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Abstract Metallic endovascular stents are used as medical
devices to scaffold biological lumen, most often diseased ar-
teries, after balloon angioplasty. They are commonly made of
316L stainless steel or Nitinol, two alloys containing nickel,
an element classified as potentially toxic and carcinogenic
by the International Agency for Research on Cancer. Al-
though they are largely implanted, the long-term safety of
such metallic elements is still controversial, since the cor-
rosion processes may lead to the release of several metallic
ions, including nickel ions in diverse oxidation states. To
avoid metallic ion release in the body, the strategy behind
this work was to develop a process aiming the complete iso-
lation of the stainless steel device from the body fluids by a
thin, cohesive and strongly adherent coating of RF-plasma-
polymerized fluoropolymer. Nevertheless, prior to the poly-
mer film deposition, an essential aspect was the develop-
ment of a pre-treatment for the metallic substrate, based on
the electrochemical polishing process, aiming the removal
of any fragile interlayer, including the native oxide layer and
the carbon contaminated layer, in order to obtain a smooth,
defect-free surface to optimize the adhesion of the plasma-
deposited thin film. In this work, the optimized parameters
for electropolishing, such as the duration and the temperature
of the electrolysis, and the complementary acid dipping were
presented and accurately discussed. Their effects on rough-
ness as well as on the evolution of surface topography were
investigated by Atomic Force Microscopy, stylus profilom-
etry and Scanning Electron Microscopy. The modifications
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induced on the surface atomic concentrations were studied
by X-ray Photoelectron Spectroscopy. The improvements in
terms of the surface morphology after the pre-treatment were
also emphasized, as well as the influence of the original stain-
less steel surface finish.

Introduction

Intravascular stents are medical devices currently used to
scaffold arterial lumen, most often of diseased arteries, af-
ter balloon angioplasty [1]. Introduced in the 70’s, conven-
tional balloon angioplasty, presents two major complications:
abrupt vessel closure during the intervention and restenosis
during follow-up [2]. Compared to angioplasty alone, stent-
ing procedures improve the safety and efficacy of the in-
tervention, especially by avoiding the abrupt vessel closure.
However, restenosis remains the principal cause of clinical
complications even after stenting procedures, leading to up to
30% of failure after 3 months of implantation [3]. Other com-
mon complications frequently observed remain thrombosis,
inflammation and corrosion of the metallic stent material
[4]. This latter induced by the blood fluid, causes a degrada-
tion of the mechanical properties of the metallic devices [4],
thus presenting a high potential for the release of potentially
toxic metallic compounds, such as nickel-based oxides and
metal ions [5]. This is of particular concern because currently,
the materials mainly used to fabricate metallic endovascular
prostheses are 316L stainless steel and shape memory al-
loys, such as nickel–titanium alloys, both containing a high
concentration of nickel (respectively 8 to 12% and around
50%). Animal studies show that these potentially toxic
compounds are stocked in the tissues surrounding the stent
and can migrate through the blood flow, to be accumulated
in vital organs like kidneys, spleen and liver [6, 7]. More-
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over, the effect of different concentrations of corrosion prod-
ucts on the growth of rat aortic cultured smooth muscle cells
was studied by Shih et al. [8]. They showed that the corro-
sion products induced cell morphology changes and even cell
necrosis. Also, the growth inhibition was correlated with the
increase of nickel concentration in the corrosion products.
The interactions between the metallic devices and the living
tissues (including blood and arteries) occurring at their in-
terface, the surface properties of the metallic devices play a
key role in their long-term safe implantation. Therefore, one
obvious approach to reduce the metallic ion release is the
surface modification of the presently commercial metallic
devices.

Surface modifications are a general concept that can be
divided into surface treatments and surface coatings, or a
combination of both. Surface treatments include mechanical
and electrochemical polishing, ultrasonic cleaning, chemical
etching and degreasing, as well as low pressure plasma etch-
ing [9], while surface coatings [10, 11] could be obtained by
wet processes, such as dip coating, or dry processes, such
as low pressure plasma deposition [12]. Moreover, it is well
documented that the chemical structure of the thin film [13],
as well as the adhesion properties between a coating and a
metallic substrate [14], largely depend on the surface compo-
sition and morphology of the metallic substrate prior to the
film deposition. Air-exposed stainless steel is naturally cov-
ered by an oxide layer (typically 10–50 Å thick) composed
of metallic oxides (mainly chromium oxide Cr2O3) and of
hydroxides. A layer of adsorbed hydrocarbons is also gener-
ally present on top of the oxide [15]. For the proper coating
of a stainless steel surface, it appears clearly from the liter-
ature that three main points have to be highlighted. Firstly,
it is necessary to perform the coating on a contamination-
free metallic surface. Indeed, the best adhesion properties
between the coating and the metallic substrate are reached
when the metallic surface is clean [16,17]. Secondly, the sur-
face roughness has to be small compared to the film thickness
for the deposition to proceed correctly, for the film to be uni-
form and for the adhesion properties at the interface to be
maximized. Finally, the oxide layer is a critical interface be-
tween the metallic biomaterial and the coating. Indeed, from
a mechanical point of view, the oxide layer can be considered
as a ceramic material which may therefore present a brittle
behavior under stress conditions. During the stent deploy-
ment in the artery, the plastic deformation of the metallic
biomaterial stresses the surface oxide, causing cracking and
delamination and therefore, leading to the delamination of the
coating. Moreover, it is known that oxide layers on metallic
surfaces are not thermodynamically stable upon exposure to
biological environments [18]. On these bases, it appeared that
the complete removal of the oxide layer was one of the key
tasks prior to any further coating development. The general
objective of this work was therefore to develop and optimize

a specific pre-treatment process for AISI 316 stainless steel
to prepare its surface for further plasma-deposited polymer
coating for biomedical applications.

Among the known surface pre-treatments of stainless
steel, electrochemical polishing was considered in this study
because it presents the following advantages: 1) it can indeed
be performed on complex sample shapes, such as endovascu-
lar stents, leading to smooth, defect-free and contamination-
free surfaces; 2) it allows the removal of non-metallic
inclusions and irregularities related to initialization of the
corrosion processes [19, 20], especially local corrosion [21].
Although the mechanisms governing the electropolishing are
not yet fully understood, they are generally explained by two
different reactions at the anode surface [22, 23]. The forma-
tion of a thick, viscous diffusion layer, at the liquid-solid in-
terface, controls smoothing of the surface, by the dissolution
of peaks having dimensions greater than 1 micron (macro
smoothing). The formation of a thin solid film on the surface
controls brightening by dissolution of peaks down to 0.01
micron (micro smoothing). By this anodic dissolution pro-
cess, the original oxide layer is removed and a new one is
formed which is thinner, cleaner and chemically more homo-
geneous. Indeed, two reactions are in competition at the same
time during the electropolishing process: The dissolution of
metallic elements (such as Fe as Fe(II)) through a prepassive
layer featuring a reaction with free water, and the passivation
process depicted as a solid-state formation of oxidized metal-
lic elements (such as Fe(III)). Bojinov et al. showed clearly
that the electropolishing of iron in concentrated phosphoric
acid leads to the formation of a layer of passivating species
which progressively blocks the prepassive dissolution of the
metal [24].

The main objective behind this work was the encapsu-
lation of the metallic devices by a thin film of plasma-
polymerized fluorocarbon which would act as a barrier
against ion release while being biocompatible, stable for
long-term implantation, impermeable (even after stent de-
ployment), cohesive and well-adherent to the metallic sub-
strate. An electropolishing process was developed because
the chemical structure of the thin film and the adhesion prop-
erties between the coating and the metallic substrate largely
depend on the surface composition and morphology of the
metallic substrate prior to the film deposition. Smoothing
phenomena, as well as changes in the chemical composi-
tion of the electropolished surface, are controlled by nu-
merous parameters such as the current density, the temper-
ature and the composition of the electrolyte, the bath con-
figuration and the duration of the treatment [23, 25, 26].
Thus, the specific aim of this work was to optimize the
experimental conditions of the electropolishing process of
laminated 316 stainless steel sheets. For each tested set of
conditions, the effects of electropolishing process on topog-
raphy, roughness and chemical composition of AISI 316
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stainless steel surface were investigated by Atomic Force Mi-
croscopy (AFM), Scanning Electron Microscopy (SEM) and
X-ray Photoelectron Spectroscopy (XPS). First, the useful-
ness of an acidic dipping post-treatment was demonstrated.
It was indeed shown that acidic dipping was necessary to
remove the phosphate layer inevitably formed by the elec-
trochemical process. Then, the optimal conditions of elec-
tropolishing were determined, in terms of reduction of the
oxide and contamination thickness and in terms of reduction
of the surface roughness and of the density of defects. Finally,
three different surface finishes were electropolished under
optimal conditions, and the final surface mean roughness was
evaluated.

Materials and methods

Materials

Flat 316 stainless steel (Quebec Metal Pressing Inc.,
Montréal, Canada) specimens (15 × 10 × 1.5 mm) were used
as metallic substrates. Their composition is as follow (wt.
%): Cr (16.00–18.00), Ni (10.00–14.00), Mo (2.00–3.00),
Mn (≤ 2.00), Si (≤ 1.00), C (≤ 0.08), P (≤ 0.045), S (≤
0.03) and Fe (balance). Some specimens were used as re-
ceived from the manufacturer in their laminated form, oth-
ers were mechanically polished to a finish # 4, according to
metallurgical standards and some were polished to a mirror
like finish, with successive grits down to a final 0.1 μm dia-
mond powder. Prior to the electropolishing process, the spec-
imens were cleaned successively in acetone, deionized water
(D.I.), and isopropanol for 10 minutes each in an ultrasonic
bath, and subsequently dried with particle-free compressed
air.

Surface treatments

Electrochemical polishing

A glass container was used as the electrolytic polishing cell
(115 mm long, 100 mm wide and 80 mm high). The sam-
ple was used as the anode (positive potential) and a 316
stainless steel sheet with the same dimensions was used as
the cathode (negative potential). The distance between the
two electrodes was fixed at 60 mm. The current density was
fixed at 0.75 A.cm−1 and the immerged surface of each elec-
trode at 2 cm2 [27, 28]. The electrolyte was composed of a
mixture typical for electropolishing [23], but optimized for
stent applications by De Scheerder et al. [27, 28]: glycerol at
99+% (50% v/v), phosphoric acid at 85% (35% v/v), and D.I.
water (15% v/v). Glycerol and phosphoric acid were pur-
chased from Laboratoire MAT (Montréal, Canada). For

each treatment, a new fresh electrolyte was used, because
it is known that modifications of the metallic ion concen-
tration could have an influence on electropolishing con-
ditions [29]. The volume of electrolyte was 100 ml and
the pH before electropolishing was 5. The required dura-
tion of the process and the temperature of the electrolyte
were optimized experimentally, in order to reach the lowest
value in terms of roughness, contamination and oxide layer
thickness.

Acidic dipping

The dipping in the acidic solution (which had been optimized
previously) was performed by immersion of the metallic sam-
ple in a mixture of nitric acid at 70% (10% v/v), hydrofluoric
acid at 50% (2% v/v) and D. I. water (88% v/v), during 30 s at
50◦C. Nitric acid and hydrofluoric acid were purchased from
Laboratoire MAT and BDH, respectively (both in Montréal,
Canada). Then, the samples were thoroughly rinsed with
D.I. water and dried with particle-free compressed air after
each dipping.

Surface analysis

Topographic evaluation and roughness measurements

Atomic Force Microscopy (AFM) investigations were per-
formed using the tapping mode of a DimensionTM 3100
Atomic Force Microscope (Digital Instrument, CA, USA)
with an etched silicon tip (OTESPATM). Surface roughness
was evaluated at two different scales, using the classical mean
surface roughness parameter Ra, calculated at two scales:
over an area of 20 × 20 μm and an area of 80 × 80 μm.
Eight areas per treatment were tested for Ra calculations over
20 × 20 μm and six over 80 × 80 μm. Ra was defined by
the usual expression:

Ra = 1

Lx Ly

Lx∫
0

Ly∫
0

∣∣∣ fx,y

∣∣∣dxdy

where Ra is the mean value of the surface relative to the
center plane, f (x, y) is the surface relative to the center plane,
and Lx Ly are the dimensions of the scanned surface. In our
study, Lx and Ly were equal and set to 20 μm or 80 μm.
Stylus prfilometry measurements were also performed using
a Dektak 3, in order to get information about the surface
roughness at a macroscopic scale. Ra was calculated over a
1 mm line, and six lines were tested per surface treatment. Ra

was defined by the same expression as above, but applied in
1 dimension. Scanning Electron Microscopy (SEM) imaging
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was performed on a JEOL JMS-35CF (15 KeV, X 1200 and
X 600), in order to evaluate the effect of the process on the
surface topography.

Chemical composition

The chemical composition of the surface was investigated
by an X-Ray Photoelectron Spectrometer (XPS–PHI 5600-
ci spectrometer–Physical Electronics), with a base pressure
below 5 × 10−9 mbar. Surveys and depth profiles were ac-
quired at low resolution, using the Ka line of a standard alu-
minium X-Ray source powered at 400 W. Survey spectra
were recorded at a detection angle of 45◦ with respect to the
surface plane. Sputtering for depth analyses was performed
with a beam of Ar+ ions of 4 KeV energy and 0.6 μA/cm2

current density, at an incident angle of 45◦ over a surface of
∼0.2 cm2. As the stochiometry of the oxide layer is variable,
the oxide layer thickness will be arbitrarily defined as the

point where the oxygen signal decreases to half-maximum
[9].

Results and discussion

Acidic dipping

Figure 1 shows SEM micrographs of three surfaces of stain-
less steel with the corresponding surface chemical compo-
sition obtained by XPS: one as-received surface of stainless
steel without treatment (Fig. 1.a.), one electropolished (for
5 min. at room temperature) surface (Fig. 1.b) and one elec-
tropolished (for 5 min. at room temperature) surface subse-
quently acid dipped (Fig. 1.c).

A clear contrast in surface topographies can be easily ob-
served in Fig. 1. The as-received surface (Fig. 1.a.) shows
the typical microstructure of a laminated surface of stain-
less steel, with deep fissures and scratches. The material
is covered by a porous oxide layer [30, 31] that is rich in

Fig. 1 SEM micrographs and XPS survey data (Atomic %)–316 stainless steel surfaces; (a) as-received; (b) electropolished; (c) electropolished
and acid dipped.
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Fig. 2 AFM micrographs–316 stainless steel surfaces; (a) as-received; (b) electropolished for 1.5 min at room temperature; (c) electropolished for
5 min at room temperature.

carbon (42.3 at.%), and oxygen (42.8 at.%), and presents
some traces of contaminants like nitrogen and fluorine.
On the electropolished surface (Fig. 1.b.), a singular sur-
face appears, characterized by randomly distributed hemi-
cylindrical features. According to the XPS data, the elec-
tropolished surface is composed of phosphates as well as
oxides with some remaining organic contaminants. Indeed,
the phosphate layer obtained could originate from the an-
odic film responsible for the macro smoothing. A yellow
film covering the implants has been already observed af-
ter electropolishing stainless steel implants in a sulphuric-
orthophosphoric electrolyte [32]. This film probably orig-
inated from the thick and viscous anodic film, formed at
the surface of the implant during the electropolishing treat-
ment. The acid treatment removed mostly the phosphate
layer (Fig. 1.c.) and the surface appears homogeneous and
smooth, and the grain boundaries, characteristic of the bulk
structure can be clearly distinguished. The oxygen atomic
concentration is reduced after the treatment with acid (from
61 at.% to 54.1 at.%), and this decrease is balanced by the
increase of atomic concentrations of metallic compounds,
mainly chromium. The atomic concentration of carbon is
lowered by the acid dipping (18.3 at%), compared to the
as-received substrate (42.3 at.%). The carbon contamina-
tion was reduced by the combination of electropolishing and
acid dipping. Fluorine was also detected (1.8 at.%) on the
surface treated by electropolishing and acid dipping, orig-
inating from the acid solution. Although some phosphorus
(1.4 at.%) was still detected, we can conclude that the acid
dipping is essential to remove the phosphate layer on top
of the electropolished stainless steel samples and to im-
prove the general surface quality. Therefore, the acid dip-
ping was systematically applied after each electropolish-
ing treatment for the optimization of the electropolishing
process.

Duration of electropolishing treatment

The relationship between the composition and the topogra-
phy of the metallic surface, and the duration of electropol-
ishing, was investigated for room electrolyte temperature, at
the beginning of the treatment. Indeed, an increase of the
electrolyte temperature was noted during electropolishing,
reaching 60◦C after around 3 minutes of treatment.

Figure 2 shows 3-dimension AFM pictures of stainless
steel surfaces as a function of the electropolishing duration.
Fig 2.a. shows an as-received surface while Fig. 2.b. and
Fig. 2.c. show surfaces that were electropolished for 1.5 min-
utes and 5 minutes, respectively. It appears that the longer is
the duration of electropolishing, the smoother the surface
becomes. Again, the as-received surface appears strongly
damaged, presenting irregularities and pits more than 2 μm
deep. After 1.5 minutes of electropolishing, the surface is
smoother, surface irregularities are less deep (∼0.5 μm). Af-
ter 5 minutes of electropolishing, the surface results homoge-
nous, smooth, defect-free, and the grain boundaries, charac-
teristic from the bulk structure, are visible. Moreover, smooth
features with hills and valleys are observed, characteristic
of an electropolished surface [32]. It can be concluded that
the surface becomes smoother as the duration of electropol-
ishing increases, and this effect was also reported by Rao
et al., in a mixture of orthophosphoric acid, sulphuric acid
and chromic acid at room temperature [33]. We noted that
the grain boundaries begin to be distinguishable after only
3 minutes of electropolishing, with smaller steps between
them. Indeed, electropolishing removes materials from the
substrate with a different rate for each grain, because each
grain has a different crystallographic orientation. The result-
ing grain boundaries at the top of the surface are comparable
to sharp steps that are more or less high, depending on the
electropolishing process conditions.
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Fig. 3 Mean roughness
parameter Ra, versus duration of
electropolishing–316 stainless
steel surfaces; (a) measured by
AFM, scanned over 20 × 20 μm
and 80 × 80 μm, with both
fitted curves having a decay
constant of 0.55 min−1; (b)
measured by stylus profilometry
scanned over 1000 μm.

Figure 3 shows the mean roughness Ra versus the dura-
tion of electropolishing, calculated for three different scales,
400 μm2 and 6400 μm2 and 1 mm. The mean roughness Ra

measurements presented in Fig. 3 confirm the qualitative in-
formation described in the previous paragraph. The original
surface mean roughness is of the order of 220 nm, 370 nm and
210 nm for the 20 μm, 80 μm and 1000 μm scales respec-
tively. The mean roughness Ra parameters follow the same
exponential decay for the 20 μm and 80 μm scales. Only the
amplitudes and final asymptotes vary. These asymptotes are
some few nm for the 20 μm scale and ∼20 nm for the 80 μm
scale. A similar decay was already observed by Lee et al.
[34] but the exponential behavior was not pointed out. From
a theoretical standpoint, the rate of smoothing was already
studied for simple and complex surface profiles. In 1954,
Wagner studied the rate of anodic leveling of low sinusoidal
profiles, in a case of an ideal electropolishing process, and an
analytical solution predicted an exponential decay of profile
amplitude with dissolution time [35]. For the macroscopic
scale, the mean roughness measured by stylus profilometry
shows no significant evolution for the first 3 minutes of elec-
tropolishing, with Ra constant at ∼190 nm. Only a slight
decrease is noted for longer times of electropolishing.

Table 1 shows XPS survey data (atomic percentage) for
the as-received stainless steel surfaces and for the electropol-

ished surfaces for 3 minutes. Since no significant effect of the
duration of electropolishing on the chemical surface concen-
trations could be noted, only a typical electropolished sur-
face concentration is presented. Compared to the as-received
stainless steel surface, these surfaces present low concentra-
tions of carbon and other impurities, but higher concentra-
tions of oxygen and metals, mainly iron and chromium. The
average ratio Cr/Fe is 1.62 for the electropolished surfaces,
and 1.32 for the non-electropolished one. Since the effec-
tiveness of the surface passivation is correlated with surface
chromium enrichment [36], it can be concluded that the passi-
vation ratio is higher for the electropolished surfaces than for
the as-received one. So, the concentrations of oxygen and of
metallic elements increase for the electropolished surfaces, if
compared to the as-received surface. This can be explained
by the presence of the layer of passivating species. Fluo-
rine traces (∼1%) are also detected on the electropolished
surfaces, originating from the acidic dipping in the solution
containing HF, as well as phosphor traces (∼1%), originating
from the process that contains phosphoric acid.

Altogether, surface topographic information, roughness
measurements and surface chemical composition analy-
ses, demonstrated that the electropolished surfaces tend to
be defect-free, smooth and less contaminated than the as-
received surfaces. Nevertheless, since no difference in terms

Table 1 XPS survey data
(Atomic %) versus duration of
electropolishing—As-received
and electropolished (3 min.) 316
stainless steel surfaces.

At.%

Stainless steel surface O C Fe Cr Ni Mo Others

As-received 42.8 43.3 4.4 5.8 0.5 – 3.2
Electropolished (3 min.) 52.3 25.6 6.6 10 1 0.1 4.4
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Fig. 4 Mean roughness parameter Ra, versus initial electrolyte temperature–316 stainless steel surfaces; (a) measured by AFM, scanned over
20 × 20 μm and 80 × 80 μm; (b) measured by stylus profilometry scanned over 1000 μm.

of the chemical composition was observed between the sur-
faces electropolished for different durations, the optimal du-
ration of electropolishing was chosen as a function of the
topography and the roughness. After 3 minutes of electropol-
ishing, the grain boundaries begin to appear, as shown by
AFM pictures (results not shown), but still constitute very
small steps compared to the overall roughness which is al-
ready low (Ra ≈ 44 nm for the 20 μm scale). Longer treat-
ments lead to grain boundaries which are more shifted from
one another, resulting in numerous large steps, offsetting the
benefits of the further decrease of overall roughness. Thus,
the duration of electropolishing was fixed at 3 minutes for all
subsequent experiments.

Electrolyte temperature

Figure 4 shows the mean roughness parameter Ra of surfaces
electropolished for 3 minutes, versus the electrolyte tempera-
ture at the beginning of the electropolishing treatment. As for
the duration of electropolishing, Ra was calculated for three
different scales, 20 μm, 80 μm and 1000 μm. For the three
scales, two regions can be distinguished, one from room tem-
perature to 60◦C, and the other from 60◦C to 90◦C. It is worth
noting that 60◦C is the final electrolyte temperature attained
before the end of every experiment made with an initial elec-

trolyte temperature below 60◦C. In the first region, where the
electrolyte temperature is not stable during the electropolish-
ing process, the mean roughness is constant around 44 nm,
85 nm, and 163 nm for 20 μm, 80 μm and 1000 μm scales,
respectively. Since the electrolyte temperature is not stable
during the process, no conclusion can be pointed out for this
region. In the second region, where the electrolyte tempera-
ture is stable, the mean roughness decreases linearly, at the
microscopic scales, when the temperature of the electrolyte
is increased. Therefore, optimum electropolishing conditions
are probably achieved when dissolution of the compact an-
odic layer on the metallic substrate is under mass transport
control [22, 37], which is the dominating process at high
temperatures as opposed to the kinetic steps, which are the
dominating process at low temperatures [23]. Thus, this is
consistent with the fact that electropolishing, and particularly
macro smoothing, is more efficient at higher temperatures. At
macroscopic scale, the decrease of temperature in the range
where the electrolyte temperature is stable is insignificant.

Table 2 shows XPS survey data (atomic percentage) for
surfaces non-electropolished and electropolished at room
temperature (20◦C) and above it. A slight improvement of the
quality of the surface was observed for the surface electropol-
ished at room temperature, if compared to the as-received
one. Above room temperature, no significant effect of the
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Table 2 XPS survey data
(Atomic %) versus initial
electrolyte temperature—316
stainless steel surfaces.

At.%

Stainless steel surface O C Fe Cr Ni Mo Others

As-received 42.3 43.1 4 5.7 0.3 — 4.6
Electropolished

T = 20◦C 52.3 25.3 6.6 10 1 0.1 4.4
T > 20◦C 57.5 18.7 7.2 11.5 1.3 0.2 3.6

initial electrolyte temperature on the chemical concentrations
was noted.

Altogether, surface topographic information, roughness
measurements and chemical surface composition analyses,
demonstrated that the optimal electrolyte temperature was
higher than 90◦C. At 90◦C, the temperature was stable during
the entire electropolishing process, and the surface obtained
is homogeneous, smooth, defect-free and less contaminated
than the as-received surface.

In-depth analyses

Figures 5 and 6 show the XPS in-depth composition profiles,
for an as-received surface, and an electropolished surface
under the optimal conditions (3 minutes at 90◦C). The mean
roughness Ra is also indicated for the 20 μm scale. Both
graphs show a similar general behavior. The oxide layer was
clearly detected at the surface, while the characteristic atomic
composition of the alloy is observed deeper in the sample.
The main characteristic of the oxide layer is the presence of
oxygen and an excess of chromium. For the as-received sur-
face, the oxygen profile increases slightly for very short sput-
tering time, and then it gradually decreases without reaching
zero (due to the water residual pressure in the analysis cham-
ber and at high reactivity of the exposed metal). A similar

Fig. 5 XPS depth profile—As-received 316 stainless steel surface
(∗oxide layer thickness arbitrarily defined as the point where the oxygen
signal decreases to half-maximum).

Fig. 6 XPS depth profile—Electropolished 316 stainless steel surface
under optimized conditions (3 min, 90◦C) (∗oxide layer thickness arbi-
trarily defined as the point where the oxygen signal decreases to half-
maximum).

behavior was observed for chromium: it increases first, and
then slowly decreases to reach the alloy’s chromium bulk
concentration. For the electropolished surface, the XPS sig-
nal intensity of oxygen decreases rapidly right after the be-
ginning of the sputtering. The thickness of the oxide layer of
the electropolished surface is smaller by approximately half
than that of the as-received surface. The chromium content in
the oxide layer is higher for the electropolished surface than
for the as-received one, while the iron content is quite the
same. For both surfaces, nickel is also detected but at a low
concentration in the oxide layer, and it increases slowly until
it reaches the bulk concentration. The coverage by carbon
is mostly confined to the topmost layer. Nevertheless, in the
case of the electropolished surface, the XPS signal intensity
of carbon is lower and decreases to zero faster than in the case
of the as-received surface. Traces of phosphor (not shown) are
only detected on the very surface of the electropolished sur-
face, showing that it does not penetrate deep into the material
during electropolishing. Finally, the mean surface roughness
(scanned over 20 × 20 μm) is approximately thirty times
lower for the electropolished surface than for the as-received
one, as shown by the mean roughness parameter Ra on Fig. 5
and 6.

Altogether, these data demonstrate that the electropol-
ishing process produces a smooth, defect-free surface. The
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Table 3 Mean roughness
parameter Ra, versus initial
surface finishes before and after
electropolishing measured by
AFM, scanned over 20 × 20 μm
and 80 × 80 μm and measured
by stylus profilometry scanned
over 1000 μm.

Ra(102 nm)

20 × 20 μm 80 × 80 μm 1000 μm
scanned scanned scanned

Before electropolishing
As-received 2.2 ± 0.5 3.7 ± 0.5 2.1 ± 0.3
Finish # 4 2.3 ± 0.2 4.1 ± 0.4 3.5 ± 0.5
Mirror-finished 0.04 ± 0.01 0.12 ± 0.02 0.30 ± 0.06

After electropolishing
As-received 0.07 ± 0.02 0.26 ± 0.05 1.3 ± 0.4
Finish # 4 0.08 ± 0.03 0.61 ± 0.07 1.8 ± 0.4
Mirror-finished 0.05 ± 0.01 0.31 ± 0.08 0.51 ± 0.05

thickness of the oxide layer is also decreased, as well as the
carbon contamination. In general, it can be concluded that
the surfaces obtained by electropolishing presented all the
advantages required prior to plasma etching and subsequent
plasma coating.

Effects of different initial surface finishes on the final
surface mean roughness

Samples, with three different surface finishes were elec-
tropolished under the optimal conditions (3 minutes at 90◦C).
An as-received surface and two mechanically polished sur-
faces (an industrial surface finish # 4 and a mirror-finished
with diamond powder 0.1 μm) were also considered before
and after electropolishing. Table 3 presents the results of the
mean roughness for the three surface finishes, before and
after electropolishing, at the three scales.

Before electropolishing, as-received and finish # 4 sur-
faces present a similar mean roughness, ∼220 nm at the
20 μm scale and ∼400 nm at the 80 μm scale, but at the
1000 μm scale, the mean roughness of the finish # 4 surfaces
result to be higher than the one of the as-received surface. The
mean roughness results to be lower for the mirror-finished
surface: 4 nm at the 20 μm scale, 12 nm at the 80 μm scale
and 30 nm at the 1000 μm scale. After electropolishing, as-
received and finish # 4 surfaces again have a similar mean
roughness, ∼8 nm over at the 20 μm scale, but at the 80 μm
scale, the mean roughness of the as-received surface is less
than half (Ra ∼26 nm) of the one of the finish # 4 surface
(Ra ∼61 nm). After electropolishing, the mean roughness of
the mirror-finished surface is 5 nm at the 20 μm scale, and
thus, this is similar to the mean roughness of the same sur-
face before electropolishing. However, a slight increase of
roughness at the 80 μm and 1000 μm scales was observed,
which is fortunately less critical. The mean roughness af-
ter electropolishing depends on the initial mean roughness,
except for already relatively smooth ones. The electropolish-
ing process leads to smoother surfaces in the case of initial
rough surfaces (as-received and finish # 4 surfaces), but not in

the case of mirror-finished surfaces. Generally, the smoother
the surface is prior to electropolishing, the smoother the sur-
face will be after it. Finally, the roughness was higher at the
80 μm and at the 1000 μm scales, than at the 20 μm scale,
but tended to be more efficiently reduced for the as-received
samples than for the finished number 4 samples. The fissures
of the lamination-produced oxide are apparently less diffi-
cult to smoothen than the deep scratches generated by the
mechanical polishing.

By only considering the effect on the mean surface rough-
ness, it can be concluded that mechanical polishing to mirror-
finished should be appropriate surface treatments, instead
of electropolishing, in order to obtain the smoothest surface
over any scale. Nevertheless, it was shown in a previous study
that mechanical polishing leaves a surface with microscopic
irregularities, which are not desirable for further polymer
coating [38]. On the opposite, the mean surface roughness
measured on electropolished surface results from the dif-
ference in height between relatively large hills and valleys,
rather than from surface microscopic defects. This structure
is characteristic of an electropolished surface [32] and the
result is a very smooth, defect-free surface. Finally, elec-
tropolishing is mandatory to obtain a good surface quality,
and can be used alone or in combination with mechanical
polishing. In fact, mechanical polishing decreases the mean
roughness on a larger scale (macro- and micro-scales), while
electropolishing treatment decreases the mean roughness on
a smaller scale (micro- and nano-scales).

Summary and conclusion

The aim of this study was to develop a pre-treatment for
316 stainless steel surfaces to optimize the interface prop-
erties with the subsequent plasma-deposited fluorocarbon
thin film to maximize the interfacial adhesion between the
substrate and the plasma-deposited thin coating, even after
severe plastic deformation. Firstly, the experimental condi-
tions of electropolishing, such as the use of acid dipping as a
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post-treatment, duration of the treatment and electrolyte tem-
perature, were optimized. Secondly, XPS in-depth composi-
tion profiles of an as-received surface and an electropolished
one were performed. Results showed that the thicknesses
of the oxide layer and of the carbon layer decreased after
the treatment. Even if the surface oxide was not completely
removed (because of the instantaneous re-oxidation of the
metallic surface after air contact), it was reduced to less than
half of the oxide thickness of an as-received surface. Finally,
the effect of the initial surface roughness of the stainless
steel samples on final electropolished surface roughness was
studied. Results showed that the mean roughness after elec-
tropolishing depends on the initial mean roughness, except
for already relatively smooth surfaces.
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