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Abstract. Conductor polymeric films can act as anodic inhibitors, accelerating and stabilizing the formation of
protective oxide films on metallic materials. Polypyrrole is a conducting polymer with good chemical stability, wide
range of electrical conductivity, low cost and simple synthesis. In the present work, a polymeric polypyrrole coating
was deposited by electropolymerization on the surface of a ASTM F1586 surgical stainless steel. The objective was to
investigate the effect of the polypyrrole layer on the corrosion behavior of the ASTM F1586 steel. The caracterization of
the electrochemical behavior was made by electrochemical impedance spectroscopy and potentiodynamic polarization.
The tests were conducted on PBS (phosphate buffered solution) at 37°C. The morphology of the layer was evaluated by
scanning electron microscopy and surface roughness was analysed by confocal laser scanning microscopy. The results
showed the formation of a homogeneous film. The EIS tests indicated electrolyte penetration through the polypyrrole
layer. However, the corrosion current density was decreased when compared to the bare substrate.
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1. INTRODUCTION

AISI 316L austenitic stainless steel grades have been widely employed for biomedical devices due to a combination
of good mechanical strength, high toughness, ease of manufacturing and low cost when compared to other metallic
biomaterials (GOPI, RAMYA, RAJESWARI, & KAVITHA, 2013). Corrosion resistance derives from the formation of
a passive oxide film on its surface which is composed of Cr and Fe hydrated oxides. This oxide layer is continuous, thin
and compact, consisting in a barrier between the metal surface and the physiological medium. Yet, even in the presence
of the passive film, metallic ions are released, reaching neighboring tissues next to the stainless steel component. Nickel
ions, for instance, can promote allergenic reactions in vivo (GOPI, RAJESWARI, et al., 2013).

In order to optimize the corrosion resistance of austenitic stainless steel biomaterials the ASTM F1586 (ISO 5832-
9) grade has been developed. This material has high nitrogen content to stabilized the austenitic phase and reduced
nickel content with respect to the conventional AISI 316L composition, surpassing its corrosion stability (ARAUJO,
2004). Nickel content reduction enables diminishing allergenic reaction caused by the contact between the biomedical
device and the human tissues. Moreover, superior Mo and Cr contents imply in further corrosion stability. The low
sulfur and phosphorus contents increase fatigue strength with respect to the AISI 316L stainless steel (BUSS, 2011).
However, in spite of the optimized chemical composition, the ASTM F1586 grade is prone to pitting and crevice in the
human body.

Conductive polymer films can be deposited on stainless steels to increase their corrosion resistance. Polyaniline
(PANI) and polypyrrole (PPy) conductive polymer films are reported as protective coatings for stainless steel substrates
(GOPI, RAMYA, et al., 2013). These films can act either as barrier layer or anodic inhibitors, accelerating the
formation of protective oxides on the metallic surface. Polypyrrole coatings are reported to present good chemical
stability, low cost and are easily synthesized (BALINT, CASSIDY, & CARTMELLI, 2014).

In this work, PPy films were obtained by electropolymerization on the surface of ASTM F1586 specimens. The
film morphology and roughness were examined using scanning electron microscopy and confocal laser scanning
microscopy, respectively. The corrosion resistance was evaluated in phosphate buffered saline (PBS) solution by
electrochemical impedance spectroscopy measurements and potentiodynamic polarization tests.

2. EXPERIMENTAL PROCEDURE

ASTM F1586 cylindrical bar was kindly provided by Villares Metals. The dimensions of the as-received material
were 170 mm (length) and 15 mm (diameter). Its nominal chemical composition is shown in Tab. 1.
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Table 1. Nominal chemical composition of the ASTM F1586 stainless steel.

Element C Mn P S Si Cr Ni Mo N Nb Cu
Wt.% 0.08 2.0- 0.025 0.01 0.075 19.5 - 9.0 - 2-3 025-0.5 025-0.8 0.25
4.25 22.0 11.0

2.1 Sample preparation

Samples for the electrochemical tests were cut from the as-received round bar using a precision metallographic
cutter (Isomet 4000) equipped with a diamond wafering blade. Small pieces with flat surface area of approximately 0.45
cm?2 were obtained. A copper wire was, then, glued to the rear surface by means of a coloidal conductive silver paste.
Next, this set was embedded in cold-curing epoxy resin. After complete curing, the specimens were ground using SiC
emery papers with progressively finer grain sizes up to grit 2400. Surface finishing was finally accomplished by
subsequent polishing with alumina abrasive paste (6 pwm). Next, the polished specimens were washed with distilled
water and dried at ambient air.

2.2 Polypyrrole (PPy) coating deposition

Electropolymerization of PPy films was carried out by cyclic voltammetry. The ASTM F1586 substrates were
placed in a glass cell. The deposition procedure was based on a conventional three-electrode cell setup, using a platinum
wire as the counter-electrode, Ag/AgCl as reference and the stainless steel specimen as the working electrode. The
potential was scanned from -0.53 Vagaeci up to +1.47 Vagagcr at a sweep rate of 20 mV.s' for 60 cycles. The
electrolyte consisted of 0.5 M sodium salicylate and 0.1 M polypyrrole solution at room temperature. High purity
nitrogen was continuously bubbled into the glass cell during electropolymerization to avoid oxygen contamination. The
tests were conducted in triplicate using a potentiostat/galvanostat Autolab M101. After deposition, the specimens were
washed with distilled water and dried in ambient air.

2.3 Electrochemical tests

The corrosion behavior of PPy-coated ASTM F1586 specimens was evaluated in PBS solution at 37 °C provided by
a microprocessor controlled water bath. The tests were performed in a conventional three-electrode cell configuration,
using a platinum wire as the auxiliary electrode, Ag/AgCl as reference and the coated specimens as the working
electroless. The experimental setup consisted of an initial monitoring of the open circuit potential (OCP) for 1 h in order
to ensure a steady-state condition. Next, EIS measurements were carried out at the OCP in the frequency range from
100 kHz to 10 mHz, amplitude of the sinusoidal perturbation signal of £10 mV (rms) at an acquisition rate of 10 points
per decade. Potentiodynamic polarization tests were conducted right after the EIS measurements by sweeping the
potential from -300 mV versus the OCP up to +1.0 Vagagci at a scan rate of 1 mV.s"'. The tests were performed in
triplicate using an Autolab M 101 potentiostat/galvanostat.

2.4 Surface characterization
The surface morphogy of the electropolymerized PPy films was examined using scanning electron microscopy

(Hitachi TM3000). Surface roughness was evaluated by confocal laser scanning microscopy (Olympus LEXT
OLS4100). The results are expressed as the Ra parameter (average surface roughness).
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3. RESULTS AND DISCUSSION
3.1 Surface morphology and roughness

Figure 1 shows a SEM micrograph of the PPy-coated ASTM F1586 stainless steel. The PPy film was
homogeneously deposited on the substrate. However, surface defects can be perceived as indicated by the small darker
areas distributed within the brighter matrix. These defects are inherent to the electropolymerization deposition process.
The electrochemical response of the coated electrode can be affected by the surface defects. Indeed, defective sites are
preferential paths for electrolyte penetration through coated metals, being related to faster dissolution rates with respect
to the uncoated substrate (ZHUANG et al.,, 2015). The surface morphology of PPy films can be affected by
electropolymerization. Al-Jaouhari et al. obtained PPy coatings with a typical globular morphology (Cauliflower aspect)
on carbon steel substrates, using galvanostatic control at a current density of 5 mA.cm? (EL JAOUHARI et al., 2017).
Gopi et al. obtained an agglomerated, granular and uniform PPy layer on 316L stainless steel substrates using cyclic
voltammetry. Our results point to a smoother surface, permeated by several microscopic defects (GOPI, RAJESWARI,
etal., 2013).

Surface roughness was determined using CLSM. Figure 2 shows 2D and 3D micrographs of the PPy-coated ASTM
F1586 stainless steel obtained by CLSM. The surface is relatively smooth. The Ra value was determined as 2.68+0.38
pum. Roughness is often reported to influence the corrosion behavior of metallic surfaces. The presence of high peaks
and deep valleys (rough surface) is frequently associated with fast corrosion kinetics (ZUO, WANG, & XIONG, 2002).

&
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Figure 1. SEM micrograph of the PPy-coated ASTM F1586 stainless steel.

Figure 2. CLSM micrographs of the PPy-coated ASTM F1586 stainless steel: a) 2D and b) 3D views.
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3.2 EIS measurements

EIS diagrams of the PPy-coated and uncoated ASTM F1586 stainless steel are shown in Fig. 3. The tests were
conducted in PBS solution at 37°C, after 1 h of immersion. Nyquist plots (Fig. 3a) are characterized by a capacitive
loop whose diameter is lower for the PPy-coated substrate when compared to the uncoated sample. The diameter of the
capacitive semicircle is associated with the corrosion resistance of the electrode surface (OLIVEIRA, AGUIAR,
VAZQUEZ, ROBIN, & BARBOZA, 2014). In this respect, the defective sites of the PPy layer (Fig. 1) are likely to
decrease the capacitive behavior of the coated metal when compared to the bare substrate. This effect is also observed
in the Bode plots. Phase plots (Fig. 3b) present one single time constant as suggested by the presence of one shoulder
extending from the middle to the low frequency domain. The phase angle reaches -80° for the uncoated substrate and
remains near this value through a wider frequency range than the PPy-coated before decreasing at low frequencies. The
phase angle drop at low frequencies is associated with charge transfer reactions, being related to corrosion processes
taking place the electrode surface (XU, ZHANG, LUO, JIN, & ZHANG, 2013). Bode log |Z| vs. log f plots are
typically capacitive, showing a slope of approximately -1 (ANTUNES et al., 2016) from the middle to the low
frequency domain. The PPy-coated sample deviates from the capacitive behavior at the lowest frequencies. The higher
impedance modulus of the uncoated material at the lowest frequencies is also an indication of its reduced corrosion
susceptibility.
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Figure 3. EIS diagrams of the PPy-coated and uncoated ASTM F1586 stainless steel: a) Nyquist plots; b)
Bode — Phase plots; ¢) Bode — impedance modulus plots. Data obtained in PBS solution at 37°C.
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3.3 Potentiodynamic polarization

Potentiodynamic polarization curves of the PPy-coated and uncoated ASTM F 1586 stainless steel are shown in
Fig. 4. The tests were carried out right after the EIS measurements. The values of corrosion potential (E.,,) are
displayed in Tab. 1. The passive current densities (i,) were also determined. As the polarization curves do not indicate
active control in the anodic branches, the values of corrosion current densities were not determined, since, in this case,
the corrosion kinetics is given by the passive current density (MCCAFERTY, 2010).

The potentiodynamic polarization curves are typically passive, showing a wide potential range throughout the
anodic branch where the current density remains nearly constant. The corrosion potential (E..,) of the PPy-coated steel
was shifted to more anodic value in comparison with the uncoated substrate. This effect was also observed by Gonzalez
and Saidman (2012) for a polypyrrole film electropolymerized onto the surface of 316L stainless steel specimens, being
explained by an anodic protection mechanism. The value of E,, is associated with the electrode surface activity
(ABOU-KRISHA, ASSAF, & EL-NABY, 2016). The conductive polymer topcoat decreased the thermodynamic
activity of the ASTM F1586 surface. Notwithstanding, EIS data indicate that the PPy layer is not immune to electrolyte
penetration. In this respect, surface morphology seems to play a central role in the corrosion protection ability of the as-
deposited film.
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Figure 4. Potentiodynamic polarization curves of the PPy-coated and uncoated ASTM F1586 stainless steel
in PBS solution at 37°C.

Table 1. Electrochemical parameters determined from the potentiodynamic polarization curves.

Sample Ecorr (V) ip (uA.cm™)
PPy-coated -0.49 17.4
Uncoated -0.68 13.5

The onset of pitting corrosion was not perceived in the polarization curves. The passive range extends up to the end
of the test either for the PPy-coated or uncoated substrates. The passive current density (i,) values were determined and
are displayed in Tab. 1. This parameter can be associated with the electrode dissolution rate. In spite of the similarity
between both conditions, the uncoated sample presented lower ip, suggesting that the PPy coating did not offer an
effective barrier against substrate dissolution. This result is in agreement with the EIS data and can be due to the
defective sites observed in the SEM micrograph shown in Fig. 1.
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5. CONCLUSOES

PPy coatings were successfully obtained by electropolymerization on the surface of ASTM F1586 stainless steel
specimens. The surface morphology indicates the formation of a uniform and smooth layer, permeated by several
defects. The PPy layer was smooth with an average roughness of Ra =2.68 um.

The corrosion resistance of the PPy-coated substrate was affected by the film defects, as indicated by EIS and
potentiodynamic polarization tests. The impedance values of the coated surface were lower than those of the uncoated
substrate, suggesting that electrolyte penetration throughout the coating defects can take place, thus hampering the
corrosion protection ability of the PPy layer. The corrosion kinectics of the PPy-coated steel was slightly faster than that
of the bare substrate, as indicated by the passive current densities. This effect was also related to the surface
morphology of the as-deposited layer. In spite of the anodic shift of the corrosion potential after PPy deposition, our
results suggest that the electropolymerization procedure need to be optimized to obtain a more compact, defect-free
layer. Varying the pyrrole monomer concentration in the electropolymerization solution and the use of galvanostatic
control during deposition can be alternatives to enhance the corrosion properties of the PPy layer.
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