RESEARCH ARTICLE

www.acsami.org

IEENAPPLIED MATERIALS

INTERFACES

Influence of the 316 L Stainless Steel Interface on the Stability
and Barrier Properties of Plasma Fluorocarbon Films

Frangois Lewis,"”" Maxime Cloutier," Pascale Chevallier," Stéphane Turgeon,* Jean-Jacques Pireaux,’
Michael Tatoulian," and Diego Mantovani®"

"Laboratory for Biomaterials and Bioengineering, Department of Materials Engineering & University Hospital Research Center,

Laval University, Quebec City, QC, G1K 7P4, Canada

*Laboratoire de Génie des Procédés Plasmas et Traitement de Surfaces, Université Pierre et Marie Curie, ENSCP, 11 rue Pierre et Marie
Curie, 750085 Paris, France

SLaboratoire Interdisciplinaire de Spectroscopie Electronique, FUNDP - University of Namur, 61 Rue de Bruxelles, B-5000 Namur, Belgium

ABSTRACT: Coatings are known to be one of the more suited strategies to tailor the
interface between medical devices and the surrounding cells and tissues once
implanted. The development of coatings and the optimization of their adhesion
and stability are of major importance. In this work, the influence of plasma etching of
the substrate on a plasma fluorocarbon ultrathin coating has been investigated with
the aim of improving the stability and the corrosion properties of coated medical
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devices. The 316 L stainless steel interface was subjected to two different etching 2 )_‘d -
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sequences prior to the plasma deposition. These plasma etchings, with H, and C,Fg as s e
gas precursors, modified the chemical composition and the thickness of the oxide layer ,Ss36L

and influenced the subsequent polymerization. The coating properties were evaluated

using flat substrates submitted to deformation, aging into aqueous medium and corrosion tests. X-ray photoelectron spectroscopy
(XPS), time of flight-secondary ion mass spectrometry (ToF-SIMS), ellipsometry, and atomic force microscopy (AFM) were
performed to determine the effects of the deformation and the aging on the chemistry and morphology of the coated samples.
Analyses showed that plasma etchings were essential to promote reproducible polymerization and film growth. However, the oxide
layer thinning due to the etching lowered the corrosion resistance of the substrate and affected the stability of the interface. Still, the

deformed samples did not exhibited adhesion and cohesion failure before and after the aging.
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1. INTRODUCTION

Plasma polymerization has been developed in various fields
during the last decades, particularly for optical, electronical, and
biomedical applications. The coating chemistry and properties
can be tailored according to the needs and the plasma polymer-
ization of a wide Varie?f of precursors such as methacrylate,'
pyridine,” allylamine,>* hydrocarbon,® organosilicone,”” and
fluorocarbon® '® monomers, has been reported. Indeed,
depending on the precursors and the plasma parameters, the
coating could exhibit different properties and functionalities.
When compared with other thin film deposition techniques,
plasma-deposited coatings generally displayed a higher interfacial
adhesion, as well as a better chemical stability over time."'~'°
Moreover, plasma treatments provide the possibility to tailor
the surface properties with functionalization and film deposi-
tion without affecting the bulk mechanical properties.' >
This unique combination of characteristics makes plasma
polymerization an ideal option for the deposition of an effective
and stable barrier coating for biomedical devices, where en-
hanced surface biocompatibility is required. It should be noted
that the term barrier is used to describe the coating ability to
protect the device from corrosion, as previously reported by
Bierwagen et al.'
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Plasma polymerization techniques are particularly interesting
for the coating of stents, which are thin wire mesh tubes, mainly
made of 316 L stainless steel (SS316L), used to provide an
internal scaffolding to diseased arteries and to prevent the
obstruction of blood flow."® Despite displaying excellent bulk
mechanical properties essential for biomedical applications,
stainless steel is naturally covered with a layer composed of
chromium and iron oxides, which is brittle and mechanically
unstable under stress.'” Moreover, the oxide layer can also be
degraded in the contact of body fluids, and then permits the
release of potentially toxic ions, limiting its biocompatibility.'**°
One solution is the development of coated and/or drug-elutin,
stents”' which could prevent the release of carcinogenic ions' >
and/or the reclosure of the diseased artery (restenosis). How-
ever, in-stent restenosis, thrombosis, stent fractures, and coating
failures are still prevalent.”> >° The coating failure in current
commercialized coated stents could be explained by the poor
film—substrate adhesion as they are coated by spraying or
dipping.*>*" As plasma polymerization is known to promote
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Table 1. Plasma treatment parameters

etchings polymerization

params C,F¢ H, C,Fs + H,
peak power (W) 100 100 150
duty cycle 25% (to, = 100 ms; tog = 300 ms) 25% (ton = 100 ms; tog = 300 ms) 5.3% (ton = S ms; tog = 90 ms)
gas pressure (mbar) 0.200 0.930 0.930
gas flow rate (sscm) S 10 19.0 for C,F¢ and 1.2 for H,
distance to the powered antenna (cm) 6 6 11
treatment time (s) 100 100 300

film adhesion, this technique has been used in this work. More-
over, since expanded polytetrafluoroethylene (ePTFE) has
already been successfully used in a number of biomedical appli-
cations,”> "’ fluorocarbon films (CF,) were selected for this
specific application.

In this context, CF, plasma deposition on SS316L has been
investigated and previous results showed promising adhesion
properties for the fluorocarbon films after a plastic deformation
similar to a stent expansion.*® ** Previous characterizations by
near-edge X-ray absorption fine structure (NEXAFS)*' showed
the occurrence of nanodefects, which led to water diffusion
during immersion in aqueous medium and resulted in chemical
modifications and reorganization of the coating.** To lower the
nanodefects density, to promote the film growth and to increase
the film stability, we applied different plasma etchin§ sequences
prior to the coating deposition. C,F>** and H,* ~*° precursors
were selected for the plasma etchings because of their capacity to
etch oxides. Fluorocarbon plasmas produce atomic fluorine in
the plasma discharge, which is responsible of the etching.*”*°
However, a thin fluorocarbon layer is formed during C,Fq
etching which limits the etching efficiency.””>" Hydrogen etch-
ing was performed after the C,Fg etching due to its capacity for
etching fluorocarbon film** and oxide layers*~* and to form
hydroxides®** at the oxide surface. As previously described,>
the presence of hydroxides at the topmost stainless steel surface
has been demonstrated to initiate the fluorocarbon film growth.
Indeed, thicker coatings after 1 min deposition were observed on
etched substrate in comparison with the nonetched substrate.

The aim of this work was to evaluate the influence of an
interface modification by plasma etching on the stability and the
corrosion protection ability of fluorocarbon films deposited on
flat 316 L stainless steel substrates. Therefore, flat coated samples
were deformed by a small punch test and aged in deionized water.
The specimens were then thoroughly characterized by X-ray
photoelectron spectroscopy (XPS), time of flight-secondary ion
mass spectrometry (ToF-SIMS), ellipsometry, and atomic force
microscope (AFM). Tafel measurements were used to assess the
corrosion rates of the coated specimens. The characterizations
were compared to those obtained from nonetched specimens.

2. MATERIALS AND METHODS

2.1. Materials and Sample Preparation. Disks of 12.7 mm
diameter were punched from 316 L stainless steel plates of 0.5 mm
thickness (Goodfellow, Devon, PA, USA). Flat disks were preferred to
cylindrical substrates because their planar configuration allowed faster
standard surface analyses (XPS, ToF-SIMS, ellipsometry and AFM).
Indeed, internal studies (data not shown) of cylindrical samples showed
that XPS acquisitions could last up to tens of hours. The substrates were

cleaned in an ultrasonic bath and subjected to an electropolishing and an
acid dipping procedure described in detail elsewhere.® The radio
frequency plasma reactor (13.56 MHz) was previously cleaned for 10
min with an oxygen plasma. Two distinct plasma etching sequences were
performed on the electropolished SS316L samples prior to the coating
deposition. The first plasma sequence consisted of a H, plasma and the
other of a series of C,F¢ plasma followed by a H, plasma repeated eight
times, namely etching X8. Between the etching sequences, the reactor
was pump down to a base pressure lower than 10 >Torr. Pulsed
afterglow plasma polymerization for five minutes in a mixture of C,Fs
and 6% of H, was carried out in the same reactor as the etchings to avoid
contact with air. C,F4 was chosen as the main precursor due to its ability
to perform etching and polymerization depending on the process
parameters. The details of the plasma treatments are summarized in
Table 1 and were already described in detail elsewhere.>

2.2. Deformation Method. Coated samples were deformed up to
25% using a small-punch test device mounted on a SATEC T20000 testing
machine (Instron, Norwood, MA, USA) as previously described.>**® All
the deformation experiments were done in ambient air at a displacement
rate of 0.05S mm/s and a maximal load of 2200 N. The subsequent analyzes
were performed on the topmost layer of the deformed samples, where the
25% deformation occurs. This deformation rate was chosen in agreement
with the works of Migliavacca et al>” The deformation rate in a 316 L
stainless steel stent could reach up to 25% in localized areas as calculated by
finite element modeling.

2.3. Aging Tests. Aging tests of 2 weeks in deionized water were
performed in an incubator warmed at 37 & 2 °C. The samples were
inserted in a custom-made sample holder made of high density poly-
ethylene as previously described.”® Only the coated surfaces were
exposed to the deionized water. Sample holders and deionized water
were previously sterilized by autoclave in order to prevent bacterial
contamination.

2.4. Corrosion Tests. The corrosion resistance of coated samples
was investigated using a 1 L three-electrode glass corrosion cell and
compared to as-received and electropolished 316 L stainless steel. A
graphite counter-electrode was used as the auxiliary electrode and a
saturated calomel electrode as the reference electrode. Measurements
were performed with Model K47 Corrosion Cell System and Versa-
STAT 3 Potentiostat controlled by Versa-Studio software (AMETEK
Princeton Applied Research, Oak Ridge, TN, USA). Corrosion mea-
surements were done in aerated pH 7.4 Phosphate Buffered Saline (PBS,
Sigma Aldrich Canada Ltd., Oakville, On, Canada) heated at 37 & 1 °C
and stirred by mechanical agitation. The geometric area exposed to the
solution was kept constant for each condition and used to determine the
corrosion current density, as proposed in the ASTM G102.>° Tafel
extrapolation was used to calculate the corrosion rate of the samples.
First, the open circuit potential (OCP) was monitored and stabilized
for 1 h after the samples immersion. Then, the potential was held
constant at 300 mV below the OCP for 10 min. Finally, the Tafel plot
was scanned by ranging the potential between —300 mV and +1V from
OCP at a scan rate of 10 mV/s. The calculation of the corrosion rate
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Table 2. Chemical Surface Composition of Etched and
Electropolished SS316L Measured by ARXPS

atomic composition (%)

sample angle (deg) C (0] F Cr Fe Ni P
nonetched SS316L 20 441 404 1.7 49 SS9 02 28
50 241 480 24 114 109 15 1.8
90 20.1 482 1.5 138 132 19 14
etched H, SS316L 20 458 30.7 130 46 40 05 13
N 19.0 31.3 25.0 11.7 10.0 2.6 04
90 148 309 219 129 154 41 0.1
etched X8 SS316L 20 39.8 135 317 39 92 20 0
NV 15.5 99 502 6.8 152 24 0
90 120 91 523 82 143 41 0

(CR) in mm/year is based on Faraday’s law (eq 1)

 EW
CR = 0.003272icor— (1)

where 0.003272 is a conversion factor (mm/uA cm year),59 icorr 18 the
corrosion current density in #A/cm?® EW is the equivalent weight of
$S316L, and d is the SS316L density: 25.5 g and 8.0 g/cm”, respectively.

2.5. Coating Characterization. The surface composition was
investigated using an X-ray Photoelectron Spectrometer (XPS - PHI
5600-ci spectrometer, Physical Electronics USA, Chanhassen, MN,
USA). Survey and high-resolution spectra were acquired at a detection
angle of 45° using the Kot line of a standard aluminum and magnesium
X-ray source, respectively, operated at 300 W. The curve fittings for the
survey and high-resolution C(1s) peaks were determined by means of
least-squares using a Shirley background subtraction. Three different
spots per sample were analyzed. Angle Resolved X-ray Photoelectron
Spectroscopy (ARXPS) was performed on noncoated electropolished
and plasma etched SS316L using the Ko line of a standard aluminum
source operated at 300 W. ARXPS was obtained by collecting spectra
from 3 takeoff angles, namely 20, 50, and 90°, which are defined as the
angle between the surface and the detector.

Time of flight-secondary ion mass spectrometry (ToF-SIMS) char-
acterizations were performed using a ToF-SIMS IV instrument (Ion-
TOF GmbH, Germany) with 25 keV pulsed Ga™ beam at an angle of 45°
and a 1.6 pA pulsed current. Positive and negative ion mass spectra were
acquired from a 50 X 50 um” area. Sputtering for depth profiling was
performed over a surface of 300 x 300 m” with a Xe™ beam of 500 eV
and a current of 20 nA.

The film thickness of nondeformed samples was evaluated by
ellipsometry before and after the aging tests. The measurements were
done with a spectroscopic ellipsometer UVISEL (HORIBA Yvon Jobin,
Edison, NJ, USA) using 100 wavelengths from 400 to 800 nm at an
incidence angle of 55°. The fluorocarbon film was fitted with the three-
parameter Cauchy law. Surface imaging was performed using an atomic
force microscope (AFM, Dimension 3100, Veeco, Woodbury, NY,
USA) operated in tapping mode and equipped with an ultra sharp
silicon tip (typical tip radius of 2 nm). Visualization and analysis of the
morphology were performed using the WSxM software.®’

3. RESULTS AND DISCUSSION

3.1. Chemical Composition. The surface composition of the
etched SS316L was evaluated by ARXPS as shown in Table 2.
XPS analyses performed at an incidence angle of 20° exhibited
higher oxygen and carbon concentrations (Table 2) due to the
reoxidation and organic contamination during the sample

(@) *° T i
s-deposited
[l As-deposited and Deformed
3,0 [ Non-deformed and Aged
I Deformed and Aged

F/IC

No Etching Etching H2 Etching X8

(b) 015

Il As-deposited

[ As-deposited and Deformed
[ Non-deformed and Aged
I Deformed and Aged

0,10 +

o/C

No Etching

Etching H2 Etching X8

Figure 1. XPS (a) F/Cand (b) O/C atomic ratio of as-deposited, aged,
nondeformed, and deformed samples.

transfer in ambient air to the XPS chamber (~2 min). To lower
the influence of reoxidation and organic contamination on the
XPS measurements, we made the focus on the data collected at
50 and 90°. The surface of the electropolished SS316L was
mainly composed of a mixture of chromium and iron oxides®' ~%*
with phosphorus contaminants due to the electropolishing
process as previously observed.*® The etched H, SS316L
showed lower oxygen, phosphorus contents and fluorine was
detected due to the contamination from the reactor wall during
the hydrogen etching. The etched X8 SS316L exhibited a
low oxygen and chromium concentration when compared with
the other samples, which agreed with previous XPS depth
profiles®® and suggested the occurrence of a thinner oxide layer
than etched H, and electropolished SS316L. A large amount
of fluorine was detected because of its diffusion during the
C,Fg etchings. No phosphorus was detected on the etched X8
SS316L samples.

Thereafter, the influence of these different interfaces on the
film surface composition was assessed from the XPS surveys as
shown in Figure 1. After S min of deposition, the film chemical
composition characterized by O/C and F/C ratios was not
influenced by the initial interface conditions. In addition, no
significant variation of the ratios was observed after the deforma-
tion, meaning that the etching procedures do not appear to
influence the film cohesion. The influence of the interface on the
film stability was evaluated by aging process in aqueous medium.
The aged samples showed oxidation and a decrease of fluorine
content, as illustrated in Figure 1, with a decrease of the
fluorine—carbon ratio and an increase of the oxygen—carbon
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ratio. It can be noted that the loss of fluorine and oxidation were
more important for the nondeformed and aged samples etched
X8. The instability of fluorocarbon films in aqueous medium
could be explained by the formation of low-molecular-weight
oxidized chains on the coating surface during the plasma
deposition, as already described by Tanikella et al.”* and Touzin
et al.>® Indeed, these chains are easily breakable and, upon aging,
leave the surface and consequently, the fluorine concentration
decreased. Similar observations were made after deformation
followed by aging: oxidation and loss of fluorine were also
observed with the three etching conditions.

The influence of plasma etching on the chemical composition
of the film has been further investigated with high-resolution
XPS, before and after deformation as well as before and
after aging (Table 3). The high-resolution C(1s) spectra were
decomposed in five peaks, assigned to C—H and C—-C
(BE = 285—285.8 ¢V), —C—CF (BE = 286.5—287.8 eV),
—CF (BE =288.6—290 eV), —CF, (BE =292 V), and —CF;
(BE = 294—294.8 eV).%® Typical Cls spectra before and after

aging are shown in Figure 2. As oxygen was detected in the survey
spectra of the aged samples, the bands at 286.4—287 eV,
288—288.4 eV, and 289.1—289.6 eV could be also attributed
to O groups such as C—0, C=0, and O—C=0, respectively.®®
The components of interest are C—C/C—H, CF,, and CF;, as
they are directly related to chain reorganization and degradation.
Indeed, CF, are characteristic of chain length, CF;3 of chain
termination and C—C/C—H of chain breaking, reticulation, and
defluorination.

The aged samples exhibited a decrease in the CF, and CF;
content and the occurrence of C—C/C—H bonds, compared to
the as-deposited samples, indicating a modification of the film
chemistry, which agrees with the atomic ratios (Figure 1) and the
formation of low-molecular-weight oxidized chains. These varia-
tions were more important for the nondeformed and aged
samples etched X8, suggesting an important correlation between
the film stability and the oxide layer interface. Therefore, this
interface has been thoroughly investigated by ToF-SIMS with
Cr" and O~ depth profiles as shown in Figure 3.

Table 3. Component Proportions of Fluorocarbon Film Deposition on the As-Deposited and Aged Samples Measured by XPS

proportion (%)

as-deposited samples

aged samples

component nondeformed deformed nondeformed deformed
no etching C-C/C—H 0 0 14+£5S 24 £S5
C—CF 15+ 4 9+2 162 14£3
CF 14+2 12+1 13+£2 9+ 1
CF, S6£7 S9+£1 482 43+ 4
CF; 161 202 10£2 10£1
etching H, C—C/C—H 0 0 162 19+£3
C—-CF 1S+4 17£2 13+£3 15£3
CF 14+3 17 +1 12+4 12+1
CF, S7£6 S0£3 48 £S5 43+1
CF; 15+1 16 +£2 11+£2 10£1
etching X8 C-C/C-H 0 0 23+4 20+6
C—CF 1S£3 12+£3 16+2 15£2
CF 1342 1243 1242 13+1
CF, S6+3 9%5 41+1 42+4
CF; 162 17+£1 9+1 11+£2
(a)znno {No Etching (?300 |Etehing H, (© Etching X8
CF, CF, CF C-CF C-C CF, CF, CF C-CF C-C CF, CF, CF C-CF C-C
1200
1500
1000 -
g 1000 JRied .
o _% Aged
500 400
As-deposited [As-deposited As-deposited
0300 29IS 29I0 265 0300 265 29ID 2&5 0300 265 29I0 28IS

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Figure 2. XPS high-resolution spectra of the C1(s) region of as-deposited and aged CF, films for the (a) no etching, (b) etching H,, and (c) etching X8

interface treatment.
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Figure 3. ToF-SIMS depth profile of Cr" and O™ fragments of (a, b) as-deposited samples before and after aging and (c, d) etched X8 samples.

SS316L exhibited a layer rich in chromium and oxygen on its
surface. Indeed, the formation of the Cr, O3 layer at the stainless
steel surface prevents further oxidation of the material®' One
effect of the etching is the thinning of this oxide layer, as
previously observed by ARXPS (Table 2). Indeed, for the
nonaged samples, the H, etching process induced a reduction
of about 30% of the Cr* and O™ plateau width compared to the
nonetched sample (Figure 3a,b), which confirmed the decrease
in the oxide layer thickness. However, the etched X8 and nonetched
sample exhibited similar Cr* and O™ profiles. Because ToF-
SIMS analyses have been performed several days after the
deposition of the film, this suggests that the etched X8 interface is
prone to postoxidation. Besides, as seen in Figure 3a and 3b by
the enlargement of the Cr™ and O™ fragments, the aging process
provoked a significant thickening of the oxide layer on the etched
X8 sample. This reoxidation is due to the X8 etching treatment,
which considerably thins the oxide layer, as already reported by
ARXPS (Table 2). Therefore, the etching induced a highly
sensitive interface and water infiltration through nanopinholes
in the coating led to a more important reoxidation. Nanopinholes
have been evidenced by previous NEXAFS analyses.*” Moreover,
Wambach et al.*” showed that the oxidation rate of the stainless
steel was about 10 times higher in water than in air, which could
explain the fact that the oxide layer enlargement caused by aging
exceeds the thickness of the native oxide layer. It should be

Table 4. Film Thickness and Refractive Index before and
after Aging Evaluated by Ellipsometry

refractive index

film thickness (nm)

as-deposited films aged films as-deposited films aged films
no etching 26+ 11 29+£12 127 £0.07 1.31£0.02
etching H, 30£2 34£3 1.314+0.01 1.34£0.04
etching X8 34+£1 49+2 1.31 £ 0.01 1.44 £0.07

noticed that the spike in the O™ profile for the aged and etched
H, sample is probably due to surface contamination. Therefore,
the first few seconds of this profile were not considered in the
analysis. However, as could be expected, the etched H, interface
was less sensitive, compared to the etched X8 sample, and no
reoxidation occurred during aging. In agreement with these
observations, the thinning and the damages caused by the plasma
etchings appeared to affect the stability of the oxide layer,
especially for the etched X8 samples.

Therefore, more analyses were performed on the etched X8
sample, because its interface was the most susceptible to post-
oxidation. As seen in Figure 3c,d, no significant variation was
observed on the oxide layer thickness after deformation (green
and black curves). However, the aging induced a different
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Figure 4. AFM images of the coated SS316L for the nonetched samples (a) as-deposited, (b) aged, (c) deformed and aged; the etching H, samples (d)
as-deposited, (e) aged, (f) deformed and aged; and the etching X8 samples (g) as-deposited, (h) aged, (i) deformed and aged.

reoxidation process between the deformed and nondeformed
samples (blue and red curves). This difference could be explained
by the deformation of nanopinholes due to relative movements
of the different layers of polymer, leading to less water
infiltration.* Hence, the interface of deformed samples was
probably less exposed to water and consequently displayed less
reoxidation than the nondeformed and aged samples.

3.2. Film Thickness and Morphology. Previous results have
displayed that plasma etching of the interface can affect both the
initial growth of films and the stability of the interface. To assess
these influences, we evaluated the film thickness by ellipsometry
on three nondeformed specimens per etching treatment before
and after the aging tests as summarized in Table 4. The film
thickness of deformed samples was not evaluated due to the
sample bending. An average thickness of about 30 nm and an
index of refraction of about 1.3 were observed for the as-
deposited films. Previous works on the influence of the etching
treatments on the film polymerization indicated a higher
growth rate during the first polymerization steps for etched
X8 samples.”® These differences resulted in a variation of
thickness of a few nanometers after S min of plasma deposition.
However, the nonetched samples showed an important thickness
variation between the samples indicating a lack of reproducibility.

Contaminants could affect the surface chemistry of the stainless
steel and the subsequent film growth. Indeed, phosphorus
remained on the stainless steel after the electropolishing as
observed by ARXPS in Table 2.

After the aging tests, only the etched X8 specimens displayed a
significant change of the film thickness (around +40%) and
refractive index (around +10%). The refractive index of the
fluorocarbon films calculated at a wavelength of 800 nm is shown
in Table 4. The thickness and chemical composition variations
due to aging could be partly provoked by water intake as
previously observed by Touzin et al.*® Chemical modifications
of the interface and the film are also capable of influencing the
film thickness measurement. However, ToF-SIMS characteriza-
tions (Figure 3) suggested that increases in thickness and
refractive index could be explained by the postoxidation of the
oxide layer due to the aging. In this context, higher variations, as
observed in Table 4, were expected from the etched X8 samples
since its oxide-depleted interface has a greater sensitivity to
reoxidation through nanopinholes. Because the substrate used
in the ellipsometry model was an electropolished SS316L sample
for all etching conditions, the variation of the oxide layer
thickness caused by the different etching pretreatments was
not directly considered. Besides, the refractive indexes at a
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Table 5. Corrosion Rates of Nondeformed and Deformed
Samples

corrosion rates (4m/year)

samples nondeformed deformed
as-received SS316L 41+£0.1 5.88 £0.06
electroplished SS316L 1.0£03 3.6+05
coated electropolished SS316L 0.41+0.01 0.7£0.3
coated H, etched SS316L 1.1+04 1.74+03
coated X8 etched SS316L 11+2 23£02

wavelen§th of 800 nm of the Cr,0; and Fe,O; are about 2.3%%%’
and 2.7% respectively, which are higher than the one of the
fluorocarbon film (~1.3). This suggests that the thickness and
the refractive index measured on the etched samples are then an
average of one of the fluorocarbon film and the oxide layer.
Therefore, it seems reasonable to suggest that the increases
observed by ellipsometry on the aged samples etched X8 are due
to the creation of a thicker, postoxidized interfacial oxide layer
formed during aging, as confirmed by ToF-SIMS.

To understand the effects of etchings on surface features and the
coating stability, the film morphology was visualized by AFM as
shown in Figure 4. As-deposited films exhibited, in Figure 4a, d, g, a
similar surface with the formation of a uniform film over the
SS316L surface with the growth of ribbonlike features. These
features are formed during the film polymerization due to the
migration of adsorbed radicals during the off time of the pulsed
plasma discharge as explained by Millela et al.”® The increasing size
and number of ribbons can be explained by the presence of
hydroxide bonds at the substrate surface and their importance in
the initiation of polymerization. Thus, the etched X8 sample in
Figure 3g showed the highest amount of ribbons due to a higher
concentration of hydroxides at the interface, as previously
reported,® and is therefore in a more advanced state of polymer-
ization. Ribbons reached heights up to 400 nm on the etched X8
samples.

After the aging tests, circular protrusions, resulting from water
infiltration through nanopinholes® as mentioned previously,
were observed in Figure 4 b, e, h on the nondeformed samples.
The size and the height of the protrusions were higher for the
etched X8 samples. In agreement with the ToF-SIMS depth
profiles, these protrusions could be due to localized subcoating
oxidation hence swelling of the interfacial region. After the 25%
deformation and the two weeks immersion in deionized water,
the morphology of the samples is dominated by the movement of
substrate grains and the occurrence of slip bands as observed in
Figure 4c, f, i. No coating delamination or cracks were observed
on all samples even after an aging of two weeks, indicating that
the coating adhesion and cohesion is sufficient to resist to a stent
expansion, since the deformation method replicates the max-
imum expansion of a stent.”” Protrusions were observable on the
aged and deformed etched X8 samples, but with a lower density
as compared to the nondeformed etched X8 samples. As no
major modification of the film chemistry between the nonde-
formed and deformed aged samples was observed by XPS
(Figure 1), the decrease in the occurrence of protrusions could
be explained by the deformation of the nanopinholes.*' Also,
ToF-SIMS profiles (Figure 3d) showed less oxidation of the
interface for the deformed sample due to the aging compared to
the nondeformed sample.

3.3. Corrosion Rates. Corrosion rates calculated from the
Tafel plots were used to quantify the influence of interface
modifications on the barrier properties of plasma fluorocarbon
films. Corrosion rates of nondeformed and deformed samples are
shown in Table S. Electropolished SS316L showed a higher
corrosion resistance as compared to the as-received SS316L due
to the uniformit?r of the new oxide layer formed after the
electropolishing.”" ~”* Fluorocarbon films deposited on the elec-
tropolished SS316L lowered the corrosion rate by about a factor of
2, which indicates a better corrosion protection provided by the
fluorocarbon films. Coated and etched samples exhibited a higher
corrosion rates as compared to the coated and electropolished
samples. It is important to note that the influence of the surface
roughness on the corrosion rate is negligible in our case, since
AFM measurements showed that coated and electropolished
samples have similar roughness of about 7—9 nm over a surface
area of 20 x 20 um>>® Also, the difference between the real and
geometric area due to surface roughness was inferior to 5% for as-
received and deformed samples. The importance of the chromium
oxide layer thickness and its enrichment in Cr(VI) for the
corrosion protection of stainless steel was demonstrated in the
works of Wallinder et al.”* and Shahryari et al.”> Plasma etchings
performed in this work decreased the oxide layer thickness and
chromium content as previously observed® and therefore de-
creased the corrosion protection of the coated samples. Also,
NEXAFS measurements performed at selected linearly polarized
light, revealed an increased linearity of the polymeric structure for
the etched X8 and coated samples, indicating straighter nanopores
which would therefore make the coating more permeable/con-
ductive even if the pores are less numerous. That corroborates the
AFM observations of less dense but larger protrusions due to
interfacial corrosion for these samples. Corrosion tests of etched
surfaces before coating would have been interesting to further
investigate the effects of roughness and thickness of the oxide layer
on the corrosion rate but were not reported due to fast reoxidation
of the specimen when exiting the reactor.

After the 25% deformation, the corrosion rates for most of the
samples increased except for the etched X8 samples. However,
the film provided a corrosion resistance with the decrease in the
corrosion rate by about a factor of 5 when comparing the
noncoated with the coated electropolished SS316L. The increase
of the film barrier properties may be explained by the vertical
movement and the fragmentation of the nanopinholes as sug-
gested by Hale et al.*" The deformed and etched X8 samples
showed a different trend with the decrease of the corrosion rate.
This different behavior could be attributed to less numerous but
straighter nanopores that, once deformed, become individually
no more permeable/conductive than the deformed nanopores of
the coatings on the otherwise prepared substrates. Collectively,
they therefore become less permeable/conductive.

4. CONCLUSION

This work investigated the effects of plasma etchings prior to
plasma polymerization on the film stability and corrosion resis-
tance properties. Plasma etchings, by modifying the chromium
oxide layer of stainless steel, were essential in order to obtain
reproducible coatings, to initiate the polymerization and to lower
the nanopore density. Thereby, no delamination and cracking
were detected on the deformed and aged samples for both
studied etchings, indicating that they are an efficient way to
promote adhesion and cohesion of the fluorocarbon film.
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On the other hand, the aging test results suggested that the
oxide layer thinning produced by plasma etchings seemed to
affect both the film and the interface stability. Protrusions were
observed by AFM and their density and size were higher on the
nondeformed and etched samples, especially for the etched X8
samples. Their occurrence could be due to localized oxidation of
the interfacial region of the stainless steel due to water diffusion
through nanopinholes. Moreover, etched X8 samples also
showed the highest variations in ToF-SIMS, XPS and ellipso-
metry results after two weeks aging, showing that thinner oxide
layers are more unstable and prone to postoxidation.

Plasma fluorocarbon films were effective to protect the stain-
less steel from corrosion. The corrosion rates were decreased by a
factor of 2 before the deformation and by a factor of S after the
25% deformation. However, the plasma etchings provoked the
oxide layer thinning, which could not be compensated, in terms
of corrosion, by the coating deposition, hence the decrease in the
barrier properties. Further work should investigate methods to
stabilize the interface without degrading the film coverage and to
lower the nanopores connectivity.
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