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A B S T R A C T

This study aims to provide experimental evidence of the formation and the growth of a viscous layer during the 
electropolishing of additively manufactured 316 L stainless steel parts, using a combination of optical charac
terization techniques. A tertiary current distribution model was subsequently developed to simulate the elec
tropolishing process and predict the evolution of the viscous layer. The results demonstrate that the viscous layer 
forms and grows within a specific potential window before being disrupted by gas evolution due to solvent 
oxidation. Schlieren imaging estimates the thickness of the layer to be approximately 1.4 mm after 5 min of 
polarization at the onset of the polishing plateau—about 1 mm thicker than its natural state without polarization. 
Particle Image Velocimetry (PIV) confirms the presence of a flow-deprived zone near the surface, roughly 1 mm 
thick, contrasting with the bulk region where natural convection dominates. A simplified reaction mechanism is 
proposed, based on experimentally determined electron-transfer kinetics. Metal cations are assumed to be 
instantly complexed, with the diffusion of the resulting complexes considered equivalent to that of the free 
complexing agents (phosphates), based on literature values. Using these assumptions, the tertiary current dis
tribution model successfully replicates the growth of the viscous layer. The model’s predictions were validated by 
experimental measurements of metal cation concentrations, supporting the hypothesis that the diffusion of 
“acceptor” species is the primary driving force behind electropolishing. This work also confirms that phosphate- 
complexed metal cations diffuse analogously to anions.

Introduction

Use of a finishing step to improve overall surface condition is 
frequently requiered, particularly in the case of Additive Manufacturing 
(AM). AM lends itself particularly well to the production of mockups to 
evaluate appearance renders and/or technological properties [1] but 
with major drawback linked to surface quality, which is often very poor, 
characterized by the presence of partially melted particles and 
extremely high roughness (ra ≈ 30 µm) [2,3].

Most finishing processes are subtractive, based on removal of a thin 
layer of material to level the surface. Various types of polishing are 
available: mechanical, chemical or electrochemical, for example. In 
comparison, chemical and electrochemical polishing are non-contact 

processes, which avoid some of the drawbacks of mechanical polish
ing (tool marks, surface hardening, surface contamination, etc.) As these 
are based on immersion of the part in a liquid, they offer an easier way to 
polish complex shapes and internal structures, regardless of metal 
hardness. The main advantage of electropolishing over chemical pol
ishing lies in the less hazardous nature of baths used, thanks to the 
contribution of an energy source: the external current. This also helps to 
achieve a smoother and shinier appearance [4,5].

There is as yet no consensus on the mechanisms of electrolytic pol
ishing. In Jacquet’s theory [6,7], it is a difference in thickness of the 
viscous layer, at peak and valley level, that explains the higher disso
lution speed of the peaks. According to his theory, the difference in 
thickness results in an electrical resistance gradient, therefore 
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influencing dissolution rates. In the 1940s, Elmore [8,9] added a diffu
sion phenomenon to Jacquet’s theory. For these authors, the difference 
in thickness is not sufficient to explain the difference in dissolution rates. 
There may also be a concentration gradient of metal cations, which do 
not diffuse quickly enough to the bulk of the electrolyte. This concen
tration gradient at the electrode surface is proportional to the anodic 
dissolution current. As a result, when electropolishing is in progress, 
dissolved metal cations diffuse more rapidly to the core from peaks than 
from troughs, as there is less distance to travel. These theories are 
reinforced, supported and substantiated by Landolt [10] and Levich 
[11], who conclude that electrochemical polishing is achieved through 
diffusion-controlled dissolution. Other theories, such as that of Hoar 
et al. [12], are based on the formation of an oxide layer on the surface, 
whose thickness remains constant. Diard et al. [13] further developed 
the diffusion-controlled process theory, describing the role of so-called 
"acceptor" species that are consumed at the anode. Matlozs et al. [14,
15] validated this theory using impedance analysis, which confirmed a 
model mechanism based on limitation of dissolution by the diffusion of 
“acceptor” species.

Some works [16,17] have already illustrated the ability of an acidic 
mixture to electropolish AM 316 L stainless steel. This is of primary 
interest because 316 L stainless steel is an austenitic steel widely used for 
its corrosion resistance and excellent mechanical properties. 316 L is 
said to be "stainless" because its surface is protected by a thin passivating 
layer (of the order of a few nanometers), mainly composed of trivalent 
chromium oxides (Cr2O3). Although this layer provides an effective 
barrier against generalized corrosion, it can be locally attacked by 
chloride ions, resulting in pitting corrosion. Nonetheless, it remains one 
of the most corrosion-resistant everyday materials, which explains why 
it is so widely used in applications ranging from medical to food, 
transport (automotive, aeronautical, etc.) and luxury (jewelry and 
watchmaking in particular) [18]. Its electropolishing enables roughness 
reduction, as well as increased brightness on as-built additive 
manufacturing parts. Despite evidence of the electrolyte’s ability to 
electropolish this material, no-one has yet provided a complete study on 
viscous layer establishment and characterization. However, more recent 
work than that on the mechanisms has revealed the viscous layer on 
copper [19] and tungsten [20] for example. Scaling up to larger, more 
complex parts requires development of simulation tools to assist in 
preparation of the finishing process and predict optimal operating pa
rameters. Furthermore, simulation is an important asset in under
standing mechanisms, as it allows different scenarios to be tested, the 
results of which can be compared with experimental calibration tests. 
Despite the emergence of work on simulation of electrolytic coating 
processes [21], as well as electrochemical machining [22–25], there are 
very few publications on development of simulation models for the 
electropolishing process [26,27]. Since the presence of this viscous layer 
greatly influences this process, it is necessary to characterize the con
ditions under which it grows and how it remains stable. In addition, 
simulation models need to be developed that can accurately replicate 
the behavior of the viscous layer.

The aim of this work is primarily to provide evidence of the presence 
of the viscous layer during electropolishing of AM 316 L SS parts by 
means of various optical characterizations. Subsequently, a tertiary 
current distribution model was developed to reproduce the electro
polishing process and predict the evolution of the viscous layer.

Experimental aspects

Electropolishing of additive manufacturing parts

Austenitic stainless steel (type 316 L) from Laser Additive Manu
factured was provided by Volum-e (Blangy-sur-Bresle, France). The 
specimens are square bars (10 mm x 10 mm x 100 mm). The samples are 
used as-built without any preparation. The electrolyte consists of an 
acidic mixture: 45 %w of commercial 85 %w of phosphoric acid, 35 %w of 

commercial 98 %w of sulfuric acid, and the last 20 %w of distilled water.
A pilot cell (Fig. 1) was designed with the main constraint of being 

optically transparent and presenting flat surfaces. For these reasons, 
poly(methyl methacrylate) (PMMA) sheets with different thicknesses 
were used: a 10 mm thick plate to build up the electrolyte tank, and two 
1 mm sheets as side walls through which the observations were per
formed. The cell walls were glued to the SLM stainless steel bar that 
closes the cell at the bottom. As PMMA is not resistant to highly 
concentrated mineral acid, each cell was designed as a single-use cell. 
Temperature monitoring was performed with a thermocouple immersed 
in the cell. The initial temperature was close to ambient, varying from 20 
to 22 ◦C.

Electropolishing was carried out without agitation, thanks to a 
classical three-electrode assembly. In this setup, the SS 316 L bar acts as 
the working electrode (anode), while a platinum-plated titanium mesh 
facing the anode serves as counter-electrode. According to the large 
amount of sulfuric acid, a mercurous sulfate electrode (MSE) was chosen 
as a reference electrode. Due to the large active surface area of the SLM 
parts (S > 10 cm2), it was not possible to use a laboratory potentiostat, 
which is limited in current. Hence, a power supply (40 A- 30 V), 
developed specifically for our needs (Micronics Systems™), was used to 
drive the process either in direct, pulse or dynamic mode. It also enabled 
potentiostatic control versus a reference electrode in the range ± 20 V/ 
Ref so as to work at constant potential or to plot polarization curves (I = f 
(E)).

Linear sweep voltammetry was performed with a scan rate of 10 mV/ 
s to assess the electrochemical behavior of SS 316 L in the cell config
uration. This allowed us to determine the potential ranges of interest for 
electropolishing: the polishing plateau and the beginning of solvent 
oxidation. Between each test, the electrolyte was mixed.

Optical characterization

Two techniques were used to characterize flows and movements in 
the liquid during electropolishing: Schlieren and PIV (Particle Image 
Velocimetry). Both these techniques are briefly described in the 
following sections, together with the setup used.

Schlieren imaging technique
The Schlieren imaging technique allows highlighting of small index 

variations in a transparent medium. More precisely, it is possible to 
render visible slight deviations of light rays due to small variations in the 
refractive index. It therefore offers better contrast than Shadowgraphy 
since it eliminates the parasitic “background”, i.e. the undeflected rays. 
Its principle is shown in Fig. 2 (left). Specifically, the rays depicted in 
gray on the figure, which do not encounter any change in refractive 
index, converge at the knife edge and are subsequently blocked. 
Conversely, the rays shown in red, which cross a refractive index 
change, are deviated due to refraction. This deviation directs them to
ward the camera, thereby rendering the change in refractive index 
visible. During the electropolishing process, due to changes in the local 
composition of the mixture, a concentration gradient of the species 
present in solution is created, inducing a viscosity gradient and a 
refractive index gradient. In this way, the Schlieren technique enabled 
us to observe the phenomena governing electropolishing with a greater 
contrast. It was used both qualitatively for behavioral analysis and 
quantitatively/comparatively to analyze the growth of the viscous layer.

For spatial image calibration, a calibration test pattern was placed in 
front of and then behind the electrochemical cell (as the solution was too 
corrosive to allow a test pattern to be placed inside the device). The 
conversion factor is 26 pixels/mm. From the Schlieren imaging video, 
images were extracted to measure the thickness of the layer (Fig. 2
right). The image processing carried out was the same for all the images 
obtained. The images were transcribed in 8 bits, and thresholded (with a 
threshold set at 14/255). Finally, 10 locations along the horizon axis 
were selected on the processed images. For all images, these locations 
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were identical, and a boundary layer thickness measurement was per
formed at each point. For each image, a mean value of the boundary 
layer, taken over the 10 locations, was calculated. The error corre
sponding to determination of the layer thickness takes into account both 
the spatial calibration error and the standard deviation of the 10 
measured values.

Particle image velocimetry
PIV is a quantitative method, based on inter-correlation of image 

pairs, which provides velocity fields in the liquid. This technique enables 
qualitative and quantitative flow analysis using particles (tracers) 
dispersed in a fluid, in this case an electrolyte. More precisely, the fluid 
flow is seeded with tracers of sufficiently small size to follow the flow 
precisely. The area to be studied is illuminated with a laser sheet: the 
particles in the sheet will then scatter the light. Using a video acquisition 
system, successive images of the same flow plane are recorded. All the 
images are first pre-processed by shifting, averaging, and then removing 
average background, etc. Next, by dividing the images into windows of 
interest and correlating two spatially identical windows, it is possible to 
obtain the displacement of a given population of particles between the 
two shots. From this displacement, velocity is then deduced, and for 
each set of images, a velocity vector field is obtained. All pre-processing 
and processing were carried out using a program developed at the 

FEMTO-ST laboratory [22,23,28,29].
The PIV setup is shown in Fig. 3. The laser source was a 632.8 nm 

HeNe Laser (10 mW HNL100L), and the acquisition camera was a 
PHANTOM-MIRO M120. Seeding the electrolyte with particles was not 
so simple. The highly acidic composition of the electrolyte was a specific 
challenge. To observe the viscous layer in the close vicinity of the wall, 
we would have needed to use fluorescent tracers, but those we thought 
were not chemically resistant to our electrolyte (amine not resistant to 
concentrated acids). Also, with sub-micrometric or micrometric but non- 
fluorescent particles, scattering was not sufficient to successfully process 
the images. We were therefore unable to obtain usable PIV fields in the 
viscous layer. Thus, we focused our PIV study in a visualization window 
of about 1cm2. The electrolyte was seeded in this case with silica par
ticles of 9.98 µm in diameter (SD=0.31 µm). While the density of the 
electrolyte (approx. 1.56 g/cm3) was lower than that of the silica par
ticles (1.85 g/cm3), the sedimentation times were much lower than the 
lowest macroscopic velocity observed. Furthermore, the Stokes number 
calculated in the worst-case scenario remained well below 1, so we can 
assume that the particles follow the flow faithfully.

Chemical characterization: ICP

One of the causes of viscous layer establishment is the fast increase in 

Fig. 1. Photography of the specific cell developed for the experimentation.

Fig. 2. Schematic diagram of the Schlieren setup (left) and (right) example of snapshot taken during the recording under potentiostatic polarization at 1.85 V/SHE, 
showing viscous layer growth. The dotted area corresponds to the zone of interest detailed in Fig. 10.
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dissolution product concentration (metallic cations) at the interface and 
their inability to diffuse rapidly to the bulk. The viscous layer is then 
much more concentrated in metallic cation than the bulk. Samples of the 
viscous layer were experimentally collected during electropolishing 
with a micropipette at surface vicinity until 1 mL was collected. The 
extraction was then analyzed by ICP-OES to determine the iron con
centration. SS 316 L is a single-phase alloy that dissolves homoge
neously. Based on the alloy’s iron, chromium, and nickel content, the 
iron concentration was extrapolated to the total dissolved cation con
centration. This value will then be used as a threshold to determine the 
boundary between the viscous layer and the bulk in the simulation 
model.

Model formulation

The modeled geometry consists of a vertical plane of the specific cell 
described above. The upper boundary is cut, and the red line in Fig. 4
corresponds to the counter-electrode while the blue line represents the 
workpiece. The electrolyte is defined as the gray area between the two. 
The reference electrode and the thermocouple are both disregarded. The 
change in geometry due to anode dissolution is not modeled since the 
dissolved thickness is assumed to be irrelevant in comparison to the 
inter-electrode distance (7 cm).

The mesh is built in three steps. First, the edge representing the 
active surface is split into elements 25 µm apart. Then, the overall area is 
covered with free triangles. The mesh parameters are described in 
Table 1. The last step consists in refining the elements near the surface 
with boundary layers. 55 layers are built from the surface (Fig. 5). The 
thickness of the first layer and the growth are 10 µm and 1.02, respec
tively. The mesh consists of 562,072 elements.

Tertiary current distribution

An important step in model definition is to determine the current 
distribution mode (primary, secondary or tertiary) to be solved. The 
model most often used is secondary current distribution (Eq. (2)), as it is 
the best compromise between primary distribution (Eq. (1)), which is 
not sufficiently predictive as it does not integrate reaction kinetics, and 
tertiary distribution (Eq. (3)), which is too complex to be solved with 
reasonable calculation times. In this work, since the volume of electro
lyte considered is restricted and the aim is to highlight the viscous layer, 
characterized by metal cation concentration, it is possible to implement 
a tertiary current distribution. 

Primary distribution
(Ohm’s law)

i = − σ.∇ϕ (1) 

Secondary distribution
(Butler − Volmer)

i = i0

⎛

⎝e
αaFη
RT − e−

αcFη
RT

⎞

⎠ (2) 

Fig. 3. PIV diagram (left) and photo of the electropolishing assembly during the PIV process (right).

Fig. 4. Photography of the specific cell and the transversal cut used as geometry for the simulation.

Table 1 
Mesh parameters.

Predefined setup CFD based mesh – extremely fine configuration

Max size of element 469 µm
Min size of element 1.4 µm
Growth rate 1.05
Curvature factor 1.2
Thin region resolution 1
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Tertiary distribution
(Nernst − Planck)

i = − F
∑

Dizi∇ci −
F2

RT
∇ϕ

∑
z2

i Dici + u
∑

zici

(3) 

where:

i : current density (A.dm− 2) σ : conductivity (S.m− 1)
ϕ : potential (V) i0 : exchange current density (A.dm− 2)
η : activation overpotential (V) αc : so-called cathodic charge transfer 

coefficient (dimensionless)
αa : so-called anodic charge transfer 

coefficient (dimensionless)
T : temperature (K)

F : Faraday constant (~ 96,485 C. 
mol− 1)

R : universal gas constant (~ 8314 J. 
K− 1.mol− 1)

Di : diffusion coefficient (m2.s− 1) zi : number of electrons involved in the 
electrode reaction (dimensionless)

ci : concentration (mol.m− 3) u : velocity field (m.s− 1)

No forced convection will be applied to the system, so that the 
convective part (the last term) of the Nernst-Planck equation can be 
removed. The two transport modes are diffusion and electromigration. 
There is no work available in the literature on characterizing the 
diffusion coefficients of the various species involved (oxidizing species, 
complexing species, dissolution products, etc.). Nevertheless, several 
works have shown that the electropolishing mechanism of 316 L stain
less steel is governed by the theory of an acceptor species [30]. It would 
therefore be the diffusion of this species, from the core of the solution 
toward the interface, which limits dissolution of the steel (see Fig. 6).

In this case, each anion (A) transported to the interface is instantly 
consumed by a dissolved metal cation (M) to form a complex ([MAy]). It 
is assumed that complexing of 316 L dissolution products by electrolyte 
anions forms the basis of the viscous layer. In the present electrolyte (a 
phospho-sulfuric acid mixture), it has already been pointed out that the 
main role of sulfuric acid in this electrolyte is to attack the oxide layer 
formed on the steel surface during anodic polarization [31]. Phosphoric 
acid, on the other hand, serves as a complexing agent for metallic ions. 
However, it is not impossible for both acids to play both roles. Based on 
these assumptions, formation of the viscous layer can be explained by 
the following mechanism: 

• Steel → Steel+ + 1 e− (purely electrochemical reaction)
• Steel+ + A− → [SteelA] (complexing of dissolved metal cation by the 

acceptor species)
• Solvation and diffusion of [SteelA] from the interface to the bulk

The tertiary current distribution model will therefore be 

parameterized as follows. The dissolution kinetics is based on experi
mental oxidation rate characterization. The use of an "equivalent gram" 
for each electron exchanged allows the overall anode reaction to be 
considered: Steel → Steel+ + 1 e− , and an inflow (from the surface into 
the electrolyte) corresponding to formation of the Steel+ cation to be 
defined. The second step corresponds to Steel+ cation complexing by the 
acceptor anion A− , according to: Steel+ + A− → [SteelA]. This mecha
nistic part will not be simulated in the model as the reaction constants 
needed to describe this reaction accurately are not available. Thus, the 
complexing reaction will be treated as instantaneous. This will be re
flected in the model by the assimilation of the Steel+ concentration to 
the [SteelA] concentration. Finally, this [SteelA] complex will be sol
vated and then diffused from the interface to the bulk. The various forms 
of phosphate present in the solution are meant to be the acceptor spe
cies. Given the concentrations of phosphoric and sulfuric acids in the 
electrolyte, the two predominant forms would be H3PO4 and/or H2PO4

− . 
As no diffusion coefficient values of such metal cations in this type of 
electrolyte are available in the literature, the diffusion coefficient of the 
complex will be assumed to be equal to the diffusion coefficient of 
phosphates in water. Chung et al. [32] gave a value of 2.61.10− 12 m²/s 
in water for this coefficient, but another work by Edwards and Huffman 
[33] provided a curve plotting its evolution vs. concentration of phos
phoric acid in water (Fig. 7).

Fig. 5. Zoom on the mesh near the active surface (line at 0 mm) exhibiting boundary layers (rectangles) and the rest of the mesh (free triangles).

Fig. 6. Schematic illustration representing the concentration profiles of anion 
and complex formed within the framework of the theory based on acceptor 
species limiting electropolishing.
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Moreover, a predefined temporary solver proposed by Comsol Mul
tiphysics® is used, and simulations correspond to electropolishing ex
periments over 300 s, with extraction of results every 30 s.

Results and discussion

Potentiodynamic polarization

Electrochemical characterization
An intensity-potential curve is drawn to establish the electrolyte’s 

ability to electropolish the substrate in this specific configuration. This 
curve is obtained by recording the current during a linear potential 
sweep. (Fig. 8)

The characteristic zones of a typical intensity-potential curve of 
anodic polarization of a metal in an electrolyte to electropolish are 
observed here [5]. Until up to around 1.7 V/SHE, active dissolution of 

the metal is described by a rise in current when the potential is increased 
(zone I). Around 1.8 V/SHE, current stabilization signals the establish
ment of the viscous layer (zone II). From 1.8 to 2.2 V/SHE, current re
mains almost constant when the potential is increased: the viscous layer 
is growing. This corresponds to the so-called electropolishing plateau 
(zone III). Above 2.3 V/SHE, a sharp increase in current is noticed 
associated with solvent oxidation (zone IV).

Simultaneous optical characterization
Standard quality videos were captured while the polarization curve 

was being drawn. Snapshots are listed in Fig. 9. Formation of the viscous 
layer is evidenced by the orange-yellow layer appearing on the anode 
surface at potentials between 1.6 and 1.85 V/SHE. The color of the layer 
then intensifies, a sign that it is growing. From roughly 2.0 V/SHE, 
bubbles can be detected. While this is earlier than solvent oxidation, 
with the positioning of the reference electrode this can be attributed to 
edge effects. The local potential there is higher, which explains the early 
outgassing. Gas evolution at the edge of the part, visible under the 
reference electrode, occurs at around 2.35 V/SHE. This corresponds to 
the beginning of solvent oxidation on the intensity-potential curve. 
Intense gas evolution then increasingly unsettles the viscous layer. As 
the potential increases, so does the amount of gas produced.

Electropolishing under potentiostatic control on the polishing plateau

Optical characterization without any polarization
Without polarization, no viscous layer is visible on the standard 

quality video. However, during optical characterization it was found 
that even without the application of potential, a native layer grew on the 
surface. This layer could be attributed to spontaneous corrosion of 
stainless steel in this mixture of mineral acids, as a few bubbles are 
observed simultaneously. Growth rate is determined from image anal
ysis during the 420 s of video (Fig. 10A). The native layer grows at a rate 
of around 0.85 µm/s.

Schlieren imaging of the viscous layer
Since it was established that a viscous layer forms over a certain 

Fig. 7. Evolution of diffusion coefficient as a function of the square root of concentration of phosphoric acid in water at 25 ◦C [33].

Fig. 8. Linear sweep voltammetry exhibiting the polishing plateau (ability of 
the electrolyte to electropolish the substrate) adapted from [5].
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potential range, tests were carried out under potentiostatic control. A 
potential of 1.85 V/SHE was applied for 5 min to characterize growth of 
the viscous layer. Likewise, snapshots were extracted during the 

recording in order to estimate its thickness (Fig. 10B). The measured 
thicknesses were then analyzed and plotted against time (Fig. 11). 
Growth of the viscous layer exhibited a two-step evolution against time. 

Fig. 9. Snapshots taken during the polarization curve at: A 1.4 V/SHE (zone I), B 1.85 V/SHE (zone II), C 2.15 V/SHE (zone III), and D 2.75 V/SHE (zone IV).

Fig. 10. Snapshots taken during the recording: A without any polarization showing native layer growth and bubble formation and B under potentiostatic polarization 
at 1.85 V/SHE showing viscous layer growth.

Fig. 11. Viscous layer thickness evolution versus time.
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During the first 120 s of polarization, the viscous layer grew rapidly, 
then a slowdown was observed. This can be partially explained by the 
emergence of lateral convective movements in the cell.

This first evolution of thickness over time (from 30 s to 110 s) was 
fitted using log-log representation (Fig. 12 left). The linear regression on 
the log-log graph displays a slope of 0.52. This suggests that this 
behavior could be adjusted by the Cottrell law (Equ.4), in agreement 
with the electropolishing mechanism reported to be under diffusional 
control. Once fitted upon experimental data (red curve on the right in 
Fig. 12), it leads to an equivalent diffusion coefficient: D ≈ 3.01.10− 9 

m²/s. This value is consistent with diffusion coefficients of common ions, 
such as phosphate, in water [34]. However, the Cottrell law is not able to 
predict the limiting thickness achieved by the viscous layer under sta
tionary conditions (over 100 s). 

Cottrell law e =
̅̅̅̅̅̅̅̅
πDt

√
(4) 

where:

e : viscous layer thickness (µm) D : diffusion coefficient (m2/s)
t : time (s) ​ ​

Viscous layer growth rate can be determined from experimental data 
measured on the central zone. During the first 120 s, the layer grows at a 
rate of approximately 6.04 µm/s, after which it drops to roughly half of 
that rate: 3.12 µm/s. Both viscous layer growth rates are much bigger 
than the rate at which the native layer grows without polarization.

Optical characterization (PIV)
Fig. 13 shows the velocity vector field during polishing at 1.85 V/ 

SHE after 5 min of polarization. It should be noted that the origin on the 
height axis does not correspond exactly to the surface, as the laser sheet 
causes a significant reflection of light at the surface, preventing analysis 
in this zone. There is therefore an offset of several tens of microns. 
Different zones in the velocity vector field can be noticed. At heights 
between zero and about one millimeter, it is interesting to observe that 
the norms of the velocity vectors are particularly low: < 50 µm/s. 
Moreover, orientation of these vectors seems to be predominantly par
allel to the surface with no normal component in this observation zone 
situated slightly above the surface. PIV can therefore be used to extract 
information and highlight the presence of a zone in which the flow is 
very different from the rest of the electrolyte. However, with the char
acterizations carried out for the moment, it is not conceivable to attempt 
a more precise determination of the thickness of this layer, which seems 

to correspond to the viscous layer.
In the upper part, i.e. from a height of around three millimeters, the 

liquid moves with a much more pronounced biaxial component. The 
coupled vertical and horizontal movements are attributed to the com
bined effect of natural convection and liquid recirculation in the elec
trolyte. In fact, the change in composition of the mixture, combined with 
a slight heating of the wall (Joule Effect in particular), will induce up
ward convective movements in the cell, which is certainly what affects 
the evolution of the viscous layer after 110 s (Fig. 11). On the other 
hand, during electropolishing, gas is released from the wall, particularly 
at the ends of the cell, due to electrochemical edge effects. As the bub
bles grow and detach, they carry liquid in their wake. These upward 
movements will induce recirculation rolls. The norm of the velocity 
vectors in this zone is systematically greater than 1 mm/s, which is much 
higher than in the zone assumed to be the viscous layer.

Modeling growth of the viscous layer under potentiostatic conditions
The simulation model was used to predict evolution of the viscous 

layer over time. The tertiary current distribution model is used to predict 
concentration of metal cation formed during polarization. The interface 
between the viscous layer and the bulk is set according to a threshold 
concentration value: measured experimentally by ICP analysis from 
viscous layer samples taken during experimental tests. Two diffusion 
coefficients from the literature (constant (dotted line) and 
concentration-dependent (solid line)) were used, and the results of the 
two calculations were compared (Fig. 14), as well as a simulation using 
the diffusion coefficient obtained using Cottrel law fit on experimental 
data (dashed line).

Using the diffusion coefficient, determined by the law described in 
Chung et al. [32], viscous layer thickness is far too low: 100 µm after 300 
s of polarization compared with 1400 µm experimentally. Thickness 
after the test would even be less than that observed without polarization. 
Moreover, the predicted maximum surface concentrations are already 
around 30 mol/L after 30 s, which is impossible given that the con
centration of 85 %w phosphoric acid (the most concentrated commer
cially available) is 14.6 mol/L (Fig. 15A). This model is therefore not 
satisfactory for reproducing the expected behavior.

Using the diffusion coefficient determined by fitting a Cottrell law on 
the experimental data (Fig. 15C) does not allow good reproduction of 
evolution of layer growth throughout polarization. Therefore, the 
equivalent diffusion coefficient extracted from this law cannot be used 
as input data for a tertiary current distribution-based model.

Finally, variation in diffusion coefficient with concentration, as 
proposed by Edwards and Huffman [33], allows better adjustment of the 

Fig. 12. Viscous layer thickness versus time plot as log-log representation (left) and Cottrel law fit (right).
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experimental results (Fig. 14 and Fig. 15B), although there is a contin
uous underestimation of thickness. This can be attributed to the initial 
thickness of the layer observed at the beginning of polarization (Fig. 11: 
t = 0 s). An additional step was to add to this curve the initial thickness 
value at the beginning of the record (before polarization) equal to 317 
µm (dashed line on Fig. 16). In this way, the model is in good agreement 
with experimental characterizations.

Conclusion

This work provides a complete study of the establishment of a 
viscous layer during electropolishing of 316 L stainless steel produced by 
metal additive manufacturing in a mixture of mineral acids. Optical 
characterization at different scales validates the potential ranges at 

which the viscous layer forms and grows, before being destabilized by 
gas evolution during solvent oxidation. Schlieren imaging helps estimate 
thickness of the viscous layer after 5 min’ polarization at the beginning 
of the polishing plateau: approximately 1.4 mm, which is about one 
millimeter thicker than its natural thickness without polarization. PIV 
characterizations confirm a zone of roughly one millimeter thickness 
with no perpendicular flow to the surface, distinct from the bulk where 
natural convection was observed.

A simplified reaction mechanism is proposed, based on experimen
tally determined reaction kinetics reported for each electron exchanged. 
The cations are assumed to be instantaneously complexed. The 
assumption is made that diffusion of this complex is the same as that of 
the free complexing agents (phosphates), taken from the literature. 
From this, a tertiary current distribution model was developed and 

Fig. 13. Velocity field obtained by PIV during electropolishing at 1.85 V/SHE after 300 s of polarization.

Fig. 14. Prediction of viscous layer thickness against time for the two different diffusion coefficients used in the tertiary current distribution model.
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successfully reproduced growth of the viscous layer, based on these 
assumptions. Indeed, an experimental characterization of metallic 
cation concentration in the viscous layer served as a threshold to 
determine the limit of the viscous layer from the model’s local con
centration predictions. This agreement between the experimental results 
and the model predictions validates the theory that “acceptor” species 
diffusion is the main driving force behind polishing. Moreover, this work 
confirms the hypothesis that metal cations are complexed by phosphate 
and that diffusion of complexes is analogous to that of anions.

Perspectives of this work on characterization of the viscous layer, 
which governs the electrochemical polishing process, consist of two 
main areas. First, characterizations of layer growth could be substanti
ated at different potentials on the polishing plateau and compared with 
material removal and roughness reduction obtained under these con
ditions. Second, electrolytic polishing of additively manufactured parts 
is generally performed by means of agitation. The impact of agitation on 
viscous layer stability would need to be characterized to further enhance 
understanding of the different phenomena governing the polishing 

Fig. 15. Concentration profile obtained with the tertiary current distribution model using diffusion coefficient A constant from [32], B varying with local con
centration [33], and C determined by fitting a Cottrel law on experimental data.

Fig. 16. Prediction of viscous layer thickness against time using variation in diffusion coefficient with concentration and shift corresponding to the 317 µm of viscous 
layer observed at the beginning of recording.
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mechanisms.
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