Electrochemical Passivation of 316L Stainless Steel for
Biomedical Applications: A Method for Improving
Pitting Corrosion Resistance via Cyclic

Potentiodynamic Polarization

by

Kang Hoon Choi

McGill University, Montreal
Department of Chemical Engineering

April 2019

A thesis submitted to McGill University in partial fulfillment of the requirements of the degree

of Master of Engineering

T McGill

© Kang Hoon Choi 2019



ABSTRACT

316L stainless steels (SS) are widely used as biomaterials due to their good general
corrosion resistance, low cost and good machinability. However, 316L SS is prone to severe
degradation in human body due to aggressive halide ions present in the environment, namely
chlorides and bromides, which can cause a local breakdown of the protective passive film and
enable the progression of pitting corrosion. Hence, significant efforts have been made to develop
methods for the surface modification of the 316L SS in order to improve its pitting corrosion

resistance, and thus its biocompatibility.

In this work, the application of cyclic potentiodynamic polarization (CPP) for the
formation of a highly corrosion resistant passive oxide film on a 316L SS surface usinga 0.1 M
NaNOs solution as a passivation electrolyte in deaerated and aerated conditions was investigated.
Electrochemical tests such as open circuit potential (OCP) measurement and potentiodynamic
polarization test were conducted to evaluate the corrosion behavior of the modified surface. It
was found that CPP method under both deaerated and aerated conditions resulted in formation of
a passive oxide film that offers significantly higher OCP and pitting corrosion resistance than the
naturally-grown passive film. The results of OCP and potentiodynamic polarization tests show
that the passive film formed by CPP in an aerated 0.1 M NaNOs solution exhibits higher OCP
and higher pitting corrosion resistance than the film formed in a deaerated 0.1 M NaNO3
solution. It was observed that dissolved oxygen has a positive effect on the passivation of 316L
SS under CPP conditions. The 316L SS surface passivated for 200 sweeps in an aerated 0.1 M
NaNOs solution exhibited largest improvements: highest open circuit potential (141.77 mVsce)

and complete elimination of pitting corrosion in a 0.1 M PBS solution at 22 °C.



RESUME

Les aciers inoxydables 316L sont utilisés partout comme biomatériaux en raison de leur
bonne résistance a la corrosion, de leur faible co(t et de leur bonne usinabilité. Cependant,
lorsequ’ils sont utilises dans le corps humain, les aciers inoxydables 316L se dégradent & cause
de la présence d’ions halogénures agressifs. En particulier, les chlorures et les bromures peuvent
provoquer une dégradation locale du film protecteur passif et permettre la progression de la
corrosion par pigdre. Par conséquent, des recherches sont en cours pour développer des
méthodes de modification de surface de I'acier inoxydable 316L afin d’améliorer sa résistance a

la corrosion par pigdre et donc sa biocompatibilité.

Dans ce travail, I’application de la polarisation potentiodynamique cyclique pour la
formation d’un film d’oxyde passif résistant a la corrosion sur une surface en acier inoxydable
316L a été etudiée. Ceci a été fait en utilisant une solution de NaNOs 0.1 M pour I'électrolyte de
passivation dans des conditions désaérées et aérées. Des tests électrochimiques étaient faits pour
évaluer le comportement a la corrosion de la surface modifiee. Cela incluait des mesures de
potentiel en circuit ouvert et un test de polarisation potentiodynamique. Il a été constaté que la
méthode de polarisation potentiodynamique cyclique dans les deux conditions entrainait la
formation d'un film d'oxyde passif présentant un potentiel de circuit ouvert et une résistance a la
corrosion par piqdres nettement supérieurs a ceux du film passif développé naturellement. Il a
été constaté que la méthode de polarisation potentiodynamique cyclique dans les deux conditions
entrainait la formation d'un film d'oxyde passif possédant un potentiel de circuit ouvert et une
résistance a la corrosion par pigdres significativement supérieurs a ceux du film passif développé
naturellement. En outre, les résultats des tests de potentiel de circuit ouvert et de polarisation
potentiodynamique montrent que le film passif formé par polarisation potentiodynamique
cycligue dans une solution aérée de NaNOs 0.1 M présente un potentiel de circuit ouvert et une
résistance a la corrosion par pigdre supérieurs a ceux du film formé dans une solution de NaNOs
0.1 M desaérée. 1l a été observe que I'oxygene dissous avait un effet positif sur la passivation de

I'acier inoxydable 316L dans des conditions de polarisation potentiodynamique cyclique. La




surface en acier inoxydable 316L passivée pendant 200 balayages dans une solution aérée de
NaNOs 0,1 M présentait les améliorations les plus importantes: potentiel de circuit ouvert
maximum (141,77 mVsce) et élimination complete de la corrosion par pigdre dans une solution
de PBS 0.1 M a 22°C.
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CHAPTER 1: INTRODUCTION

The demand for biomaterials is increasing rapidly with the growing population of elderly
people who have a higher risk of failed tissue. Significant developments have been taking place
to provide suitable biomaterials to replace diseased or damaged parts in the human body in order
to improve or restore tissue function, thereby improving the quality of life. With the
advancement in manufacturing of biomaterials, all classes of materials including metal, ceramic,
polymer and composite have drawn attention in biomedical applications. Among these materials,
metallic biomaterials have played a predominant role as they have been successfully used in
clinical applications such as in orthopedic, oral and maxillofacial, cardiovascular, and surgical
instruments [1]. The three most commonly used metallic biomaterials are 316L stainless steel,
cobalt-chromium alloy, and titanium and its alloys. Among these metals, titanium alloys exhibit
the highest biocompatibility, corrosion resistance, and specific strength, but they are the most
expensive materials compared with 316L stainless steel and cobalt-chromium alloys [2].
Unfortunately, relatively few metals in industrial use are biocompatible and sufficiently

corrosion resistant for long-term use as an implant in human body [1].

316L stainless steel (SS) is among the most widely used types of implant material and
has the longest record of practical use due to its high corrosion resistance, low cost, appropriate
mechanical properties, and good machinability [3]. Its excellent resistance to uniform corrosion
is related to the passive oxide film on its surface. However, recent decades of clinical trials and
studies have shown that 316L SS is prone to severe degradation in human body due to aggressive
halide ions present in the environment, namely chlorides and bromides, which can cause a local
breakdown of the protective passive film and enable the progression of pitting corrosion [1].
Pitting corrosion has detrimental effects on metallic surgical implants since it adversely affects
both biocompatibility and mechanical strength of the implant. Pitting corrosion is a form of
highly localized corrosion that leads to formation of small cavities on the surface of protective
passive film, and subsequently leads to release of metal ions into the surrounding environment.
This is concerning when using 316L SS as a biomedical implant because the release of harmful
products, especially nickel and chromium ions, into the human body may cause detrimental
biological reactions [4,5]. Consequently, its main applications are limited to medical surgical

instruments, implant manufacturing processes, and short-term implant devices [2]. Therefore, it
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is of practical interest to enhance the corrosion resistance, especially pitting corrosion resistance,
of 316L SS by employing suitable surface treatment methods.

The relatively good general corrosion resistance of stainless steels results from its ability
to spontaneously form a stable self-healing chromium-rich oxide film, a so-called passive oxide
film, on its surface in the reaction with oxygen from air or most aqueous environment [6]. This
passive film acts as a barrier protecting the metal surface from the corrosive environment. It has
been well-investigated that the semiconductivity of a passive oxide film can be either n-type or
p-type, which is dependent on the predominant charge carrier density present in the oxide layer
[7]. Extensive research on the capacitance measurements of austenitic stainless steels have
revealed that the n-type semiconducting properties are associated with the outer iron oxide part
of the passive film, which are characterized by the presence of oxygen vacancies in the film,
whereas the p-type semiconducting properties are correlated with the inner chromium oxide
region, which are characterized by a deficiency in metal ions or with excess of cation vacancies
[7,8]. n-type passive layers are susceptible to pitting corrosion because of their high density of
oxygen vacancies which act as pitting initiation sites that allow the penetration of aggressive
halide anions through the passive film. Contrarily, p-type passive layers have excellent pitting
resistance because of their high density of cation vacancies which inhibit penetration of
aggressive halide anions into the film. Hence, the present work aims to improve the pitting
corrosion resistance of 316L SS by possibly transforming the semiconducting property of the
outer oxide layer from n-type to p-type, thereby reducing the susceptibility to the aggressive

anionic penetration.

The surface property of the passive oxide film is the most important factor that
determines the corrosion behaviour of stainless steels. As mentioned earlier, although 316L SS
has excellent bulk mechanical and physical properties, its poor localized corrosion resistance has
limited its applications as biomedical implants. Hence, numerous studies have been carried out
on the surface modification of 316L SS in order to selectively achieve desirable surface
properties while preserving the valuable properties of the bulk material [9]. Various types of

surface modification techniques have been reported such as ion implantation [10-12], bioactive
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ceramic coatings [13-16], electropolishing [17—19] and cyclic potentiodynamic polarization [20—
24]. In particular, the surface modification by cyclic potentiodynamic polarization (CPP) is a
very effective passivation technique that can enhance the pitting corrosion resistance of 316L SS.
This technique enhances the passive properties of oxide films by exploiting the kinetics of the
redox reactions that occur in response to the surrounding environment since passive film
formation is highly dependent on the type of solution or atmosphere used. In fact, this technique
has been successfully applied in our lab to produce highly-protective passive oxide films on
316LVM stainless steel by using a deaerated 0.1 M NaNOs solution as the passivation electrolyte
[21,22] (it should be noted that the “LVM” type of 316 stainless steel has a lower content of
carbon and impurities than the “L” type used in this work, the latter being, thus, more prone to
corrosion than the LVM type). Hence, the present research aims to contribute towards further
development of CPP technique by incorporating dissolved oxygen into the passivation
electrolyte. The rationale for the incorporation of dissolved oxygen in the passivating solution is
based on its two different roles on the passivation phenomenon claimed by several studies: (i) it
acts as a cathodic depolarizer, which facilitates the kinetics of both anodic and cathodic
passivation processes by reacting with the hydrogen gas surrounding the cathode and thereby
speeding up the passivation process [25,26], and (ii) it acts as a passivating agent by providing
necessary chemical species for passivation [27,28]. However, despite many reports, the effects of
dissolved oxygen on the passivation mechanism are inconsistent and depend on the
electrochemical systems involved in the types of materials and solutions. Also, there has not
been a CPP technique that utilizes dissolved oxygen to improve the passive properties of
stainless steels. Hence, the present research aims to investigate the influence of dissolved oxygen
on passivation by comparing the corrosion behaviours of the passive film formed in absence and

in presence of dissolved oxygen.

The main goal of the present research is to develop and optimize a simple
electrochemical cyclic potentiodynamic polarization for the formation of highly corrosion
resistant passive oxide film on 316L SS using 0.1 M NaNOs solution in deaerated and aerated
conditions. The influences of number of polarization scans and dissolved oxygen on the resulting

corrosion behaviour were investigated with the aim of achieving high resistance to both general
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and pitting corrosion in a physiological simulating solution (phosphate buffer saline solution pH
7.4,0.027 M KCl and 0.137 M NaCl). Hence, the present work is ultimately aimed at
contributing to the development of more biocompatible 316L stainless steel based implants.
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2.1 Type AISI 316L Stainless Steel

Type AISI 316L stainless steel (SS), a single phase austenitic stainless steel, is one of the
most commonly used materials for biomedical implant applications due to its relatively low cost,
ease of fabrication, moderate strength, and reasonable corrosion resistance. The “L” in 316L
designates low carbon content (<0.03%) in the alloy [3]. Low level of carbon content in the alloy
IS necessary to prevent formation of chromium carbides since these carbides can form
preferentially along grain boundaries, leaving the adjacent areas with depleted chromium levels
which are thus prone to intergranular corrosion [3]. Chromium is present in 316L SS passive
oxide film primarily in the form of a Cr203 surface layer, which is crucial to its corrosion
resistance. This surface layer is known as the passive oxide film, which is highly adhesive and
promotes self-healing in the presence of oxygen. The minimum percentage of chromium in
stainless steels is about 11 wt.%, which is known as the minimum amount required to prevent the
formation of rust in an unpolluted atmosphere [1]. Further enhancement in corrosion resistance,
as well as mechanical properties, is achieved by the presence of other alloying elements. The
presence of nickel, molybdenum and nitrogen in 316L SS stabilizes the formation of an austenite
phase and also contributes to its increased corrosion resistance [1,3]. Alloying elements such as
chromium and nickel provide oxidation resistance while molybdenum and nitrogen enhance the
localized corrosion resistance of 316L SS [1,3]. Molybdenum is considered as one of the
principal alloying elements in austenitic stainless steel which enhances the pitting corrosion
resistance by molybdenum carbide formation, thereby reducing the amount of chromium carbide
formation [1,3]. Nickel is the main alloying element that stabilizes the formation of austenite in
stainless steel and also contributes to increased corrosion resistance by the formation of
protective oxide films [1,3]. Nevertheless, 316L SS implants experience electrochemical
dissolution in the human body environment, which consists of an ample amount of corrosive
minerals such as chlorides, amino acids and proteins [29]. In fact, 90% of the failure of 316L SS
implants are due to localized corrosions such as pitting and crevice corrosions [30]. Furthermore,
the corrosion of a 316L SS implant gives adverse effects to the surrounding tissues since nickel

and chromium ions are highly toxic to the human body [31].
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316L SS is an excellent example of an alloy that exhibits corrosion resistance in a variety
of environments as a result of surface passivation. Thus, 316L SS is extensively employed in
various industrial applications such as architectural structures, automotive parts, and biomedical
devices [1]. In biomedical applications, 316L SS comprises a substantial percentage of clinical
use as it is currently used in orthopedic surgery as temporary fixation devices (nails, screws,
plates, and wire) [32], cardiovascular surgery (e.g., electric terminal and stents) [33], and
surgical instruments (e.g., bone drills, knives, needles, etc.) [1]. Despite these applications, the
resistivity of 316L SS to pitting corrosion is still not satisfactory for long-term applications.
Therefore, its current applications are mostly confined to short-term implant devices, medical
surgery instruments, and implant manufacturing equipment; nevertheless, 316L SS is still the

predominant material used for coronary stents, which are long-term implants [2].

While 316L SS is one of the oldest and most common alloys in use, more recent
developments have led to stainless steels with enhanced corrosion resistance and mechanical
properties. Advanced steel-making processes such as vacuum melting, vacuum arc re-melting
(VAR) or electro-slag refining are used to produce highly corrosion resistant stainless steel
grades [1]. These production methods are employed to produce cleaner varieties of stainless
steels in order to minimize the traces of undesirable elements such as sulfur and phosphorous in
the alloy, thereby avoiding the unwanted formation of secondary phases and inclusions
especially at grain boundaries. For example, the vacuum melting process is used to produce
316LVM stainless steels which has improved resistance to pitting corrosion due to its relatively
low sulfur content compared to 316L SS. Despite the aforementioned production techniques,
316L is still the most employed metallic biomaterial due to its low production cost. As discussed
previously, enhancement in corrosion resistance of 316L SS is an undeniable requirement to

maintain and extend its usage in implant applications.
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2.2 Passive Oxide Film

As mentioned above, good corrosion resistance of 316L SS is due to the presence of a
self-healing protective passive oxide film on its surface. Although the thickness of the passive
oxide film is typically only a few nanometers, it acts as a highly protective barrier between the
bulk of the metal substrate and the aggressive biological environment. Depending on the type of
oxide formed, the passive film may or may not be stable upon exposure to the biological
environment. In fact, a variety of factors can influence the stability of the passive film against
dissolution, which include the film’s chemical composition, structure, surface morphology,
semiconducting/electronic properties, mass-transport properties, and breakdown of passivity in
the biological environment. The following sections will address theoretical aspects and elaborate

on each of these properties.

2.2.1 Structure

Several studies have demonstrated the dependence of the passive film structure on the
corrosion resistance of stainless steel [34,35]. One of the earliest investigations on the crystal
structure of passive films on iron-chromium alloys was carried out by McBee and Kruger [36] in
1972 using transmission electron-diffraction microscopy at 100 kV. The diffraction patterns
obtained revealed that the passive oxide films on the highest chromium-content alloy, Fe-24%Cr
alloy were amorphous, whereas 0-10%Cr in the bulk resulted in a spinel-like structure. They
reported that the films tend to become amorphous as the chromium content of the alloy is
increased. Ryan et al. [37,38] investigated iron-chromium alloys in sulfuric acid solution and
iron in borate buffer solution and confirmed the conclusion made from McBee and Kruger [36]
that the passive film is amorphous for chromium concentrations above 12-19%. In another study,
Marcus [39] examined the atomic structure of passive films on stainless steel alloys by
performing scanning tunneling microscopy and characterized the influence of structural
modifications occurring in the passive film during polarization at a potential in the passive

region. His first finding was that after 2 hours of polarization, the film was disordered. After
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prolonged polarization (63 hours), growth of the crystallized regions was found in the film
structure, and the resulting electrochemical measurements showed that the crystallized film was

more stable during exposure to air than the disordered film.

2.2.2 Thickness of Passive Oxide Film on 316L Stainless Steel

The influence of the thickness of passive film on austenitic stainless steel has been
examined in numerous studies [40-42]. For example, Xu et al. [41] investigated the passive film
growth on 316L SS in borate buffer solution using real-time spectroscopic ellipsometry, and
concluded that the thickness of potentiostatically-polarized passive film increased linearly with
applied potential. A similar potential dependence of surface film thickness on 304 stainless steel
during potentiodynamic polarization was found by Olsson and Landolt [42]. Shahryari et al. [22]
studied a passive film formed on 316LVM stainless steel by cyclic potentiodynamic polarization
and demonstrated that CPP induces significant changes in the structure of the passive film.
Comparison of their TEM images observed on unmodified and CPP-modified passive films with
their electrochemical measurements results revealed that the CPP-modified passive film is
significantly thicker and exhibits higher corrosion resistance. On the other hand, Shih et al. [35]
studied the effect of different passivation processes on the corrosion resistance of 316L SS. They
showed that the removal of a naturally-formed oxide layer and the replacement by a more
uniform and compact surface oxide layer, rather than its thickness, is the predominant factor
influencing the corrosion behavior of stainless steel. Furthermore, they concluded that the
improvement in the corrosion resistance of 316L SS was attributed to the modified
compositional properties of these newly grown passive films, which are composed of nano-scale

oxide particles with higher oxygen and chromium concentrations [35].
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2.2.3 Chemical Composition of Passive Oxide Film on 316L Stainless Steel

The corrosion behavior of stainless steel is strongly influenced by the chemical
composition of its surface oxide layer. The chemical composition and elemental depth profiles of
the passive oxide film on 316L SS have been extensively studied through the analysis by Auger
electron spectroscopy (AES) and X-Ray photoelectron spectroscopy (XPS) [8,35,43,44]. It has
been well-documented that the passive oxide film has a duplex structure which consists of an
inner region composed of a chromium-rich oxide layer in contact with the metallic substrate,
whereas the outermost layer is comprised of iron-rich oxides and hydroxides. Figure 2-1 shows
an example of the Auger depth composition profiles of passive films formed on 304 and 316
stainless steels obtained from the AES analysis by Hakiki et al. [8]. As it can be observed from
both passive films, the inner region of the passive film is enriched in chromium oxide close to
the alloy, whereas the outer region of the passive film is depleted in chromium and comprised
mainly of iron oxide. Also, a small amount of nickel oxide is detected in the iron oxide region,
which suggests the existence of mixed iron-nickel oxides. Although molybdenum is not detected
by this AES analysis, molybdenum is present in the passive film but in negligible amount [35].
In fact, molybdenum as an alloying element modifies the iron depth profile in the passive film
[8]. As it can be seen in Figure 2-1, the passive film formed on the 316 SS has a much higher Mo
content, a much lower atomic density of iron oxide, and higher overall atomic density than the
304 stainless steel. In another study by Lorang et al. [43], observations of the concentration
profile indicate that the thickness of the passive film formed on 304 stainless steel increases both
with the applied passivation potential and with the temperature. However, it was found that the
thickness of the innermost (chromium-rich oxide) region is only dependent on the applied
potential but is not much influenced by the temperature [43]. Based on the results of AES and
XPS obtained by Lorang et al. [43], it was determined that the composition of bulk oxide in the
innermost layer of the passive film existed in the form of Cr203, whereas various forms of iron
oxides (FesO4, Fe203, Fe(OH)2 , and FeOOH) were observed in the outer region of the film.
Numerous studies on the effects of these compounds on the corrosion resistance of stainless
steels have been reported, and it was found that chromium-rich oxide layers are mainly

responsible for the high passivation ability of these alloys [1,22,35,40,45]. Moreover, chromium
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enrichment in the passive film achieves its high corrosion resistance due to the change in the
semiconducting/electronic structure of passive film, which will be discussed in detail in the
subsequent section.
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Figure 2-1 Auger depth concentration profiles of passive films formed on 304 and 316 stainless
steels [8].

2.2.4 Semiconducting Properties of the Passive Film

One of the principal factors thought to control the corrosion behavior of a passive film
formed on stainless steel is its semiconducting/electronic properties. In order to understand the
correlation between the corrosion resistance and semiconducting properties of the passive films,
extensive research has been conducted using capacitance measurements to determine these
properties through the Mott-Schottky approach [21,22,46-48]. As discussed in the previously
section, the AES and XPS analyses show that the passive films formed on the surface of
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austenitic stainless steels have a bi-layer structure, which is comprised of chromium-rich oxide in
the inner region and an external layer of iron oxides [8]. These passive oxide layers are known to
exhibit semiconducting properties either as n-type or p-type, which are determined by the
predominant defect in the oxide layer [7,8,49]. The capacitance measurements have revealed that
the n-type semiconducting properties are associated with the outer iron oxide part of the passive
film, which are characterized by the presence of oxygen vacancies in the film [7,8]. This external
layer of iron oxides in the passive film of stainless steel is known to exhibit poor pitting
resistance since its higher density of oxygen vacancies act as pitting initiation sites [22]. On the
other hand, p-type semiconducting properties are correlated with the inner chromium oxide
region, which are characterized by a deficiency in metal ions or excess with cation vacancies
[7.8].

The Mott-Schottky approach is a common method used to determine type of
semiconductivity of 316L SS surface in the potential region where pitting occurs. Shahryari et al.
[22] examined the semiconducting behavior of a naturally-formed passive film on 316LVM
stainless steel and the passive films modified by cyclic potentiodynamic polarization using Mott—
Schottky approach and determined the type of semiconductivity by characterizing the existence
of multiple potential regions. In the pitting susceptible potential region, it was found that the
unmodified surface has a positive slope, which indicates it as an n-type semiconductor, whereas
the passive film modified by CPP has a negative slope, indicating its semiconducting behavior as
a p-type. Hence, using the Mott-Schottky approach, Shahryari et al. [22] reported that CPP is an
effective surface modification method for transforming the semiconductivity of the passive film

on 316LVM stainless steel from n-type to the p-type.

2.2.5 Migration of lons in Passive Oxide Film

The importance of the type and the concentration of cation and anion defects present in a
passive oxide film was discussed in the previous section through Mott-Schottky analysis. The

transport of these point defects or ions and their interfacial reactions through the passive film
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ultimately determine the passivity and breakdown of the film. The phenomenon of passivation on
a metallic surface was first discovered by Keir in 1790 [50], who observed the absence of
dissolution for iron immersed in concentrated nitric acid compared to high rate of dissolution
when immersed in dilute nitric acid. Since then, a class of models is available that investigate the
growth kinetics and breakdown of passivation on metallic surfaces [46,51-53]. As discussed in
the previous section, the passive oxide film on a stainless steel surface is characterized by a
bipolar structure, consisting of cation vacancies in the inner layer, i.e. p-type semiconductivity,
and anion vacancies in the outer layer, i.e. n-type semiconductivity [8,47]. As a result, the
passive film is characterized by selective-ion permeability. In general, the film growth proceeds
by oxygen ions migrating toward the metal/oxide interface through anion vacancies which react
with metal ions to form an inner part of the oxide film, while metal ions migrate toward the
oxide/electrolyte interface through cation vacancies and react with oxygen ions and other anions
present in the electrolyte to form an outer part of the oxide film [54]. Consequently, this type of
bipolar ion-selective oxide film blocks the ion transport across the structure of the passive film
and enhances the general corrosion resistivity. However, in the presence of aggressive anionic
species (e.g. chloride anions), the outermost n-type oxide layer is highly susceptible to local
breakdown of the film eventually leading to the dissolution of the metal substrate at the site of
localized breakdown, which is known as the pitting corrosion [54]. Hence, the present research
aims to enhance the resistivity of 316L SS to pitting corrosion by transforming the

semiconductivity of the outer oxide layer from n-type to p-type.

2.3 Corrosion of Metallic Implant

Corrosion is the destruction or deterioration of a metallic material due to its reaction with
its surrounding environment [1]. Simply, corrosion is the desire of metals to return to their
natural form. This is because metals in contact with oxygen-containing atmospheres, practically
all environments including the human body, are fundamentally unstable. The relevant form of

corrosion related to metallic biomaterials is the aqueous or electrochemical corrosion. In general,
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there are two reactions that occur in an electrochemical corrosion reaction: the anodic reaction,

in which metallic implant is oxidized to its ionic form:
M - M™ + ne” Equation 2-1

and the cathodic reaction, in which the electrons so generated are consumed in the reduction of

hydrogen (if there is no oxygen present in the electrolyte):

2H* +2e” > H, Equation 2-2
or in the reduction of dissolved oxygen, in acidic solutions:

0, + 4H* + 4e~ - 2H,0 Equation 2-3
or in neutral or basic solutions [3]:

0, + 2H,0 + 4e~ - 40H™ Equation 2-4

In all cases, the basic principle of electrochemically-based metallic corrosion is that the
rate of the anodic or oxidation reaction must equal the rate of the cathodic or reduction reaction
[3]. In other words, the corrosion reaction will occur transiently and effectively stop when
equilibrium is reached between the anodic and cathodic reaction. However, this only occurs in
conditions where a homogeneous pure metal exists within an unchanging environment, which is
highly unrealistic especially in a biological environment. In reality, as a corrosion reaction takes
place, the relative movement of involved ions will continuously modify the composition of the
surrounding environment and the surface of the involved metal. Hence, this dynamic nature will
result in continued reaction, namely a sustained corrosion reaction, between the metal surface
and the surrounding environment to attempt to establish an equilibrium. The extent to which the
corrosion reaction proceeds depends on the system of the metallic material and the surrounding
environment since different conditions can result in different overall corrosion rate by
influencing either the anodic or cathodic reactions. Hence, the same concept can be applied in

developing highly corrosion-resistant metallic biomaterials by obstructing either the anodic or
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cathodic reactions in order to stop the corrosion process. However, as evidenced by many cases
of metallic implant failures, corrosion is a major problem for using metallic biomaterials as
implant devices due to the complex constituents of physiological environment. In fact, 90% of
the failure of 316L SS implants are due to localized corrosions, especially pitting corrosions [29].
Furthermore, the corrosion of 316L SS implant has detrimental effects on the surrounding tissues
and the implant itself since harmful metallic ions, especially nickel and chromium ions, can
accumulate in the human body and the mechanical integrity of the implant can also be
deteriorated. In particular, the release of nickel and chromium ions to the surrounding tissues is
serious problem as they can cause detrimental biological reactions [5,6]. Studies have shown that
nickel ions may cause cutaneous inflammations and chromium ions may cause ulcers and central
nervous system disturbances, and both products may also lead to carcinogenicity in the human
body [55-57]. Consequently, the effects of these potentially toxic ions limit the use of 316L SS

implants to temporary or short-term applications.

2.3.1 The Human Body as a Corrosive Environment

Localized breakdown of passive films becomes a greater concern when a metallic implant
is placed in the hostile electrolytic environment of a human body. Under normal conditions, the
human body is a highly corrosive environment due to the constituents of physiological fluid
which include various anions, cations, organic substances, and dissolved oxygen [29]. The
anions are mainly chloride, phosphate, and bicarbonate ions [3]. The principal cations are Na*,
K*, Ca?*, and Mg?*, plus smaller amounts of many other cations [3]. Table 2-1 gives the range
for the anion and cation concentrations in blood plasma and extracellular fluid [58]. The
presence of these complex physiological constituents can interfere with the equilibrium between
the implant surface and the surrounding environment, which will lead to continued corrosion of
the implant. Furthermore, once metal ions are released into the body, the pH value of body fluid
may fall to 3-4, which presents an even more corrosive environment for metallic implants [59].

In addition, the internal partial pressure of oxygen in human body, approximately one quarter of
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atmospheric oxygen pressure, creates a condition that hinders the repassivation of the
depassivated areas on the surface films [3]. As a result, preferential corrosion of the oxygen-
deficient regions can occur, which will lead to the localized breakdown of the passive film. Thus,
a metal that may be inert or passive in atmospheric conditions may undergo corrosion in the

human body.

Table 2-1 lonic Concentrations in Blood Plasma and Extracellular Fluid [58].

Extracellular Fluid

Anion, Cation Blood Plasma (mM) (MM)

Cr 96-111 112-120
HCOs 16-31 25.3-29.7
HPO4* 1-15 1.02-1.93
SOs* 0.35-1 0.4
H.PO. 2 -

Na* 131-155 141-150
Mg** 0.7-1.9 1.3

Ca? 1.9-3 1.4-1.55
K* 3.5-5.6 3.5-4

2.4 Pitting Corrosion

Although 316L SS are widely used in biomedical applications because of their good
general corrosion resistance, they are nevertheless susceptible to localized types of corrosion.
This is evidently true in the human body, which is a highly corrosive environment due to hostile
electrolytic constituents present in the body fluid. In fact, pitting corrosion is one of the most
common and catastrophic causes of failure of 316L SS implants as it often proceeds undetected
with very little metal loss until fracture occurs. Pitting corrosion is a form of highly localized
corrosion that leads to the formation of small cavities on the surface of protective passive film,
and subsequently leads to the release of metal ions to the surrounding environment [60]. The
initiation and breakdown of passivity are shown in Figure 2-2. In general, the formation of such

pits is due to the interaction of aggressive ions with the oxide film at areas where it is defective
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or weak in nature. Also, studies have shown that pitting corrosion occurs more frequently in
media containing halide ions, especially chloride ions [61]. Pitting typically initiates from a
localized surface defect such as a scratch or a slight variation in composition (i.e. alloy
heterogeneities in the surface layer) that become anodic while the remaining vast area outside the
pit becomes cathodic [62]. This results in a difference in electrochemical potential between the
base of the pit and the surrounding metal, releasing metal ions that may form oxides at the top of
the pit, thereby renewing the passivation. Once pitting initiates on a surface, it becomes an
autocatalytic reaction due to differential aeration conditions between the inside of the tip and the
flat surface of the metal, which causes the pitting attack to propagate through the metallic bulk

until it leads to the complete breakdown of passivity.

PASSIVE
“LAYER

INITIAL STATE

PIT INITIATION

4 “

/ %

PIT REPASSIVATION PIT GROWTH

Figure 2-2 Stages of pitting corrosion [60].

A number of theoretical models have been proposed to describe pitting initiation
processes leading to passive film breakdown, and they have been categorized into three main
mechanisms focused on passive film penetration, film breaking, and adsorption [63]. The
penetration mechanism, first discussed by Hoar et al. [64], involves the transfer of aggressive
anions through the passive oxide film to the metal surface, where they start localized dissolution

of the surface. In this theory, the migration of anions is explained by the high electric field
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strength in the passive oxide film and also a high defect concentration within the presumably
disordered structure of the oxide film [64]. The penetration of aggressive anions in the film
further increases the ionic conductivities along the penetration paths. Hence, the pitting
penetration becomes an autocatalytic process, which undermines the passive film structure by
vacancy formation and condensation at the metal/film interface, or rapid cation release at the
film/electrolyte interface. Based on these concepts of penetration mechanism, Macdonald et al.
[65-67], developed a well-known theory called the point defect model (PDM), which describes
the growth and the passivity breakdown through the transport of point defects, i.e. electrons,
holes, and metal and oxide vacancies, across the passive film. PDM assumes that adsorption of
chloride ions and its incorporation at the outer surface of the oxide film results in the formation
of cationic vacancies [66]. These cation vacancies migrate to the metal/film interface where they
are compensated by the transport of cations from the metal in the opposite direction through
oxidation. If this flux of vacancies through the oxide film is at a higher rate than the oxidative
injection of cations from the metal, cation vacancies may accumulate and form voids at the
metal/film interface. When the voids grow to a critical size, the passive film will collapse and

subsequently lead to pit growth.

The film-breaking mechanism, proposed by Sato et al. [68,69], requires the occurrence of
fissures within the passive film that give direct access of anions to the unprotected metal surface.
Another explanation on the film-breaking mechanism, reported by Haupt and Strehblow [70],
was that chemical changes, i.e. a reduction of Fe(l11) to Fe(ll), by a sudden change of the

electrode potential can cause stresses within the film, and hence the breakdown of oxides.

The adsorption mechanism, first discussed by Kolotyrkin [71] and Hoar and Jacob [72],
begins with localized adsorption of aggressive anions at the oxide/electrolyte interface, which
catalytically enhances the oxide dissolution at these sites. As a result, this causes the thinning of
the passive film until a complete removal is achieved and eventually leads to pit growth.
Although an extensive array of theoretical models for the pitting mechanism have been proposed,
the prediction of pitting initiation remains difficult due to its dynamic nature, which depends on

the type of passive oxide film and its surrounding environment.
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2.4.1 Pitting Polarization Measurement

A typical potentiodynamic polarization curve for stainless steel in the presence of oxygen
is exemplified in Figure 2-3. Potentiodynamic polarization is a useful technique for determining
the kinetics of the different stages of the corrosion process, especially for characterizing the
susceptibility of a metal or alloy to pitting corrosion. As illustrated in Figure 2-3, a polarization
curve for a passive metal can be divided into three regions, namely active, passive, and
transpassive. In the active region, the anodic and cathodic processes are in equilibrium, which
results in a large drop in net current value [73]. This value is known as the corrosion potential,
Ecorr, Or sometimes called the open circuit potential, OCP. As the anodic polarization scan
advances to the passive region, the passive film becomes stable and retains its passivity up to the
pitting potential. This passive state can be quantitatively characterized by the passivation current
density, jpass, Which is the minimum current density required to maintain the thickness of the film
in the passive range [73]. Once pitting initiates at the pitting potential, the passive film enters the
transpassive region where a pitting attack propagates rapidly, as shown in Figure 2-3 by the
sharp rise in current density with electrode potentials just above the pitting potential. The pitting
potential, Ep, is a well-defined electrode potential that indicates the initiation of pitting corrosion
for a given metal or alloy [73]. The pitting potential depends on several factors such as the
concentration of halide ions, the surface properties of the material, and temperature [60,73].
Hence, the pitting potential of different materials is only comparable if the above-mentioned
factors are kept the same in the experimental conditions. For given experimental conditions, a
more positive pitting potential value indicates a higher resistance against pitting corrosion. On
the other hand, in the absence of aggressive halide ions, the passive film maintains its passive
state up to the electrode potential of oxygen evolution, i.e. ca. 1.0 V for stainless steel alloy
[74,75], as illustrated by the dashed curve in Figure 2-3. Another important parameter that can be
observed from a potentiodynamic polarization curve is the repassivation potential, Er. As
displayed in Figure 2-3, the concept of a repassivation potential against pitting is derived from

the hysteresis loop generated by reversing the polarization scan direction at anodic potentials
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above the pitting potentials and eventually crossing the forward curve in the passive region [73].
The electrode potential at this intersection is called the repassivation potential, which signifies
the electrode potential at which the growth of active pits is diminished or possibly ceased,

because the passive current density has been regained [73].
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Figure 2-3 Schematic of a potentiodynamic polarization curve.

2.5 Current Methods for Controlling Corrosion of Biometallic Implants

Surface modification is one of the most viable options for improving the corrosion
resistance of 316L SS implant devices. Surface modification has an advantage over other
available methods, including using inhibitors or manufacturing new highly corrosion resistant
alloys by modification of the bulk chemistry, because it can selectively achieve desirable surface

properties while preserving the valuable properties of the bulk material [9]. As discussed earlier,
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although 316L SS has an excellent bulk mechanical and physical properties, its poor localized
pitting corrosion resistance has limited its applications as biomedical implants. Therefore, it is
necessary to study the surface modification of 316L SS to obtain better surface chemistry and
structure, and thus longer lifetime after implantation. A number of research groups have reported
an enhancement of the corrosion resistance of stainless steels by applying various surface
treatments. The most prevalent methods are ion implantation [10-12], bioactive ceramic coatings

[13-16], electropolishing [17-19] and electrochemical passivation [20—24].

2.5.1 Bioactive Ceramic Coating

The application of bioactive coatings on metallic implants has been studied by many
researchers using various coating techniques. In orthopedics and dentistry applications, bioactive
ceramic coatings have received enormous consideration due to its advantages including
enhanced corrosion resistance, bioactivity and osteointegration [76]. Hydroxyapatite (HAp) is
the most common bioactive material for coating metallic implants used in orthopedics and
dentistry due to the similarity of its crystal structural and composition with the inorganic matrix
of the bone [77,78]. Several coating methods have been developed to deposit HAp onto a
metallic surface, which include plasma spraying [77,79], hydrothermal deposition [78], sol-gel
[80], electrophoretic technique [62] and electrochemical deposition [81]. In a corrosion study
conducted by Fathi et al. [77], plasma sprayed HAp coating on 316L SS surface resulted in a
positive shift in both open circuit potential and pitting potential when tested in a Ringer’s
solution. Moreover, it was also demonstrated that the two-layer coating composed of HAp/Ti on
316L SS was more corrosion resistant than the single HAp layer on 316L SS when tested in a
0.9 % NacCl solution [77]. However, plasma sprayed HAp coating has limitations in the clinical
application on a load bearing implant because it can result in breaking or flaking off of the
coating and may cause severe material degradation due to its poor mechanical properties [76].
By using other HAp deposition methods, researchers have reported to produce highly crystalline

HAp coatings. For instance, Liu et al. [78] by employing a novel seeded hydrothermal deposition
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method, showed that highly crystalline, dense, and adherent HAp coatings was obtained with this
new method. Similarly, electrophoretic deposition technique was employed by Sridhar et al. [62]
to achieve a uniform formation of the HAp coating on 316L SS. The electrophoretic deposition
resulted in improved pitting resistance of 316L SS with 215 mV increase in the pitting potential
for the HAp coated samples in comparison with untreated samples, evaluated in Hank’s solution
[62]. Apart from HAp coatings, different ions can also be substituted into the HAp lattice to
improve the bioactive properties of the coating. This was done in a study by Sharifnabi et al. [14]
in which fluoride and magnesium were successfully incorporated into apatite lattice structure by
replacing hydroxide and calcium groups. The obtained Mg-substituted fluorapatite coatings
resulted in a crack-free structure with crystallinity of about 70% and in a 149 nA/cm? decrease in
corrosion current density, when tested in a Ringer’s solution at 37 °C [14]. Similarly,
Pourhashem and Afshar [15] produced double-layer coatings containing silica intermediate layer
and a 45S5 bioglass (SiO2-Ca0O-Na20-P20s) top layer using the sol-gel method on 316L SS
surface. The deposition of a bioglass-silica double-layer coating resulted in a 70 mV increase in
corrosion potential and in a 1265 nA/cm? decrease in corrosion current density in comparison

with uncoated surfaces.

2.5.2 lon Implantation

Among various surface modification methods, ion implantation offers unique advantages
such as the possibilities of introducing any kind of dopant into any solid material [10]. Anandan
et al. [12] investigated the influence of nitrogen and oxygen ion implantation on the corrosion
resistance of 205 stainless steel in 3.5% NaCl solution and their work showed that oxygen-
implanted stainless steel resulted in an improvement in all corrosion parameters, while the
corrosion resistance of nitrogen-implanted stainless steel became worse. Based on the Raman
studies of oxide scales formed on the oxygen implanted stainless steel, they found that the
improvement in the corrosion resistance was due to the formation of compact oxide composed of

corundum and spinel form of oxides consisting of manganese, iron and chromium with
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chromium enrichment at the surface of the resulting oxide structure [12]. In a similar study by
Muthukumaran et al. [11], 316L SS was ion-implanted with nitrogen and helium and their
analysis showed that both helium and nitrogen ion implantation resulted in an increase in pitting
potential, when tested in 0.9% NaCl solution, from 92 mV on the control sample to 230 mV and
170 mV on the helium implanted and nitrogen implanted samples, respectively. Furthermore, the
helium implanted sample showed a significant improvement in general corrosion behavior when
compared to the bare sample, evidenced by an appreciable reduction in the corrosion current
density, which is directly proportional to the corrosion rate, to 0.0689 mA/cm? from 1.2187

mA/cm? of the control sample [11].

2.5.3 Surface Passivation

The formation of a passive oxide film is dependent on the condition or atmosphere used
for the film formation and also can be artificially varied with different surface passivation
techniques. Acid dipping, also known as acid pickling, is one of the conventional surface
passivation treatments used to remove impurities and contaminations on the surface using an
aqueous solution of organic acid [82]. Noh et al. [83] reported that nitric acid passivation
resulted in enhanced corrosion resistance of 316L SS, such that an increase in pitting potential by
150 mV was achieved when tested in 1 M NaCl at 70 °C. Their EDX and XPS analysis revealed
that their result was due to both the enrichment of chromium oxide on the surface and partial
removal of MnS inclusions from the surface [83]. Similarly, electrochemical and XPS studies of
phosphoric acid treated 316L SS by Prabakaran and Rajeswari [84] showed that the acid
treatment significantly increased corrosion resistance of 316L due to the enrichment of
chromium oxide in the passive film. Moreover, it has been reported by Latifi et al. [18] that acid
dipping can be used as a post-treatment step to yield higher chromium oxide enrichment in the

oxide layer after the electropolishing treatment.

Among various surface passivation treatments, electrochemical polishing (EP) has been

considered as an effective technique to enhance the corrosion resistance by producing a highly
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homogeneous passive layer. EP involves an anodic dissolution process to reduce surface
roughness and defects in an appropriate electrolyte [85]. The most common electrolytes currently
employed in industry for the electropolishing of stainless steel are strong acid mixtures of
phosphoric and sulphuric acid with varying concentrations [18,86]. Also, studies of
electropolished 316L SS in other elaborated formulations with additives such as glycerol [17]
and methanol [19] in phosphoric and sulphuric acid mixtures have reported improvement in
surface roughness, topography and corrosion resistance. However, the resulting corrosion
resistivity from electropolishing and acid pickling are still not adequate for biomedical

applications, due to low pitting resistance.

A versatile alternative that can enhance the pitting corrosion resistance of metallic
biomaterials is the use of electrochemical passivation by cyclic voltammetry, also known as
cyclic potentiodynamic polarization [20-24]. CPP is based on the cyclic voltammetry method
that enhances the passive properties of passive oxide films by sweeping the potential back and
forth between two selected potentials, and the potential range is chosen such that it bounds the
potential at which the electrochemical species is expected to oxidize or reduce. The distinct
characteristic of cyclic voltammetry over other voltammetric techniques is in its ability to
explore the electrochemical behavior of species generated at the electrode by scanning the
potential in both anodic and cathodic directions. Hence, CPP can enhance the passive properties
of surface oxide films by exploiting the kinetics of the redox reactions. Vukovic [20] reported
enhanced stability of 302 stainless steel was achieved by repetitive potentiodynamic polarization
in 1 M sodium hydroxide solution. Moreover, it has been reported by Shahryari et al. [22] that
they have produced highly-protective passive oxide films on 316LVM stainless steel by
employing the CPP technique. In their preliminary studies, they optimized the range of CPP
parameters, including the number of polarization cycles and passivation electrolytes (deaerated
solutions of 0.1 M phosphate buffer and 0.1 M NaNOs solutions), with respect to the passivation
efficiency on both general and pitting corrosion [22]. In their results, the optimization of CPP
conditions resulted in a significantly higher resistance to both general and pitting corrosion than

that of the naturally formed passive film [22]. In fact, the results demonstrated that CPP-
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modified passive film formed in the 0.1 M NaNOs electrolyte on the 316LVVM surface was

completely resistant to pitting corrosion in a physiological simulating solution [22].

2.6 Effects of Dissolved Oxygen on Passivation of 316L Stainless Steel

The formation of a passive oxide film on a stainless steel surface is a complex process
that directly affects its corrosion behavior. Apart from alloying elements, the dissolved oxygen
has been proposed as an effective factor that may have considerable effects on the mechanism of
passive film formation and the passive film composition. Considerable research has been carried
out to clarify the role of dissolved oxygen on the passivation of stainless steels. In general, the
dissolved oxygen is known to have two different roles on the passivation phenomenon: (i) it acts
as a cathodic depolarizer, which facilitates the kinetics of both anodic and cathodic passivation
processes by reacting with the hydrogen gas surrounding the cathode and thereby speeding up
the passivation process [25,26], and (ii) it act as a passivating agent by providing necessary
chemical species for passivation [27,28]. Badea et al. [25] investigated the corrosion and
passivation behavior of the 304 stainless steel in formic acid solutions at various concentrations
in the absence and presence of dissolved oxygen and found out that the formic acid in the
presence of dissolved oxygen promoted stability of the passivation for 304 stainless steel by
inducing lower current density values, but they did not consider the oxygen as a passivating
agent. This was in agreement with Raja et al. [26], who reported that the presence of dissolved
oxygen in dilute sulfuric acid solution enhanced the passivation of 304 stainless steel but claimed
that dissolved oxygen did not serve as a passivating agent since it apparently only provided the
necessary potential for passivation but no chemical species necessary for passivation. In addition,
Raja et al. [26] also reported that the passive films formed in presence and absence of dissolved
oxygen exhibited similar charge carrier density and thus no effects of dissolved oxygen on
charge carrier density were discovered. In contrast, Feng et al. [27] found that both anodic and
cathodic processes were accelerated due to the effects of dissolved oxygen on charge carrier

density. They discovered that the passive film of 316L SS formed in a borate buffer solution
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saturated with dissolved oxygen contained more defects of oxygen vacancies than in the solution
that had been deaerated [27]. This increase in density of oxygen vacancies allows more
adsorption of anionic species such as NOs", Cl- and Oz and therefore an autocatalytic process of
vacancy aided diffusion can occur [87]. As a result, more cationic and anionic movement
through the passive film has facilitated the anodic and cathodic processes [27]. Similarly, Kim
and Young [28] studied the effects of dissolved oxygen on the passive films grown on 316
stainless steel in NaCl solution and discovered that chemical species necessary for passivation
are provided by dissolved oxygen since the density of oxygen vacancies was higher for the
passive film formed in non-deaerated solution compared to that formed in deaerated solution.
However, despite considerable research mentioned above, the effects of dissolved oxygen on the
passivation mechanism are inconsistent and depend on the electrochemical systems involved in
the types of materials and solutions. Hence, the role of dissolved oxygen on the passivation of

stainless steels still remains unclear.
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The main objective of the present research was to optimize an electrochemical surface
modification method called cyclic potentiodynamic polarization for the formation of highly
corrosion resistant passive oxide film on a 316L stainless steel surface using 0.1 M NaNOs
solution as a passivation electrolyte, in deaerated and aerated conditions. Also, the effect of
dissolved oxygen on the passivation efficiency of the CPP technique was investigated by
evaluating corrosion resistance of the modified surfaces formed in the absence and presence of
dissolved oxygen. The influence of number of cyclic passivation sweeps on the passivation
efficiency was investigated with the aim of achieving high resistance to both general and pitting
corrosion in a phosphate buffered saline solution pH 7.4 containing 0.027 M KCl and 0.137 M
NaCl (simulating body-fluid). The resulting corrosion behavior of the modified surface was
analyzed using electrochemical techniques such as open circuit potential (OCP) measurements

and potentiodynamic polarization tests.
The main objectives were achieved by accomplishing the following specific objectives:

. Optimization of CPP technique for the formation of highly corrosion resistant passive
oxide film on a 316L SS surface using 0.1 M NaNOs solution in deaerated and aerated
conditions by investigating the influence of number of cyclic sweeps on the resulting
general and pitting corrosion behavior.

Il.  Investigation of the effect of dissolved oxygen on the passivation efficiency and the
corrosion resistance of 316L SS using OCP measurements and potentiodynamic

polarization tests.
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4.1 Electrode Preparation

The specimens were prepared from a solid rod of 316L stainless steel (McMaster-Carr)
with diameter of a 12.7 mm. The rod was cut into 3 mm thick discs and embedded in epoxy resin
after soldering copper wire on their backsides. The chemical composition of 316L SS is
presented in Table 4-1. Prior to electrochemical tests, the 316L SS samples were wet-polished
using 600 grit abrasive paper, then rinsed with deionized water, sonicated in ethanol for 5

minutes to remove surface polishing residues, and finally dried with argon gas.

Table 4-1 Chemical composition of AISI 316L stainless steel (in wt.%).

Composition (in wt.

Element %)
Fe Bal.
C 0.03
Mn 2.00
P 0.045
S 0.03
Si 1.00
Cr 18.00
Ni 14.00
Mo 3.00

4.2 Electrochemical Setup

All electrochemical tests were carried out using a conventional three-electrode
electrochemical cell, as illustrated in Figure 4-1. In this setup, the 316L SS samples, a saturated
calomel electrode (SCE, 0.242 V vs. standard hydrogen electrode), and a graphite rod were used
as working, reference, and counter electrodes, respectively. All potentials were measured with
respect to SCE. All electrochemical measurements were performed on a computer-controlled
Autolab PGSTAT30/FRA2 Potentiostat/Galvanostat electrochemical system using NOVA 2.1
software (Metrohm Autolab).
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Counter Electrode: Graphite
Working Electrode: 316L SS
Reference Electrode: SCE

Argon Purging

Y

¥

"

Autolab PGSTAT30/FRA2

l

Figure 4-1 Three electrodes electrochemical cell assembly.

For passivation of 316L SS samples, 0.1 M NaNOs solution in deaerated condition and in
aerated condition were used as passivation electrolytes. The corrosion behaviour of the 316L SS
samples were evaluated in phosphate buffered saline (PBS) solution (pH 7.4, containing 0.027 M
KCl and 0.137 M NaCl) and the tests were conducted in deaerated environment. The chemical
composition of the PBS solution was selected from ASTM standards (F2129) and is shown in
Table 4-2. For all deaerated tests, the electrolyte was purged with argon gas (99.998% pure) for 1
h prior to testing and then continuously throughout the test. Deionized water (resistivity of 18.2
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MQcm) was used in the preparation of all aqueous solutions. All experiments were carried out at

room temperature (22 + 1°C).

Table 4-2 Chemical composition of the PBS solution.

Chemical Composition (g L)
NacCl 8.0

KCI 0.2

Na;HPO4 1.15

KH2PO4 0.2

4.3 Electrochemical Techniques

Electrochemical passivation of a 316L SS surface was performed using the CPP
technique in 0.1 M NaNOs solution in the absence and presence of dissolved oxygen. The main
parameters of the CPP procedure employed in the present research are essentially the same as the
work previously done in our lab with minor adjustments [22]. Prior to each passivation
experiment, the working electrode (WE) was cathodically polarized at -0.8 V for 5 s in order to
reduce the surface oxides formed naturally during the electrode preparation steps. Then, CPP
was applied in the potential range between -0.8 V and 0.9 V at a scan rate of 100 mV s
Depending on the type of passivation electrolyte used, the samples passivated in 0.1 M NaNOs
solution under deaerated condition or aerated condition were named as "EM-DC" or "EM-AC",
respectively. The samples without the application of CPP passivation were denoted as
“unmodified” WE surface. Prior to electrochemical experiments, the interstices on the WE
surface between the 316L SS specimen and the epoxy resin were coated with nail-polish (acrylic)

in order to avoid crevice corrosion.

The corrosion analysis of the naturally grown (“unmodified”’) and electrochemically-
passivated ("EM-DC" and "EM-AC") 316L SS surfaces were performed using open circuit
potential (OCP) measurements and potentiodynamic polarization tests. An OCP measurement

was carried out first, for 1 h. Then, a potentiodynamic polarization measurement was conducted
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at a scan rate of 1 mV/s and the potential was applied from -100 mV vs. OCP to a potential at
which the current density was 1 mA/cm?. After reaching this point, the polarization sweep was
reversed back to the initial potential. After each corrosion experiments, the surface area of the
working electrode exposed to the electrolyte was determined. All experiments were repeated for
at least 3 times to ensure reproducibility and the reported error bars are based on standard

deviations.
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5.1 Cyclic Potentiodynamic Polarization

As stated in the introduction, the main goal of the present research was to enhance the
passive properties of the 316L SS surface by using the CPP method. Figures 5-1 and 5-2 display
the cyclic voltammograms of 316L SS electrodes recorded in deaerated and aerated 0.1 M
NaNOs solutions, respectively. The cyclic voltammograms were recorded in a potential region
between -0.8 to 0.9 V, in which the solid curve represents the 1% polarization sweep and the
dashed curve represents the 200t polarization sweep. As can be seen in Figures 5-1 and 5-2, the
shapes of the cyclic voltammograms measured in both deaerated and aerated conditions undergo
considerable changes with the increase in the number of polarization sweeps. The
peaks/shoulders appearing in a cyclic voltammogram corresponds to a particular redox reaction,
and the height of a peak current is proportional to the extent or magnitude of that reaction. The
1%t polarization sweep of cyclic voltammogram for 316L specimen recorded in the deaerated
NaNOs solution (Figure 5-1) shows two small anodic humps at -600 mV (A1) and -200 mV (A2),
one anodic peak at 600 mV (As), one small cathodic shoulder at -450 mV (C1) and one cathodic
peak at -50 mV (Cz), respectively. Similar shape was observed for the 1% polarization sweep of
the voltammogram recorded in the aerated condition (Figure 5-2), which shows one small anodic
shoulder at -450 mV (A1), two anodic shoulders at 0 mV (Az) and 600 mV (As), one small
cathodic shoulder at -450 mV (C1) and one cathodic peak at -50 mV (Cz). The shapes of the
cyclic voltammograms (Figures 5-1 and 5-2), or more specifically the correlation between the
peaks to specific redox reactions, obtained in the present research are in good agreement with
previous findings reported in literature [74,75,88,89]. In the anodic polarization direction, the
anodic shoulder A1 could be attributed to the electroformation of a Fe(OH)2 layer on the pre-
existing Cr(l11) containing oxide layer [74,75]. Around -200 mV and 0 mV, another anodic
current feature Az can be observed, which could be the oxidation of Fe(ll) into Fe( 111)-species
(i.e. Fe203) [74,75]. After Az, the voltammogram ascends gradually to a broad anodic shoulder
As. This could be attributed to the oxidation of Cr(l11)-oxide into soluble Cr(VI)-species (i.e.
Cr207%) in the potential range of the current peak As [74,75]. In the reverse cathodic polarization

scan, the peak Cz could be attributed to the reduction of Cr(\V1)-species back to Cr(lI11)-oxide in
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the passive film and the shoulder C1 could be related to the reduction of Fe(ll1) to Fe(Il)-species
[74,75]. The high current densities at -800 mV and 900 mV are due to hydrogen evolution and

oxygen evolution, respectively [74,75].
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Figure 5-1 Cyclic voltammograms of the 316L stainless steel electrodes recorded in deaerated 0.1
M NaNOs solution. The solid curve represents the 1st polarization sweep and the dashed curve

represents the 200th polarization sweep. Scan rate = 100 mVs™.
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Figure 5-2 Cyclic voltammograms of the 316L stainless steel electrodes recorded in aerated 0.1 M
NaNOs solution. The solid curve represents the 1st polarization sweep and the dashed curve
represents the 200th polarization sweep. Scan rate = 100 mVs™.

The interpretation of the cyclic voltammograms is mainly derived from the relation of the
shape and the size of the peaks to the specific redox reactions. The 1% polarization sweeps of
both voltammograms (Figures 5-1 and 5-2) clearly show that polarization in both conditions (i.e.
deaerated and aerated) have irreversible behavior. As seen in Figure 5-1, in deaerated condition,
the 1% sweep shows that the oxidation peak of Cr(l11)-oxide to Cr(\V1)-species (As) is relatively
bigger and broader than the reduction peak of Cr(\V1)-species to Cr(l11)-oxide (C2). Likewise, the
1%t sweep recorded in aerated condition displays similar behavior in the peak height and size.
These results imply that the Cr(V1)-species formed during the first anodic polarization sweep are
mostly dissolved in the solution. Furthermore, the larger anodic current features of the 1%

polarization sweeps of both voltammograms (Figures 5-1 and 5-2) suggest that the pre-formed
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passive film on the freshly polished 316L surface is very thin and highly susceptible to
dissolution in the aqueous phase. However, with increasing the number of polarization sweeps,
smaller (narrower) voltammograms (Figures 5-1 and 5-2) can be observed for both deaerated and
aerated conditions. In fact, this behavior is more predominant for the cyclic polarization under
deaerated condition (Figure 5-1). In either case, the voltammograms (Figures 5-1 and 5-2)
display the reduction of current densities, which is the indicator of higher resistance of passive
film, after the 200™ polarization sweep. This outcome suggests that thicker and probably more
structured passive films are formed on increasing the number of sweeps, hence less susceptible
to dissolution. In addition, as a result of the cyclization of the 316L electrode, the reversibility of
the redox reactions has improved significantly after the 200" polarization sweep, which is

illustrated by the redox current peaks having relatively equal size.

In order to gain more quantitative understanding on the effects of the cyclic polarization
on the 316L electrode, the ratio of the total anodic-to-cathodic charge is presented in Figures 5-3
and 5-4. As it was previous mentioned, the relatively larger anodic current features of 1%
polarization sweeps of both voltammograms (Figures 5-1 and 5-2) suggest that the redox
reactions are irreversible. This is certainly the case as the ratio of the total anodic-to-cathodic
charge in the first cycles is Qa/Qc =17.97 for deaerated condition and Qa/Qc =5.3 for aerated
condition. Moreover, the ratios indicate that only ca. 6% and ca. 19% of the charge related to the
anodic reactions are used to form metal oxide species that constitute the passive film and are the
reduced during the cathodic polarization for deaerated and aerated conditions, respectively.
However, as displayed by Figures 5-3 and 5-4, the reversibility of the redox reactions
significantly improves with the cyclic polarization of the surface. Under deaerated and aerated
conditions (Figures 5-3 and 5-4, respectively), the reversibility of the anodic processes reaches
100% after 30™ sweep and 1% sweep, respectively. This result indicates possible improvement in
the passive properties of the passive film formed under both deaerated and aerated conditions
since the 100% reversibility indicates that the anodic dissolution of the passive film into the
solution is completely eliminated. Furthermore, it is observed that the cyclic polarization of the
316L surface under aerated condition is more efficient in enhancing the passive properties since

the reversibility of the redox reactions is reached immediately after the 1% polarization sweep.
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Hence, this demonstrates compelling evidence for the positive effect of dissolved oxygen on the
passivation of 316L SS surface by CPP method. In accordance with the report by Feng et al.
[27], the dissolved oxygen seems to have facilitated the anodic and cathodic processes by
promoting more cationic and anionic movement through the passive film. Next, OCP and pitting
polarization measurements were performed to investigate the effect of CPP on the resulting

corrosion behaviour of the 316L SS surface.
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Figure 5-3 Variation of the anodic-to-cathodic total charge ratio with the number of sweeps for the
316L stainless steel electrodes modified by CPP method in deaerated 0.1 M NaNOs.
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Figure 5-4 Variation of the anodic-to-cathodic total charge ratio with the number of sweeps for the
316L stainless steel electrodes modified by CPP method in aerated 0.1 M NaNOs.
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5.2 Open Circuit Potential

The open-circuit-potential (OCP) measurement was conducted to examine the influence
of CPP on the surface potential of the electrode. A more positive OCP indicates higher resistance
of the material to general corrosion. Figure 5-5 depicts the changes in OCP as a function of
immersion time in PBS solution at 22 °C for the unmodified and EM-DC 316L SS samples. As
can be seen in Figure 5-5, an abrupt drop in the potential of the unmodified surface was observed
during the first seconds of immersion and then the potential starts to fluctuate for 1000 s and
gradually shifts towards more noble values. Such an OCP profile indicates that the passive film
of the unmodified sample was gradually stabilizing after undergoing dissolution for duration of
1000 s. Similar OCP stabilization behavior of unmodified 316L SS were reported by Omanovic
and Roscoe [90] and Karimi et al. [91]. In contrast, the EM-DC surface passivated for 25 cycles
displayed an abrupt increase in the OCP during the first seconds of immersion and then a steady
behavior during the rest of the measurement. In fact, as the number of cyclic sweeps applied on
the EM-DC surfaces increased, there was an increase in the extent and the duration of the rapid
rise in the OCP during the beginning of the measurement (Figure 5-5). Most importantly, with
the increase in the number of CPP cycles, the OCP measured on the EM-DC surfaces shifted to
more noble potentials (Figure 5-6). This result indicates that CPP has effectively enhanced the
corrosion stability of the protective passive film on the surface of the alloy by possibly inducing
higher chromium-oxide content in the film, which is the main factor responsible for the high
corrosion resistance of 316L SS [1,22,35,40,45].

39



CHAPTER 5: RESULTS AND DISCUSSIONS

0.2
--------- Unmodified 25 sweeps
0.15 A — — =50 sweeps - . = 100 sweeps
= - =200 sweeps 300 sweeps
0.1 ~ 400 sweeps
0.05 ~
& 0 -
(%]
>
E0054,7 -
o T T
8 T
L R e R
:0.'
S T ——
0.25 1
'0.3 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Figure 5-5 Open circuit potential measurements of the unmodified and EM-DC 316L surfaces
recorded in a PBS solution pH 7.4 containing 0.027 M KCl and 0.137 M NaCl. The modification
of the surfaces was done by cyclic potentiodynamic polarization in deaerated 0.1 M NaNO3
solution between -0.8 V and 0.9 V at a scan rate of 100 mVs by applying the specified number
of sweeps.
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Figure 5-6 Dependence of OCP on the number of sweeps applied during the modification of the
316L surface in deaerated condition. The values are obtained from Figure 5-5 after one hour.
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Similar to the results obtained for EM-DC surfaces, with the increase of the number of
cycles, the OCP values obtained for the EM-AC surfaces shifted to more noble potentials, which
again reflects the positive influence of CPP on enhancing the steady-state corrosion potential of
the surfaces (Figures 5-7 and 5-8). Furthermore, the notable observation from the OCP data
comparison between the EM-DC and EM-AC surfaces (Figures 5-6 and 5-8) is that the OCP
values obtained for the EM-AC surfaces are significantly higher than those of the EM-DC
surfaces for each respective number of cycles. In comparison, the OCP value of the EM-AC
sample passivated for 25 cycles is ca. 61.5 mV nobler than that of the EM-DC sample passivated
for 400 cycles. This shows, as it was suggested in the previous section, that the CPP method
employed in the aerated condition is significantly more efficient in passivating the 316L SS
surfaces than in the deaerated condition. Furthermore, these results indicate that the factor that
may be responsible for significantly increasing the passivation efficiency of CPP method is the
presence of dissolved oxygen in the passivation electrolyte. As discussed previously, the
dissolved oxygen seems to have a positive effect on the passive film formation by enhancing the
passivation efficiency of CPP method by facilitating more cationic and anionic movement
through the passive film [27]. In fact, Khobragade et al. [87] reported that dissolved oxygen has
the tendency to increase the density of oxygen vacancies on the passive film, which can allow
more adsorption of anionic species such as NOs". As a result, this could have catalyzed the

passivation process by possibly inducing more vacancy aided diffusion.

In brief, OCP measurements indicate that CPP could be a highly effective surface
modification method for improving the general corrosion resistance of 316L SS. Moreover, these
results also reveal that the effectiveness of the CPP method on the passivation of 316L surface

increases with the incorporation of dissolved oxygen in the passivation electrolyte.
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Figure 5-7 Open circuit potential measurements of the unmodified and EM-AC 316L surfaces
recorded in a PBS solution pH 7.4 containing 0.027 M KCl and 0.137 M NaCl. The modification
of the surfaces was done by cyclic potentiodynamic polarization of the electrodes in aerated 0.1 M
NaNOs solution between -0.8 V and 0.9 V at a scan rate of 100 mVs by applying the specified
number of sweeps.
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Figure 5-8 Dependence of OCP on the number of sweeps applied during the modification of the
316L surface in aerated condition. The values are obtained from Figure 5-7 after one hour.
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5.3 Pitting Corrosion Resistance

In the present research, potentiodynamic polarization tests were performed to evaluate the
pitting corrosion susceptibility of the unmodified, EM-DC and EM-AC 316L SS surfaces by

measuring the pitting potential.

The potentiodynamic polarization curves recorded for EM-DC samples in deaerated PBS
solution are presented in Figure 5-9. The figure shows that CPP improves the corrosion
properties of the 316L SS surface by decreasing the passive current density (the ‘semi-
horizontal’ region of the curve) and by significantly increasing the pitting potential (the point of
abrupt increase in current). Thus, passive current densities of the EM-DC sample passivated for
400 cycles are almost two orders of magnitude lower than those for the unmodified sample,
indicating a significant improvement in the protective properties of the passive oxide film. More
importantly, a considerable improvement in pitting resistance is observed for EM-DC surfaces
with increase in the number of cyclic sweeps applied on its surface. The CPP method improves
the pitting potential of the unmodified surface from ca. 0.376 V to ca. 1.0 V with passivation of
200 cyclic sweeps. In fact, the rise in current at 1.0 V was due to oxygen evolution, rather than
the initiation of pitting corrosion [22,74,75]. However, as can be seen in Figure 5-9, the
polarization curve recorded on EM-DC surface passivated for 200 sweeps displays pitting during
the return polarization scan after its reversal point. This indicates that the passivation by CPP
technique have led to improvement of the passive oxide film, which results in the absence of
pitting in the forward-going scan. However, at high potentials, there is a formation of meta-stable
pits that becomes more progressive as the sample is kept within the transpassive region, which
results in the breakdown of the film and its pitting in the returning scan. Hence, further
investigation of the EM-DC surface with higher number of cyclic sweeps than 200 was
conducted. The polarization curves recorded on EM-DC surfaces passivated for 300 and 400
sweeps are also presented in Figure 5-9. The results show that there were no distinct changes in
the pitting behavior obtained for the EM-DC surfaces passivated for 200, 300 and 400 sweeps

and no further improvement in terms of pitting resistance was observed with increasing the
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number of cyclic sweeps above 200. Hence, this demonstrates that there is a limitation on the
enhancement of pitting resistance of 316L SS by CPP technique using a deaerated 0.1 M NaNO3

solution.
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Figure 5-9 Potentiodynamic polarization curves of the unmodified and EM-DC 316L surfaces
recorded in a PBS solution pH 7.4 containing 0.027 M KCl and 0.137 M NaCl. The modification
of the surfaces was done by cyclic potentiodynamic polarization of the electrodes in deaerated 0.1
M NaNOs solution between -0.8 V and 0.9 V at a scan rate of 100 mVs by applying the specified

number of sweeps.

Figure 5-10 more clearly presents the dependence of pitting potential on the number of

passivation cycles. It is observed that the pitting potential of the EM-DC surfaces improves with

the increase in the number of cyclic sweeps applied, and that there is, thus, a significant

influence of the number of sweeps on the resulting pitting behaviour. This shows that CPP is

indeed an effective surface modification method for improving the pitting resistance of 316L SS.
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Figure 5-10 Dependence of the pitting potential on the number of sweeps applied during the
modification of the 316L surface. The values are obtained from curves presented in Figure 5-9.

The potentiodynamic polarization curves of EM-AC samples passivated at different
number of cyclic sweeps are shown in Figure 5-11. In accordance with the EM-DC samples, the
passive current densities (semi-horizontal parts of the curves) of the EM-AC samples
demonstrate a reduction from that of the unmodified sample. However, the passive current
densities of the EM-AC samples are one order of magnitude greater than that of the EM-DC
samples, indicating that these samples are less resistant to general corrosion. On the other hand,
it is observed that the pitting potential of EM-AC samples increases with higher number of cyclic
sweeps applied on its surface. Although the EM-AC samples resulted in greater passive current
densities than the EM-DC samples, higher pitting potential was achieved with the EM-AC
samples, indicating better pitting corrosion resistance. As can be seen in Figures 5-10 and 5-12,
at each specified number of polarization sweeps, the EM-AC samples exhibit higher pitting
potentials than the EM-DC samples. These results are in agreement with the results obtained
from OCP measurement. Furthermore, as shown in Figure 5-11, the EM-AC surface passivated
for 200 sweeps displays a complete absence of pitting during its returning scan. The increase in
potential at around 1V is due to the onset of oxygen evolution reaction and trans-passive

behaviour of the material. Further investigation in the higher number of cyclic sweeps, i.e. 300
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sweeps for EM-AC sample, resulted in the same corrosion behavior as the EM-AC sample with
200 sweeps. This result shows that the passive oxide film formed by CPP technique using an
aerated 0.1 M NaNOs solution is completely resistant to pitting corrosion in a deaerated PBS
solution at 22 °C. Hence, this result along with the OCP measurements indicate that dissolved

oxygen has a positive effect in the passivation of 316L SS by CPP method.
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Figure 5-11 Potentiodynamic polarization curves of the unmodified and EM-AC 316L surfaces
recorded in a PBS solution pH 7.4 containing 0.027 M KCl and 0.137 M NaCl. The modification
of the surfaces was done by cyclic potentiodynamic polarization of the electrodes in aerated 0.1 M

NaNO3 solution between -0.8 V and 0.9 V at a scan rate of 100 mVs by applying the specified
number of sweeps.
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Figure 5-12 Dependence of the pitting potential on the number of sweeps applied during the
modification of the 316L surface. The values are obtained from curves presented in Figure 5-11.

The results presented in the present research correlate well with the previous findings in
the literature by Shahryari et al. [22] and further support the application of CPP for surface
modification of austenitic stainless steels. Further measurements are needed in order to explain
the origin of improvement in pitting corrosion resistance of 316L presented above. Namely,
improved corrosion resistance of the 316L surface modified by CPP could be due to several
factors such as changes in the surface chemical composition, semiconducting properties,
structure, and roughness [1,22,35]. As discussed earlier, the chromium-oxide enrichment in the
outer layer of the passive film on the 316L surface modified by CPP is mainly responsible for
corrosion resistance of the alloy due to the change in the semiconducting/electronic structure of
passive film [1,22,35,40,45]. This is because the p-type semiconducting properties of the
chromium oxides, which are characterized by an excess of cation vacancies, repels the corrosion
attacks from aggressive halide anions [7,8]. Therefore, as reported in previous studies [21,22],
the increase of the Cr/Fe ratio in the outer passive layer of 316L SS after the CPP process could

be associated with the results obtained in the present research.
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The present research investigated the efficacy of cyclic potentiodynamic polarization
technique using 0.1 M NaNOs solution as a passivation electrolyte in deaerated and aerated
conditions, as a surface modification method for the improvement of pitting corrosion resistance
of 316L stainless steel. The resulting corrosion behavior of the materials was evaluated in a
physiological simulating electrolyte (0.1 M PBS) at 22 °C. Also, the influence of dissolved

oxygen on the passivation efficiency of the CPP method was evaluated.

It was found that the CPP method under both deaerated and aerated conditions enabled the
formation of a passive oxide film that offers a significantly higher pitting corrosion resistance
than the naturally grown passive film. The key findings of this work are summarized in the

following:

I.  CPP improves the corrosion resistance of the 316L SS surface, as demonstrated by an
increase in OCP, a decrease in the passive current density and a significant increase in
pitting potential.

Il. It was observed that dissolved oxygen has a positive effect on the passivation of 316L SS
under CPP conditions.

1. The 316L SS surface passivated for 200 sweeps in aerated 0.1 M NaNOs solution exhibited
largest improvement: highest open circuit potential (141.77 mVsce) and complete

resistance to pitting corrosion in a 0.1 M PBS solution at 22 °C.
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