP of IN625 samples in an acidic solution (3HCIO4:7glacial acetic
acid) [3], M = 60.58 g/mol, i = 0.030 A/cm? (current density of the V-plateau at 25 °C), S = 4.8 cm?
(stave-shaped anode), T = 14,400 s, N = 2 and F = 96,487 Coulombs/mol. Using these data and
Equation (2), the theoretical mass loss corresponds to 0.650 g, which gives, using an actual mass loss of
0.300 g, a current efficiency of 46%.

It can therefore be seen that in the case of 3D-printed IN625, the ionic electrolyte of this study
provides 44% higher current efficiency than does the acidic one. The obtained values for the current
are comparable with the results of the EP of 316 stainless-steel with a current efficiency of 92% for the
1ChCl:2EG electrolyte and 30% for the acidic electrolyte [4].

5.4. Thickness Loss and the Determination of EP Allowances (Dimensions of an as-Built Part before EP)

By combining in Figure 13 the surface roughness (Ra) and thickness reduction (TR) diagrams of
Figure 7b and 11, it becomes possible to establish polishing allowances and to find the time needed to
obtain a needed roughness (Ra) on a specifically oriented surface of an arbitrary IN625 LPBF part.
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Figure 13. Ra and thickness reduction (TR) evolutions as functions of build orientations and EP time.

For example, Figure 13 indicates that to reduce the overall surface roughness of a part containing
0-, 45-, 90- and 135°-oriented surfaces to Ra < 6 um, 4 h of EP is required, considering the 135°
orientation as critical. Furthermore, the thickness reductions (EP allowances) resulting from 4 h of
polishing correspond to 0.05 mm for the 0°-oriented surface, (0.13-0.15) mm for 45°- and 90°-oriented
surfaces, and 0.26 mm, for the 135°-oriented surface.
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One interesting fact is that according to the results of EP for the acidic electrolyte [3], the thickness
reduction needed to reduce the surface roughness of the whole part to Ra < 6 um corresponds to 0.14
mm for the 0°-oriented surface, 0.15 mm for the 22.5-112.5°-oriented surfaces, and 0.18 mm, for the
135°-oriented surface, where the 135° surface is the limiting orientation for roughness. The thickness
reductions for the differently oriented surfaces in the acidic and ionic electrolytes needed to reach the
overall roughness of Ra < 6 um are compared in Figure 14.

300
250
200

150

[E O lonic electrolyte
100 B Acidic electrolyte
50 ‘ ‘
0
0°

45°-90° 135°

Thickness reduction (um)

Build orientation

Figure 14. Thickness reductions of the V-shaped sample in ionic and acidic electrolytes to reach Ra < 6
um, the results of EP in an acidic solution are taken from the work of Urlea and Brailovski [3].

Comparing the TRs in the ionic and acidic solutions from differently oriented surfaces shows that
the material is removed with different rates, the rate depending on the initial surface roughness and
the type of the electrolyte. The ionic electrolyte system removes less material from initially smoother
surfaces: TR of the 0° surface (smoothest case) is four times lower than that of the 135° surface (roughest
case). In contrast, for the acidic electrolyte, the surface build orientation does not have a considerable
effect on thickness reduction. This means that in the ionic electrolyte, material is removed selectively,
which constitutes yet another positive feature of this electrolyte.

Future Work

It is suggested that high-current density, high-voltage or magnetic field EP processes may be of
interest for future research. However, the high-current density and high-voltage EP processes might
not be applicable for EP of IN625 in ionic electrolytes. Generally, the ionic electrolytes, particularly in
the case of viscous solutions, have limited current densities due to the lower mobility of the charge
carriers and hence lower ionic conductivity [28]. Therefore, the high-current density EP is mostly
performed using a mixture of concentrated acidic electrolytes [10]. High concentrated acids are also
used as electrolytes for the high-voltage EP processes [12], also known as plasma electrolytic oxidation.

Furthermore, it was shown that an externally applied magnetic field affects the mass loss in two
ways: either enhancing or retarding the rate of dissolution [13]. To explain, it was shown that the
influence of magnetic field depends on the oxygen evolution regime parameter. For SS 316L steel for
example, if the EP is carried out above the V-plateau, the magnetic field gives a rotating movement to
the electrolyte and results in the thickness reduction of the viscous layer and in an increase in mass
loss. However, if the process is carried out below the oxygen regime (on the plateau), the rate of
material removal decreases as the strength of the magnetic field increases. The opposite was observed
for the EP of IN625, where the best results were obtained in the V-plateau regime, while severe pitting
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occurred above this range. Therefore, it is recommended to examine the magnetic field effect within
the V-plateau regime for the ionic and acidic electrolytes.

6. Conclusions

e  For the first time, the EP of a laser powder bed fusion-processed IN625 nickel-based superalloy
was successfully conducted in an ionic liquid (1ChClL:2EG).

e Narrower V-plateaus at lower applied potentials and current densities were obtained for the ionic
electrolyte in the 25 to 50 °C temperature range, as compared to the acidic electrolyte at room
temperature. As the temperature of the ionic electrolyte increased, the V-plateau range became
narrower and the current density increased.

e No passive layer was created on the anode surface and no aggressive gassing on the cathodes
was observed in the ionic electrolyte. On the anode surface, oxide layer removal was followed
by the salt EP precipitation mechanism, allowing a complete electrochemical control of the
polishing process.

e A continuous roughness reduction over time was observed for EP in the 1ChCl:2EG solution by
regulating the electrolyte temperature at 40 °C with a viscosity of 26 cP. Uniform distribution of
peaks and valleys and a homogeneous dissolution were obtained by EP in the ionic electrolyte,
eliminating the edge rounding effect.

e  After 4 h of EP in both the ionic and acidic electrolytes, the Ra roughness on all surfaces reached
Ra < 6.3 um (ISO N9 grade number for roughness). By comparing the ionic and acidic electrolytes,
after 4 h of EP, the same surface roughness reductions of 75% and 65% were obtained for the 45°-
and 90°-oriented surfaces, respectively. While the ionic liquid showed a 30% roughness reduction
with some pitting on the surface for the 0°-oriented surface, the acidic electrolyte had an unstable
roughness evolution profile over time on this surface.

e  EP of IN625 in the ionic electrolyte had a current efficiency of 90%, whereas this value was only
46% for the acidic electrolyte.

e  For the ionic electrolyte, the higher the initial surface roughness, the higher the thickness reduction
during EP. The ionic electrolyte polishes the surface selectively, avoiding unnecessary material
removal from the already smooth surfaces. In the acidic electrolyte however, the surface orientation,
and thus the initial surface roughness, does not affect the amount of material dissolved during EP.

Although the ionic electrolyte manifests slightly lower performances than its acidic counterpart
for EP of the roughest 135°-oriented surface, it represents more durable, less hazardous and greener
solution for the polishing of LPBF parts. To deal with build orientation-dependent surface features of
LPBEF-processed parts, the results obtained could be improved further by combining electropolishing
with other finishing techniques using fluid or gas media, such as chemical-mechanical polishing,
abrasive flow machining or abrasive-jet polishing. Further improvements will be aimed at designing
appropriate sequences of the polishing processes to obtain lower mass losses and higher roughness
reduction rates as compared to their separate applications.
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