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Abstract

The mechanistic analysis of the electropolishing procedure of stainless steel
(SS) was revisited using electrochemical impedance spectroscopy. Firstly, the
control of the dissolution reaction by diffusion was confirmed with the linear
dependence of the limiting current density as a function of the electrode
rotation rate using the Levich’s law. Nevertheless, varying the viscosity
(by changing temperature from 35°C to 70°C) show a direct relationship
between the diffusion coefficient and the kinematic viscosity, irrespective of
the cation concentration at the interface, thus suggesting a minor role in the
diffusion limiting step. This limitation is therefore provided by the diffusion
of an acceptor specie from the electrolyte toward the anode surface. To
discriminate the role of water or mineral anion in the so-called acceptor
model, a full descriptive model of the electrochemical behaviour of interface
was devised for analyzing electropolishing results obtained by electrochemical
impedance spectroscopy (EIS) for both cast and additive layer manufactoring
(ALM) 316L SS in aqueous acid electrolyte and in deep eutectic solvent
(DES). It was shown that the model involving an acceptor specie allows to
describe with a good accuracy the electrochemical behavior of the different

systems at several potentials.
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1. Introduction

Over the last decades, innovative manufacturing processes |1, 2, 3| has
emerged, enabling the production of metal workpieces with both complex
shapes and sophisticated internal structures such as fluid flow channels [4].
Among all the available techniques, Additive Layer Manufacturing (ALM)
and more specifically Selective Laser Melting (SLM) consists in fabricating
3-dimensional objects by successively adding material layer by layer [5, 6].
These manufacturing processes are a complete break with conventional ones
based on a subtractive approach such as machining. Typical SLM processes
can be considered as fast solidification processes during which temperature
gradients generate complex macro and microstructures [7]. Moreover, the
surface appearance of the metal workpieces may be indeed of poor quality
(depending on metallic powder characteristics) compared to that obtained
when the workpieces come out of machining. The direct use of additive
manufacturing parts without a finishing stage is therefore often not possible,
which requires the implementation of a subsequent surface treatment step.

Electropolishing (EP) process is now extensively considered as post-
traitement particularly for additive manufacturing parts. This wet elec-
trolytic process consists in a controlled dissolution of metallic surfaces lead-
ing to a decrease of the surface roughness which is usually accompanied by a
brightness increase [8, 9]. Unlike the other mechanical polishing techniques,
EP process does not induce any residual stresses since the metal layers on
the surface are not hardened, but softly removed by electrochemical dissolu-
tion. The main problem in carrying out this oxidation reaction is to deter-
mine the most suitable electrolyte composition and experimental conditions.
Although this process is usually carried out in concentrated acidic media,
alternative environmentally-friendly electrolytes have been developed in re-
cent years such as Deep Eutectic Solvents (DESs) [10, 11, 12| or in sulfuric
acid free electrolyte [13], depending on the type of metal.

It has already been reported in several papers that three to four dis-
tinct regions can be seen on a typical electropolishing polarization curve
[14, 15, 16]. Starting from the corrosion potential and moving towards more

anodic potentials, the first domain is ascribed to active dissolution of the
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substrate after oxide layer breakdown. The second region refers to a vis-
cous film formation at the electrolyte/substrate interface, but is not always
seen on the current/potential curve. The third region is the limiting cur-
rent plateau and is characteristic of a diffusion controlled mechanism: this
is the electropolishing zone. The fourth region for the higher overpotential,
corresponds to solvent oxidation and oxygen evolution reactions.

Studies have shown that levelling can be carried out under primary cur-
rent distribution (i.e., controlled by ohmic drop), secondary current distribu-
tion (controlled by charge transfer considering that concentration gradient
are negligible) and tertiary current distribution (controlled by mass trans-
fer) [17, 18, 19]. Brightening is only possible when dissolution is limited by
mass transfer and when a homogeneous layer covers the surface. It should
be noticed that these EP description and analysis were mainly developed to
account for the profile shape of the material surface and the geometry of the
electrochemical cell, independently of the dissolution mechanism itself.

Following the seminal works of Jacquet [20, 21|, Elmore [22, 23| and
Wagner (24|, Edwards |25, 26| developed a model accounting for an acceptor
species such as anion or solvent molecules that complex the metal cation, thus
controlling the rate of the dissolution. Matlosz [27] developed the mathemat-
ical expression of the electrochemical impedance accounting for the physical
bases for salt film and acceptor models. This general description provided a
first approach for the mechanistic analysis based on the analysis of the shape
of the Nyquist diagrams, but the electrochemical reaction was described as
simple charge transfer reaction, neglecting possible formation of adsorbate
nor taking into account more complex chemical steps.

Based on steady-state and EIS measurements, Bojinov et al. introduced
a kinetic model for describing the passivation mechanism of iron in con-
centrated phosphoric solution [28]|. Interestingly, this mechanism involves
surface intermediates leading to the formation of Fe(II) and Fe(III), whereas
the formation of Fe(I) was assumed to be negligible. Conversely, using elec-
trohydrodynamic impedance for a fine investigation of the mass transfer
contribution mechanism in sulphuric acid solution, Barcia et al. developed
a model accounting for the formation of a thin film with a viscosity profile

spreading from the electrode surface to the bulk solution, which also involves
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monovalent and divalent Fe intermediates [29]. Additionally, one can expect
different time constants in the EIS response depending on the metal and the
electrolyte.

Given the complexity of the electropolishing process, many mechanisms
have also been proposed for steel. In this respect, this work focuses on the
electropolishing mechanism, which has been investigated by Linear Sweep
Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS) for
cast and ALM 316L Stainless Steel in both concentrated phosphoric and
sulphuric acid media and choline chloride-ethylene glycol mixtures. To dis-
criminate the role of water or mineral anion, a full descriptive model of the
electrochemical behaviour of interface was developed. This model found its
roots in iron dissolution and electropolishing considerations. EIS measure-
ments were carried out in acidic and DES media in order to confront exper-
imental results with the simulations of the dissolution reaction. In the first
case, water was assumed to be the limiting specie and in the second case an
acceptor specie (such as phosphates or chlorides) was considered. The same
study has been performed for both cast and additive manufacturing 316L
Stainless Steel. In all cases, the proposed model allows to describe with a
good accuracy the electrochemical behaviour of the EP process at different

potentials.

2. Experimental

The working electrodes consisted of a 316L stainless steel disk electrodes
of 3.5 mm in diameter (9.62 mm?) of both cast or additive layer manufac-
turing metals, the compositions of which are given in Table 1. Before each
experiment, the electrode surface was mechanically polished with abrasive
SiC paper (P1200), rinsed with alcohol and dried with compressed air. Then,

the material was mounted on a rotating-disk electrode (RDE).

Table 1: Elemental composition of the alloys

Composition (wt.%) | Fe | Cr | Ni | Mo | Mn
Cast 316L 67.7 | 17.3 | 11.4 | 2.1 | 1.5
ALM 316L 66.8 | 174 | 11.7 | 3.9 | 0.1
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The electrolyte solutions consisted of either a mixture of 45% H3POy,
35% HaSO4 and 20% H2O or a choline chloride (ChCl) + ethylene glycol
(EG) in a molar ratio (1:2). The physicochemical properties of both solvents
used in this work are presented in Table 2. Electrochemical experiments were
carried out in a jacketed glass reactor for controlling the temperature within
a 3-electrode configuration. The electrolyte temperature was regulated at 70
4+ 1°C and the volume of electrolyte for each experiment was 200 mL. The
electrochemical experiments (polarization curves, electrochemical impedance
spectroscopy diagrams) were performed with a SP 240 potentiostat (Bio-
Logic). The counter and reference electrodes were a large area platinized
titanium grid facing the working electrode and a saturated calomel reference
electrode (Egcrp = 0.241 V/SHE), respectively. EP procedure was carried
out under a potentiostatic control at different potentials. Each EIS measure-
ment was performed after the polarization of the sample for 1 minute. The
frequency domain investigated was 1 MHz down to 100 mHz, with 10 points

per decade of frequency and a sine wave amplitude of 10 mV .

Table 2: Physicochemical properties of the solvents used for the electropolishing procedure

T o n o
/°C| /gem™3 | /mPas | /mScm™!
45% H3PO4 + 35% HaoSOy4 | 25 1.56 6.88 178.3
+ 20% H-.O 70 1.548 2.79 324.9
25 1.116 31.35 9.04
ChCl + EG (1:2)
70 1.097 7.88 30.05

3. Models for the electropolishing

3.1. Model

In this work, electrochemical polishing is described by successive elemen-
tal one-electron reactions as previously done for the study of the dissolution
mechanism of different metals [30, 31, 32, 33|, M, and accounting for the
formation of adsorbed species as reaction intermediates.

M AL oMb e (1)

ads
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M+ A 225 MAZE e (2)

ads

in which A is a species used to complex metal cations, and K7 and Ky are
the reaction rates of the electrochemical reactions which are exponentially

potential dependent (Tafel’s law) and express as
al F
K1 = k‘le(ﬁE) (3)

KQ = k2€<%E> (4)

where E is the electrode potential (in V), k1 and kp are the potential in-
dependent reaction rates of each step, a1 and as are the charge transfer
coefficients, and F', R, and T are the Faraday constant (96485 C mol~1), the
gas constant (8.314 J K~! mol™!), and the temperature (in K), respectively.
It is also interesting to note that this mechanism involves the dissolution of
metals in the form of divalent ions, i.e. we assume that the chromium in the
steel contributes little or nothing to the impedance response. Additionally,

we assume that the adsorption isotherms corresponding to the formation /

2+

-1 obey a Langmuir

consumption of reaction intermediates M;&s and MA
isotherm and are characterized by the surface coverages 61 and 65, respec-
tively. The last step is the dissolution of the adsorbed complex formed at

the electrode surface, M AZ:{S, which can be expressed as

MA2L + B 4, MAB? (5)

ads

where k4 is the kinetic constant of the chemical reaction, and B a species,
such as a water molecule, which promotes the dissolution of the metal com-
plex M AZ;S. At this point, it is interesting to mention that the species A
is considered to be the acceptor species for complexing the metal cations
(i.e. phosphate type species) and species B is considered to be the water
molecules contained in the solvent, but in both cases, the concentrations of
A and B at the electrode surface are controlled by diffusion. As previously
described in the literature, two hypotheses can be formulated a priori con-
cerning the nature of the limiting step in the EP process: either A or B is

the limiting species, but in both cases the concentration of the other species

remains constant at the electrode surface.



16 3.2. Derivation of the impedance expression

157 The rates of the 3 reactions (1),(2), and (5) are given by

UlzKl (1—91—92) (6)
vy = Ky [A], 61 (7)
v3 = kq [B], 02 (8)

158 The time evolution relationship for surface coverages express as

db,
BE:vl_v2:K1(1_01_92)_K2[A]091 (9)
159 dH

57; =109 —v3 = Ko [A]O 01 — kq [B}o ) (10)

160 where f3 is the surface concentration for complete coverage (in mol cm™2).

161 At steady-state, the surface coverage for each species is constant, and thus

dbq

L 11

o =V (11)
162 and )

dos

e 12

o Y (12)

163 leading to the set of equations

{ K1 (1 =6 —0) — K3[A], 61 =0

(13)
K [A]y 61 — kq[Bly 62 =0

16 allowing the steady-state surface coverages, 8; and 65, to be expressed as

_ Kikq B,
b1 = Kikq B+ K1 K [A]y + Ko [A] kq[B], )
7, K1 K3 [A], (15)

" Kika[Bly + K1 Kz [A]y + K [A]g ka[B],
166 where [A], and [B] are the concentration of A and B at the electrode surface,
167 respectively.

168 The faradaic current is given by the algebraic sum of each electrochemical
160 contribution (on the anodic domain, the cathodic contribution to the current
170 was neglected)

i =F (v1 +v2) (16)



171

1= F [Kl (1 — 0, — 92) + Ko [A]O 91] (17)

172 thus allowing the equation of the steady-state polarization curve to be de-

173 rived

i=F [Kl (1 — @1 — 52) + Ko [A]ogl] (18)

174 The faradaic impedance, Z¢, is obtained from the first order of the Taylor

175 expansion of the current, which can be expressed in the Laplace domain as
1 Ai(p) _<6i> +<8i> A1 (p)
Zf (p) AE(p) 8E 61,02,[14]0 091 E7027[A]0 AE(p)
< Oi > Aby(p) < i ) A[A], (p)
+ | = + —_—
00 E,01,]A], AE@) 8[A]0 E.01,02 AE(?)

176 where p is the variable in the Laplace domain p = jw, where j = +/—1, w is

(19)

177 the angular frequency (w = 27f), and f the frequency in Hz. Each partial

178 derivative can then be evaluated a function of the model parameters as

8i > |:041F Ong
— =F|—K; (1 -0, — 92) + —K> [A} 01 (20)
<8E 61,04l RT RT 0
179
oi
20, = F (K2 [A], — K1) (21)
L/ E,62,[A],
180 8
<Z> = _FK, (22)
90> E,01,[A],
181 a
i
= FKy (23)
(8 [A]0>E,91,92
182 Additionally, from the linearization of Eqgs.(9) and (10) it comes
. OqF OéQF
Ay = | =K1 (1 -6, —02) — ==Ky [A],01| AE
JwB Al [RT 1(1=01=02) = o K2 [Aly 01 24

— (K1 + Ko [A]O) Al — K1 A0y — K961 A [A]O
183
. asF
]wﬁAGQ = %K2 [A]O LAE + Ky [A]O Aby — kq [B]O Aby (25)

— kgfa A [B]O + Ko61 A [A]O
182 For sake of simplicity, the thickness of the diffusion layer, §, for both diffusing

185 Species, is expressed as

§ = 1.61DL/3 0~ 1/2,1/6 (26)
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where Dy is the diffusion coefficient of the species s (in cm? s71), £ the
rotation rate of the RDE (in rad s™!), and v the kinematic viscosity (in cm?
~1). The concentration of diffusing species can be obtained from the solution
of the second Fick’s law under the assumption of diffusion through a film
with exchange of electroactive species between the film and the electrolyte

(transmissive boundary condition) [34, 35].

A[A]O 1 tanh (5 %)

Ai  FD, T (27)
D4
Jw.
A[B}OZ 1 tanh<(5 DB) 28)

Aij FDp \/@

Dp
It is worth mentioning that A and B do not play a symmetrical role in the
EP mechanism as shown by Egs. (1), (2), and (5), and thus at this point,
two cases have to be envisioned for the derivation of the analytical expression
of the impedance: either B is the limiting species and it is assumed that the
concentration of A remains constant in the whole electrolyte, including at
the electrode surface, either A is the limiting species and it is assumed that

the concentration of B remains constant in the electrolyte.

3.2.1. B is the limiting species
Assuming that B is the limiting species, Eq.(28) expresses as

a1 1 e (oyE) .
AE ~ Z; FDg \/g (29)

and Eqgs.(19), (24) and (25) can be written as linear system of equations

(jwB + K1 + K2 [Alg) A% + K, 4% =

(ALK (1 — 61 — 05) — BEK, [A] 64]

) tanh(§, /2
— K2 [A]g 4% + (jwB + ka[Blg) 42 + faiz ( ) o

by (30)

OJ%EK2 [A]091
F (K1 — K3 [A]g) G4 + FK1 52 + 515 =
F[ALK (1 — 61 — 0o) + BE Ky [A] 64]

\

The faradaic impedance is then obtain as a solution of this system of 3

linear equations.
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3.2.2. A is the limiting species
Assuming that A is the limiting species, Eq.(27) expresses as

Al 1 1tk (V) .
AE ~ Z;FDy \/% (81)

and Eqs.(19), (24) and (25) can be written as linear system of equations

tanh (68, /L
(jw5+K1+K2[])%ﬁ+K1%%+§§; ( )Z—lF:

[9E Ky (1— 01— 0) — 2 K, [A] 61]

tanh(6, /L=
— Ky [A]y 4% + (jwB + ka[Bly) 42 — 10 MD“) ZF =

Bl ) [A], 0
tanh (8, /L
F (K — Ko [A]O)%ﬁ + FK, %@ (1 — FE3 (WDA>> A=
V Da
[alFKl ( -6 — 92) + a2FK2 [A]O 91]

(32)
The faradaic impedance is then obtain as a solution of this system of 3

linear equations.

3.3. Parameters for the modelling

The fit of the parameters was performed using both Levenberg-Marquardt
and step-by-step simplex regressions implemented in the measurement model
tool developed by Orazem group.|36] Whatever the model considered, the
number of parameters involved in the model is large. It is worth mention-
ing that the use of electrical equivalent circuit should also have resulted in
a large number of parameters, with the added difficulty that it would then
be very difficult to express any link between these parameters. However, a
careful inspection of both systems of equations shows that some parameters
are correlated. For the first step, it is not possible to determine indepen-
dently K7 and a7, but one can only access to the product Kjaq. Similarly,
for the second electrochemical step, it is not possible to determine Ks, oy
and g, one can only get Ka(a; + a3), whereas for the chemical reaction,
we can determine Ky [B],. Then for a global fitting of the experimental re-

sults, an interfacial capacitance (or a constant phase element, Qin¢, int) has

10
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to be added in parallel to the faradaic impedance, Z;, as shown in Fig.1,
together with the electrolyte resistance,R.;, in series. The electrolyte resis-
tance was evaluated via the measurements model,[37| the other parameters

or a combination of them were left free for the fitting procedure.

Qint» Aint
R el ) (

Z

Figure 1: Electrical equivalent circuit used to analyse the EIS spectra. Zy allows to intro-
duce the analytical expression of the impedance that is derived from the electropolishing

model presented in this work.

4. Results and discussion

Fig. 2 shows the anodic polarization curves of cast and ALM 316L per-
formed at 2 mV s~ in sulfuric acid solution (Fig. 2a) and in ChCI-EG (1:2)
(Fig. 2b) at 70°C. Interestingly, the global shape of the curves in acidic so-
lution and in DES are similar, only the current density and the length of
the current plateau vary. Moreover, for both materials, curves remain un-
changed in shape and allow to define 3 regions: the first one corresponds to
the current increase and is ascribed to the active domain (dissolution of the
alloys). The linear shape of the curves during the rise of the current when the
potential increases is due to the uncompensated contribution of the ohmic
drop (raw data without any compensation are presented in this figure). The
second domain is a current plateau that spreads over 500 mV due to diffu-
sion limited current. The last domain is characterized by a second increase
in current, which is ascribed to the solvent and oxygen oxidation reactions.
A first rough analysis of the experimental results therefore allows the con-
clusion that both alloys seems to follow a similar electrochemical behavior
in the different electrolytes but with a shorter current plateau in acidic so-

lutions than in DES. Moreover, the EP process that is usually performed at

11
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a potential corresponding to the limiting current indicates that the global
EP kinetics are similar for both materials. Additionally, the control of the
dissolution reaction by diffusion was confirmed with the linear dependence
of the limiting current density as a function of the electrode rotation rate as
described by the Levich’s law, as shown on Fig. 3. The limiting current is
comparable for Cast and ALM materials and follows the same trend what-
ever the rotation rate and the media (DES and acidic solution). Moreover,
in acidic media, varying the viscosity e.g. by changing temperature from
35°C to 70°C, shows a direct relationship between the diffusion coefficient
and the kinematic viscosity, irrespective of the cation concentration at the
interface, which suggest a minor role in the diffusion limiting step [19, 27].
This limitation is therefore ascribed to the diffusion of an acceptor species

from the electrolyte toward the anode surface.

12
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Figure 2: Polarization curves obtained for cast and ALM 316L at 2 mV s~* and £2= 500
263 rpm in acidic mixture (a) and in ChCI-EG (1:2) at 70°C (b)
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Figure 3: Levich’s plot curves performed for cast and ALM 316L at 2 mV s~* in ChCI-EG
(1:2) and acidic mixture at 70°C

The manufacturing process used for the elaboration of materials is a pa-
rameter that strongly conditions the structural and functional properties of
the items. SEM observations of the sample after the EP procedure are pre-
sented in Fig. 4, showing a smooth surface. However, a preliminary study
has shown that for potentials corresponding to the zone of active dissolution,
the substrate is etched according to certain preferential plane (anisotropic
dissolution), whereas for a potential on the limiting-current plateau corre-
sponding to a diffusion control mechanism, a smooth and bright surface was
obtained for both samples and in both electrolytes without revealing the
microstructure. The area roughness parameters (arithmetical mean height)
determined by AFM measurements on 10 x 10 pm? were between 1 and 2

nm for all the samples, with a maximum peak-to-valley height of 80 nm [12].

14
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45% H,PO, + 35% H,SO,
+20% H,0
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+ ethylene glycol (1:2)

Figure 4: SEM observations of the samples after EP procedure at 70°C - 500 rpm. a) and
b) at 2.4 V/SCE, c) and d) at 3 V/SCE

EIS diagrams obtained for both materials in DES at 70°C are presented
in Fig. 5 for experiments performed at 0.4 V/SCE and 2.1 V/SCE. The EIS
response depends on the applied potential but is independent of the ma-
terials. Three time constants can be observed on these diagrams: a high
frequency capacitive semi-circle corresponding to the charge transfer resis-
tance in parallel with the capacitance of the interface, an inductive behavior
that may be ascribed either to the relaxation of adsorbed species or to the
relaxation of the thickness of corrosion-product layer with the potential, and
a low frequency time constant that can originate from diffusion process and
the relaxation of chemical steps. It should also be mentioned that the high
frequency domain shows a 45° slope that spreads over a larger frequency do-
main in DES (Fig. 5a) than in acidic solution (an example of EIS diagrams
in adic media is presented in Fig. 7), and that also depends on the applied

potential, thus indicating the formation of a porous layer which is thicker at

15
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Figure 5: Experimental EIS diagrams for Cast (blue circles) and ALM (red circles) 316L
SS electropolished in ChCI-EG at 70°C at 0.4 V/SCE (a) and 2.1 V/SCE (b)
F(a o "o’y x x J
20r-(a) °% mkz °F 4 + 13Hz
Ox & "
S 1o} & L E
2 o8,
= k ®
N j o
(3 00 4
34 Hz
_10 1 1 1 1 1
20 40 60 80 100
Z'/Q
600 — 600 —
(b) (c)
500 - R 500 - E
400 - o 400 + . o
. . 0 &
e = 0 0. Hz
G300t . G 300 °
:\ ® 1Hz =~ w5
N ou N .o
200 - ° 200 00 ]
@ «C
2 o
T e éf 100 - Kz & .
E 34 Hz
or 4 re of f PEQ%{; 4
0 100 200 300 400 500 600 700 800 0100 200 300 400 500 600 700 800
ziQ zio

Figure 6: Experimental and calculated EIS diagrams for ALM 316L SS electropolished
in ChCI-EG at 70°C at (a) 0.4 V/SCE; (b) 1.2 V/SCE; and (c) 2.1 V/SCE. Circles:

experimental data; crosses: fit

Fig. 6 shows experimental and calculated EIS diagrams for ALM 316L SS
electropolished in ChCI-EG at 70°C as a function of the potential. The low
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frequency range was limited to the Hz domain since the response was noisy
due to the evolution of the interface as a function of time. The two models
in which either water or an acceptor specie is assumed to be the limiting
specie were considered, but the comparison between fitting and experimen-
tal results lead to the validation of the acceptor specie model, as shown with
the fit results presented in Fig. 6. The fitted parameters presented in Ta-
bles 3 and 4 show that the interfacial capacitance, C.yy, is systematically
smaller than the value expected for a double layer capacitance (generally in
the range of 10 pF cm?), which indicates the formation of a thin layer of
corrosion products (about 100-200 nanometers at 0.4 V/SCE) whose thick-
ness increases with the polarization potential of the electrode. It was also
observed that the electrolyte resistance, which is dependent on the system
geometry and the conductivity of the solution, increases slightly with poten-
tial. This variation can be explained in two ways: on the one hand by a
variation in electrolyte conductivity due to the dissolution of material (the
dissolution of the metal is accompanied by the consumption of ions of the
solution, thus forming complexes), and on the other hand by a resistive con-
tribution due to corrosion products on the electrode surface which is added
to the resistance measured at high frequency. Theses variations for the elec-
trolyte resistance and the interfacial capacitance are in agreement with the
porous behavior of the electrode previously described in the high frequency
domain. The desorption rate constant measured by the product K;Cp (Ta-
bles 3 and 4) tends towards a constant value when the potential increases,
showing that this chemical step is a kinetic limitation in the EP process.
The variations of the charge transfer resistance is also in agreement with the
dissolution curve. It is higher on the plateau (smaller current) and larger on
the active dissolution domain (i.e. a 0.4 V/SCE).
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Figure 7: Experimental and calculated EIS diagrams for cast (a) and ALM 316L SS (b)

electropolished in acidic solution at 2.1 V/SCE. Circles: experimental data; crosses: fit

Table 3: Kinetic parameters obtained from the fitting procedure for the cast 316L in DES

Potential (V/SCE) 0.4 1.2 2.1
Interfacial capacitance 10.2 £ 0.5 0.15 + 0.01 0.10 4+ 0.01
Cess (F cm?)

Step 1 Kia (34+0.2) 107! (4.3 £ 0.3) (5.9 £ 0.3)
Step 2 Ko(ay + ag) (8.7+£0.4) 1075 | (434+0.2) 1073 | (4.8 £0.3) 1073
Desorption step K4Cp | (3.4 +0.2) 107* | (7 4+0.5) 107* | (6.9 + 0.5) 10~*

Interestingly, the same conclusions can be drawn for the analyses of the
EP treatments carried out in concentrated acid medium for both materials as
shown for the EIS diagrams presented in Fig. 7. The shape of the impedance
diagrams is very similar to the one obtained in DES at the same potential (E
= 2.1 V/SCE), but the two low-frequency time constants, namely the induc-
tive time constant the kHz range and the capacitive time constant around the
tenth of Hz, are shifted towards higher frequency domain when the polishing

was performed in aqueous solution. These experimental data were analyzed
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Table 4: Kinetic parameters obtained from the fitting procedure for the ALM 316L in
DES

Potential (V/SCE) 0.4 1.2 2.1
Interfacial capacitance 0.20 4+ 0.01 0.12 + 0.01 0.10 4+ 0.01
Cess (F cm?)

Step 1 Kia (4.5 4+ 0.2) 102 (3.0 £ 0.2) (6.1 +0.7)
Step 2 Ko(ag + ag) (5.4 +£0.3)107* | (9.9 +0.3) 107* | (9.3 £0.4) 107
Desorption step K4Cp | (3.2 £0.1) 1075 | (3.2 +£0.2) 1073 | (3.2 £ 0.2) 1073
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345

346

347

348

349

350

351

352

using the same model than the one used for the analysis of results obtained
in DES and the fitted parameters are presented in Tables 5. The value of
the interfacial capacitance (larger than 1 pF cm?) is significantly higher than
in the case of an EP in the DES, which is consistent with either a double
layer capacitance for a metal/electrolyte interface in highly concentrated so-
lution, or with a combination in series of a capacitance ascribed to a very
thin corrosion product layer in series with the double layer capacitance. It is
therefore deduced that the proposed mechanism makes it possible to account
for electropolishing in the most commonly used media (acid solutions) but
also in new solvents which are increasingly used because of their eco-friendly
nature.

Table 5: Kinetic parameters obtained from the fitting procedure for the cast and ALM
316L in acidic electrolyte at 2.1 V/SCE

Cast 316L ALM 316L
Interfacial capacitance 1.10 £ 0.04 1.90 £+ 0.06
Cets (nF cm?)
Step 1 Kja (7.9 +£ 0.4) 10> | (4.2 +0.3) 10?
Step 2 Ka(ay + az) (7.7+£05)107* | (1.7 £ 0.2) 10~*
Desorption step K4Cp | (1.2 £ 0.1) 1076 | (2.7 £ 0.1) 1076
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5. Conclusions

This study has showed with the analysis of the experimental electro-
chemical impedance diagrams that the model involving an acceptor specie
enables to describe all the results obtained for the two materials, namely
the cast 316L and the ALM 316L. The proposed mechanism makes it possi-
ble to describe, from a kinetic point a view, the electropolishing process for
concentrated acidic media and DES. However, as the number of variables
is large and since they depend on each other, only combinations of these
parameters can be obtained from the analysis of impedance spectra and the
fitting procedure. It should be noted, however, that the value of the inter-
facial capacitance measured in the case of electropolishing in DES can be
linked to the formation of a corrosion product thin film, which also results

in a slight increase of the electrolyte resistance.
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— Cyg: double layer capacitance (in pF cm?)
~ Ceyy: interfacial capacitance (in pF cm?)
— Cy: concentration of the species s (in mol L™!)
— Dy: diffusion coefficient of the species s (in cm? s71)
— E: Electrode potential (in V)
— f: frequency (in Hz)
— F: Faraday’s constant (96485 C mol™!)
— 4: current density (in A cm™2)
— k;: kinetic constant of reaction 4 linked to K; via Eq. (3) (in cm™
— K;: kinetic constant of reaction i (in ecm ™2 s~ 1)
— p: variable in the Laplace domain
— Qint: constant-phase-element parameter (in F/s(1=%nt) cm?)
— r: radius of the electrode (in cm)
— R: gas constant (8.314 J K~ mol™1)
~ Rg: electrolyte resistance (in € cm?)
— T temperature (in K)
— w;: rate of the reaction ¢
~ Y: admittance (in S cm~2)
— Z: impedance (in 2 cm?)
~ Zy: faradaic impedance (in 2 cm?)
— «;: charge transfer coefficient of reaction ¢

— a;pt: constant-phase-element parameter
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