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Abstract

The objective of this research is to determine the features which cause film
breakdown leading to pitting on carbon steel in solutions containing halide anions (CI,
Br, I'). It is commonly accepted that the influence of Cl” on passive film properties is
the key feature in breakdown. and the possibility that transformations in the oxide are
responsible has not been considered. Since electrochemical techniques are extremely
sensitive and easy to apply , they have been used to follow the kinetics of reactions
occurring on a carbon steel surface at pH = 10.6. This particular pH was chosen since
these studies are part of a larger project to determine the behaviour of carbon steel under
CANDU reactor operating conditions.

The electrochemical techniques, Electrochemical Impedance Spectroscopy
(EIS), Cyclic Voltammetry and Amperometry, and surface analytical methods such as
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), X-ray
Photoelectron Spectroscopy (XPS), and in-situ/ex-situ Raman spectroscopy have been
used to investigate the changes in film properties leading to breakdown in borate-buftered
solutions containing either CI°, Br™ or I". While variations in breakdown potential are
observed in the presence of the different halide anions, its value does not vary
consistently with either halide type or concentration, and breakdown never occurs below
a critical potential of 0.0 V vs SCE. These results suggest that the key features leading to
breakdown are subtle changes in oxide structure/composition at higher potentials.

Current measurements under potentiostatic conditions indicate that the Fe;O4/y-Fe,Os
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passive film grown at lower potentials thickens slightly when the potential is increased

above a critical value. This indicates an increase in defectiveness of the film occurs in
this potential range. A possible interpretation is that the field-assisted conversion of the
Fe"™ oxide (Fe304 /v-Fe;03) to y-FeOOH, which is thermodynamically possible in this
potential range, leads to a considerable volume change which creates stress in the oxide
film leading to localized fracture. In borate solutions containing no halide, the film is
rapidly repaired by further Fe;O4/y-Fe;03/y-FeOOH growth, leading to the observed
thickening. That thickening and an increase in Fe'"' content occurs is confirmed by XPS
measurements. However, in the presence of halide ions, halide transport to the

metal/oxide interface prevents repassivation leading to initiation of pitting.

Keywords: Film Breakdown, Breakdown Potential, Carbon Steel, Pit Initiation, Halide

Solutions, Mildly Basic
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Chapter 1

1 INTRODUCTION

1.1  Carbon Steel and its Application in Nuclear Systems

Carbon steel, also known as plain steel or mild steel, is a metallic iron-based
alloy, with small amounts of impurities such as Si, Mn, P and S. Table 1-1 lists a typical
carbon steel composition. Commonly, the presence of minor elements is ignored in terms
of the expectations for the performance of carbon steels. In addition, as its name
suggests, carbon is the important secondary component of carbon steel. Carbon
molecules fit into interstitial sites within the body-centered cubic structure of iron. This
makes the material harder and inhibits dislocation movement. In this way carbon
molecules increase the strength of iron. Depending on its carbon content, steel can be
classified into three major categories: low-carbon steel (> 0.25 wt% C), medium-carbon
steel (between 0.25 and 0.6 wt% C), and high-carbon steel (between 0.6 and 1.4 wt%
O)[1]. For better understanding of these three categories the phase diagram of iron-iron
carbide needs to be reviewed. The Figure 1.1 shows a portion of the temperature and
carbon ranges for certain types of heat treatments. When heated, pure iron experiences
two changes in crystal structure before it melts. The stable form at room temperature,
called ferrite, or a iron, has a BCC crystal structure with 0.02 wt% C composition.

Ferrite undergoes a polymorphic transformation to FCC austenite, or vy iron, at 912°C

with a composition of 0.8 wt% C. At 1394°C FCC austenite reverts back to a BCC phase



known as a y ferrite, which finally melts at 1538°C [1-2]. The Figure 1.1 shows the
composition of carbon up to 6.70 wt% C, which corresponds to the formation of iron
carbide, or cementite (Fe3C). When slowly cooled through eutectoid temperature, the
microstructure of iron-carbon alloys consists of two phases: o and FezC. Those form
simultaneously during the transformation and are referred to as pearlite. Mechanically,
pearlite has properties intermediate between the soft, ductile ferrite and hard, brittle
cementite because carbon atoms diffuse away from the 0.02 wt% ferrite regions and to

the 6.7 wt% cementite layers, as the perarlite extends [2].

Table 1-1 A Typical Carbon Steel composition expressed as wt%

Fe C Si Mn P S

Balance 0.23 0.22 1.05 0.012 0.014
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Figure 1-1 :The iron-iron carbide phase diagram [2].
1.1.1 Low-Carbon Steels

Of the different kinds of carbon steels, low-carbon steel is produced in the
greatest quantities. Low-carbon steels contain less than about 0.25 wt% C, and are
unresponsive to heat treatments designed to form martensite, the product of rapidly
quenching austenite, which is seen in other steels. The crystal structure of martensite is
Body-centered tetragonal and it has a needle-shaped grains [1]. Therefore, strengthening

is done by means of cold work. Microstructures consist of ferrite (the stable iron-iron




carbide phase at room temperature) and pearlite (the product of the transformation of
austenite through slow cooling) constituents. As a result, low carbon steels are
comparatively soft and weak; however, they possess high ductility and toughness [1]
Furthermore, they are machinable, weldable, and the least expensive to produce, since

purity is a less rigorous requirement than in other carbon steels [2].

1.1.2 Medium-Carbon Steels

Carbon concentrations in the medium-carbon steels vary from 0.25 to 0.6 wt%.
In order to improve the mechanical properties of the medium-carbon steels, they may be
heat treated by austenitizing, quenching, and then tempering [1-2], and their
microstructures are usually tempered martensite, composed of the stable ferrite and
cementite phases (o + Fe3C) [1-2]. The only effective way to heat treat the plain medium
carbon steels is to allow heat treatment in a very thin section and at very rapid quenching
rates. The ability of these alloys to be heat treated can be improved by adding chromium,
nickel, and molybdenum. These heat-treated alloys are stronger than the low-carbon

steels, but their ductility is lower.

1.1.3 High-Carbon Steels

Carbon constitutes from 0.6 to 1.4 wt% of the high-carbon steels. They are the

hardest, strongest, and least ductile of the carbon steels. They are usually used in a



hardened and tempered condition, are wear resistant, and can hold a sharp cutting edge
[1-2].

Despite their relatively limited corrosion resistance, carbon steels are used
extensively in industry: in marine applications, nuclear and fossil fuel power plants,
transportation, metal processing equipment, pipelines or other liquid transportation
components, as well as in other applications such as toys and tools. Therefore, a better
understanding of carbon steel corrosion in different environments might help predict their
behaviour, which could improve the materials durability. The particular carbon steel
utilized in this research has many industrial applications, such as within the nuclear

power generation industry and the fabrication of nuclear waste containers.

1.2 Nuclear Power Generation

A prominent nuclear power plant design is the Canadian CANDU® (CANada
Deuterium Uranium) reactor, which is a Pressurized Heavy Water Reactor (PHWR) [3].
Figure 1-2(a) shows a schematic of the key components of a CANDUY reactor: the fuel,
the moderator, and the heat transport system (HTS). CANDU" reactors make use of
natural, un-enriched uranium dioxide for fuel, and heavy water for the moderator and
coolant [4]. The high neutron moderating efficiency of D,O allows the un-enriched UO,
to be used as a fuel. The Pressurized Light Water Reactor (PLWR) the most common
reactor type in the USA and Europe, uses enriched uranium and light water as a
moderator [4]. In either reactor system, the Heat Transport System (HTS) carries the

coolant, in closed loops, between the reactor core and the steam generators. In the




CANDU” the HTS (highlighted in yellow in Figurel-2 (a)) inside the reactor core is
composed of a horizontal array of fuel channels made of a zirconium alloy. On leaving
the core, each channel is connected to a feeder pipe made of carbon steel of the type used
in this research [4]. HTS in PWR has a pressure vessel which contains light water and
there is no separation of coolant from moderator. Which in CANDU® due to pressure
tube design the coolant is separated from the moderator (which is housed in the Calandria
tank, as shown in Figure 1-2 (a) by the fuel channels. For safety purposes, a shielding
tank containing light water surrounds the Calandria tank to minimize the radiation dose
rates outside the reactor core [3-4].

As one of the possible degradation processes in reactor systems, the failure of
carbon steel feeder pipes is an important operational and safety issue for the Canadian
nuclear power industry {4]. Figure 1-2 (b) outlines the safety issues associated with
feeder pipe degradation. Corrosion of carbon steel is expected to release corrosion
products into the coolant which will circulate through the reactor core where they can be
neutron activated and become radioactive. If the radioactive corrosion products are
transported out of the core and deposited on the feeder pipe, the radiation level outside
the reactor core can be significantly increased, potentially enhancing radiation exposure
of maintenance operators during reactor shutdowns, avoidance of these exposures makes
maintenance very costly. Stress corrosion and/or flow-accelerated corrosion of carbon
steel could eventually lead to feeder pipe rupture [4]. For these reasons, it is crucial to
understand how aqueous environments will influence carbon steel degradation in nuclear
reactor environments, and, in turn, how carbon steel degradation, leading to release of

corrosion products into the aqueous solutions, will influence the aqueous environment.
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1.3 Nuclear Waste Containers

Figure 1-3 shows a schematic of a proposed Canadian container design [6]
for permanent nuclear waste disposal. One important feature of this design is the
use of a carbon steel liner to structurally re-enforce the thin outer shell of copper.
Copper is chosen to provide corrosion durability [6-7] in the groundwater
environment anticipated in granitic repository environments (Canada, Sweden,
Finland). Under these conditions a container would be subjected to hydrostatic and
clay swelling pressures that will compress the ductile copper shell onto the rigid
inner steel liner [8]. Since most of this external load will be transferred to the steel
liner [8], the liner must withstand the combined loading stress of 15 MPa at 100 °C
[8-11]. In Northern regions, it is also possible that the container will experience an
additional hydrostatic load exerted by a period of glaciation above the repository.
Therefore, the liner must be designed to withstand a total load of 45 MPa at 50°C.
If the exterior copper shell were to fail, groundwater leakage into the container
would lead to corrosion of the carbon steel. Research on the consequences of steel
corrosion on subsequent container behaviour and the release of radionuclides from

the fuel is underway [12-14].
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Figure 1-3 jSchematic diagram of the proposed nuclear waste container design showing
the steel inner vessel, and steel inner baskets holding the used fuel. The container is

about 1.2 m in diameter and 3.9 m long. [15]
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Chapter 2

2 LITERATURE REVIEW

Extensive electrochemical studies have been carried out on the anodic and
cathodic behaviour of iron in mildly alkaline (pH = 8.4) [16-21], and highly alkaline (pH
> 13) solutions {22-25]. In most cases it has been observed that the passive films formed
on iron or steel surfaces in neutral solutions are ferric (Fe’*) and ferrous (Fe**) oxide
layers with hydrous compounds containing absorbed water [16-22]. For many
applications, general corrosion measurements are suitable for the prediction of
performance and lifetimes of iron or steel structures (e.g. cars, bridges, etc). However, in
many cases, localized corrosion is much more relevant to a material’s performance, since
it can result in catastrophic failure of the material. High pressure systems are one such
case, and these include gas cylinders, pipelines, nuclear reactors, etc. Unfortunately, only
a small number of articles address the possibility of localized corrosion of iron in near
alkaline solutions; to that end, this study has been conducted to examine this issue. First,
it is instructive to review and define the pitting or localized corrosion process, and
highlight some of the issues presented by research in this area.

A metal surface exposed to a corrosive environment may sustain attack at a
number of isolated sites. If the combined area of these sites is considerably smaller than
the total exposed surface area, the metal is said to experience localized corrosion. In this

case, the rate of dissolution at these sites is much greater than that associated with
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uniform corrosion, and structural failure may occur after a much shorter period than
expected [26]. A number of different modes of localized corrosion have been identified.
These depend upon the type of metal undergoing corrosion and the environment it is
exposed to. One of the most destructive forms is pitting corrosion, which is characterized
by the presence of small pits on the exposed metal surface. The geometries of the pits are
determined by factors such as metal composition and surface orientation [27], and
temperature [28]

Measuring the electrochemical conditions within such cavities poses many
difficulties. Therefore, many different mathematical models have been developed to
resolve them. Broadly speaking, these can be divided into three types depending on the
stage of pitting the model describes: (1) the initial stage which entails such phenomena
as passive film formation, film rupture under mechanical stresses, the influence of
aggressive anions on the film breakdown, etc.; (2) early pit growth, involving processes
that lead to the development of a self-perpetuating corrosion cell; (3) the propagation of
the cavity involving mechanisms of ion transport in electrolytic solutions. It is not
always clear where the separation between stages 2 and 3 lies.[29]

Localized corrosion tends to be rather unpredictable with respect to the time of
initiation and the location of attack. = However, certain specific chemical and
electrochemical conditions need to be fulfilled prior to the initiation of localized
corrosion on a metal surface. Generally, a thin adherent oxide film covers the metal
surface, which limits corrosion uniform to a slow rate, largely determined by the
thickness and solubility of the film. Many theories try to explain the formation and

structure of this film and how corrosion occurs through it [20-31]. According to
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Smialowska [30], the models for pit nucleation can be arranged into three main groups.
In the first group of models it is suggested that, prior to pit nucleation, penetration of CI’
through the film occurs without destroying the passive film [29-31]. Dissolution of the
metal/pit initiation takes place when ClI” reaches the metal surface. Another group of
models proposes that “mechanical” breakdown of the passive film occurs before local
dissolution of the metal initiates a pit [29-31]. The final group of models suggests that
initiation involves local thinning of the passive film until the bare metal is revealed at the
location of the ensuring pit {29-31]. While acknowledging these models Marcus et al.,
[31] have proposed a key role for film structure and the redistribution of potential in the
pit initiation process. These will be described in detail in section 2.1.

A brief summary of the structure and properties of passive layers (especially of
iron oxide films) is provided to establish a better basis for the discussion and
understanding of corrosion mechanisms. The phenomenon of passive layer formation has
been explained by Toney et al., [32], in great detail. The electrochemical event as a
function of potential, are illustrated in Figure 2-1. This figure shows the idealized current
potential curve for a passivating metal. As the potential is increased from a more
negative to a more positive value, the metal exhibits an active region where it dissolves at
a rate dependent on potential. However, at a critical potential, a passive film forms,
which protects the metal from further dissolution resulting in a drastically lower current.
This phenomenon has been extensively investigated since the 1700s, when it was first
studied by Faraday [34] and Schonbein [35]. To date the exact atomic structure of iron

passive films remain unresolved. However, electrochemical experiments and a number
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of analytical methods including electron diffraction [36-38] have led to the suggestion

that the film consists of an inner layer of Fe;0,4 and an outer layer of y-FeOs.

Active Region

\

Passive Region

f

log Current

Potential

Figure 2-1 :A typical anodic polarization curve for a metal electrode undergoing

passivation at a distinct anodic potential.

2.1 Model of Pit Initiation

Penetration Models: Many authors, [39-45] among them Evans [40],
Rozenfeld et al.{41], Nishimura and Kudo [42], have proposed that a passive film is
penetrated by chloride anions. Two classes of penetration model have been proposed:
one suggesting that penetration of aggressive anions (particularly chloride) occurs

through imperfections in the passive film, and the other suggesting that the penetration is
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accompanied by some interaction of anions with the oxide lattice [30]. The penetration
model proposed by Evans et al [40] in 1927 is of the first type. The small diameter of CI’
enables it to permeate through a protective oxide film and breakdown the film when the
aggressive anion reaches the bare metal. According to this model, adsorption of
aggressive anion on the oxide film is the first step leading to passivity breakdown. For
the second model Rozenfeld and Marshakov [41] suggested that the exchange of oxygen
with chloride ion occurs at sites at the oxide-solution interface where the metal-oxygen
bond is weakest. According to this theory, aggressive anions displace oxygen from the
oxide surface and subsequently penetrate the passive film, and accumulate at the
metal/oxide interface to cause a pit. In 1981, Nishimura and Kudo [42] advanced a
model based on the two-layer concept of a passive film comprising an inner barrier layer
and an outer deposited layer. It was proposed that pitting occurs in two steps. In step
one, the incubation time period, chloride ions penetrate through fine pores in the
deposited layer, which acts as an ion-selective membrane, to reach the barrier layer. In
step two, called pit nucleation (initiation), the barrier layer fractures due to attack by CI".
This model does not explicitly specify whether this is a chemical or physical breakdown.
The penetration mechanisms require transfer of the aggressive anions through
the passive layer to the metal-oxide interface, where they initiate metal dissolution.
However, according to Strehblow [46], systematic study of this theory is still missing
because relevant experiments are difficult to conduct. The limited area of pits and low
quantities of aggressive anions are two reasons for this difficulty. Furthermore, it is
unclear why the breakdown event occurs locally in passive films which have highly

disordered structures. Since many sophisticated surface analytical methods such as XPS
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have failed to detect the chloride ions in the barrier layer of the oxide film, the model
involving Cl” penetration through fhe passive film does not have sufficient supporting
experimental evidence. However, using Auger electron Spectroscopy and Secondary Ion
Mass Spectroscopy, Goetz and coworkers [47] claim to have demonstrated that Cl” was
not incorporated into the passive oxide film. Such results hamper the credibility of

penetration mechanisms.

Passive Film Thinning Model: In 1967, Hoar and Jacob [48] proposed the
film “thinning” model based on the formation of transient complexes for the pitting of
austenitic stainless steel. Several years later, this model was also suggested by Heusler
and Fischer [49] for iron. Their hypothesis was that specific adsorption of chloride leads
to enhanced oxide dissolution at these absorption sites with subsequent thinning of the
oxide film until the film is finally breached and active dissolution starts.

Strehblow [46] examined the thinning model using the rotating ring-disc
electrode (RRDE) technique. The measurable increase in the release of Fe** jons from a
prepassivated Fe electrode upon addition of CI” to the solution was used as a measure of
locally enhanced dissolution of the oxide film. Such a release leads to an initial local
thinning of the passive layer and finally to its complete breakdown and the formation of a
pit. Khalil et al. [50] also proposed the nucleation of pits by a local thinning of the oxide
film until the bare surface is exposed. However, Khalil et al [50] assumed that
dissolution of the passive film occurs via the formation of soluble complexes. They
believed the thinning of the oxide film starts by adsorption of aggressive anions on the

oxide surface forming soluble complexes. Khalil et al. attributed the different




16

aggressiveness of halides to the different stability constants of the complex with the metal
cations. {50].

Seo et al [S1] proposed a slightly different model for the reduction of film
thickness at sites where chloride ions agglomerate. They suggest that above a certain
critical potential, potential-dependent oxide dissolution occurs, and pits form more
rapidly than at locations covered by thinner films than by thicker films. By contrast,
Bardwell and MacDougall [52] argued that a thinner film does not pit more rapidly than a
thicker film. Clearly, they suggest pitting does not occur with a shorter induction time
even though the film is thinner, but instead must await the growth of oxide to a critical
state. Many authors, such as Hoar and Jacobs [48], Dalek and Foley [53], and others [54-
56}, support thinning of the oxide film as the cause of passive film destruction. All these
researchers believe that localized dissolution is initiated by adsorption of aggressive
anions and formation of soluble complexes with the cations at the oxide/solution
interface. At a constant anodic potential, the electric field is increased across this
interface at the thinned location on the film causing enhanced film dissolution until the
bare metal surface is exposed. [54-56]

Smialowska [30] has pointed out that the thinning film model also has
significant limitations. In fact, for many alloys and metals, pits nucleate at the
metal/oxide interface, leaving an un-dissolved passive film above the pit. Goetz et
al.[47], also mentioned that experiments performed below the pitting potential prove that

the presence of Cl” does not cause thinning of the passive film in borate solution.




17

Mechanical Breakdown Model: In 1947, Hoar [57-58] proposed that, when in
contact with an aggressive electrolyte, an oxide film on metal can become mechanically
stressed and damaged by pores and flaws generated from changes in interfacial forces. If
metal cations are released inside the pores or flaws through oxidation processes, insoluble
hydroxides or oxides can be produced through their interaction with water. Such
hydrolysis processes are expected to lead to acidification, and this mechanism is
autocatalytic because the cation dissolution rate is increased by the increased acidity.
Hoar proposed two reasons for the increase of aggressiveness with an increasing CI’
concentration: increased conductivity of the solution and decreased migration of OH™ ions
into, and H" ions out of, pores.

Zaya [59] also proposed that a passive film continuously breaks and repairs,
eventually leading to pitting when chloride ions reach and adsorb on the metal surface
through the flaws. Mechanical breakdown of the film probably occurs with different
energies at different spots on the film, and therefore, not all breakdowns are expected to
lead to stable pit formation. Similarly, Marcus [31] maintains that when the electrode
potential is suddenly changed stresses are caused within the film. At cracks within the
passive layer, the current density will be that expected at the relatively positive potential
with no protecting oxide present. However, only temporary Fe?* formation of a few
seconds’ duration will occur as the passive layer self heals and, hence, to obtain a
measurable quantity of Fe?* from the unprotected metal surface, many such defects of
nanometer dimensions within the passive layer would be necessary. In the absence of any

. . 24 . .
aggressive anions, the temporary release of Fe”' is not easy to measure. However, in the
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presence of aggressive anions, their direct access to the metal surface will prevent

repassivation and a pit can form.

2.2 Passivation of Iron and Pit Initiation in the Presence of Halide Ions

So far, however, no agreement has been reached on the atomic structure of this
passive film, although, electron diffraction and electrochemical experiments [36-37,60-
61] have led to the suggestion that the film consists of an inner layer of Fe;O4 and an
outer layer of y-Fe,0j3: see further discussion in chapter 6. Such passive films. however,
are often susceptible to pitting corrosion, which often occurs in the presence of
aggressive anionic species, such as chloride. The reason for the aggressiveness of
chloride and other halide anions has been pondered for some time. For example, chloride
is a relatively small anion with high diffusivity and the anion of a strong acid, and many
metal cations exhibit considerable solubility in chloride solutions. It is also frequently
present as a contaminant.

Only a small number of papers discuss the pitting of iron in alkaline solutions.
Oranowska et al [62], studied the behaviour of iron in a saturated Ca(OH), solution at pH
12.5 with and without CI'. They noticed that in the presence of Cl', breakdown of
passivity occurred by the spontaneous onset of uneven general corrosion, once the
potential attained a critical value. Also, the film thickness in the presence of Cl" was
greater relative to that when it was not present. Tousek [63] also observed pitting of iron
in 0.1 M KOH + 0.4 M KCI when the potential was shifted to a value situated above a

critical potential. The effect of film thickness on the susceptibility of iron to pitting was
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studied by McBee et al [64], who found that the thicker the passive film, the longer the
time needed for its breakdown in NaCl solution. Passive film formation on iron and film
breakdown in sodium hydroxide solution (pH = 12) containing chloride ion (0.05 M and
0.005 M) was studied by Zakroczymski et al [22]. They reported that the shape of the
polarization curves was not influenced by the presence of chloride ions. Additionally,
they found that pitting took place when the specimen was first passivated at a constant
potential of 0.55 V (vs NHE) for 60 s, 120 s, 300 s in 0.05 M NaOH. However, pitting
did not occur when chloride ions were added after 600 s and the potential maintained for
160 h. They claimed that, the time required for pit initiation was shorter when samples
were electrochemically passivated for 5 min than for 10 min. A longer passivation often
resulted in no pitting, indicating changes in the protective properties of the passive film
occurred over time. Also, it was confirmed that pitting is a probabilistic event that may
or may not happen. Furthermore, Zakroczymski et al. noticed that pitting did not occur at
potentials lower than about 0.25 V (vs NHE). [22]

DeCastro and Wilde [65] studied the anodic dissolution behaviour of iron in
halide solutions at both stationary and rotating electrodes in 1 M LiBr and LiCl at pH 8.
Active dissolution kinetics was reported for stationary electrodes, whereas with rotating
electrodes an active/passive transition was observed. They claimed that the pitting
potential was independent of halide ion concentration and electrode velocity, indicating
that hydrodynamic factors are not important in the pit initiation process. However, pit
propagation was markedly influenced by rotation. Bardwell et al [66] analyzed the
initiation of pitting on iron in acetate and borate solutions containing 1 M halide ions at

pH = 8.4 and pH = 7.4, and reported that, for potentials below the pitting potential, the
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current transients recorded at constant potential exhibited the same behaviour in the
absence or presence of halide. This shows the kinetics of film growth in the two solutions
is similar. Only after pitting had initiated did the current in halide-containing solution
begin to show a positive deviation from that in halide-free solution. This led to the
assumption that pitting initiated at the point of the deviation.

In their work Ahn and Macdonald [67] examined the role of chloride ion in
passivity breakdown on iron at pH = 8.5 at a concentration of 0.1 M NaCl. They found
that the CI” ion acts only at the barrier layer/solution interface and neither penetrates nor
incorporates into the film.  Furthermore, they reported that if penetration and
incorporation of chloride ions occurred, changes in the structure and composition (and,
thus, also in the electronic and optical properties) of the film would be likely to occur.
Such changes would be caused by the substantial difference in size between CI” (Pauling
radii of 0.181 nm) and O® (Pauling radii of 0.140 nm). This suggests that passivity
breakdown on iron is not directly related to the oxygen vacancy and/or the cation
interstitial, whichever is the dominant. According to Ahn et al., the condensation of
metal vacancies at the metal/film interface is responsible for the passivity breakdown.[67]

Bardwell and MacDougall [68] studied the involvement of surface oxide films
on iron in halide-induced pitting in borate buffer at pH = 8.4 with a halide concentration
of 0.0945 M. They found a linear correlation between the logarithm of the halide ion
concentration and the critical thickness of pitting, and the slopes are similar in two cases
(CI' and Br’). As the halide concentration increased, the solution becomes more
aggressive and less anodic charge must pass before pitting begins. By using SIMS

analyses [68] in halide and halide-free solutions they proved that the passive film on Fe
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grows at the same rate in béth solutions. Clearly, neither Br™ nor Cl” is being incorporated
into the film in any significant degree during the induction period.

Bardwell et al., [66] studied the behaviour of iron in neutral pH buffered
solution and reached the conclusion that pit initiation is, to a great extent, determined by
the nature of the passive film. Having performed the experiment in halide-free buffer and
halide-containing buffer, they found that the kinetics of film growth in the two solutions
were very similar. Not until after pitting had initiated did the current in halide-containing
solution begin to display a positive deviation from that in halide-free solution. Therefore,
it is safe to surmise that pitting initiates at the point of deviation between the two curves.

Sieber et al., [16] investigated the passivity of iron in borate and phosphate
buffer at pH = 8.4 in halide-free solutions. They found that the passive films formed on
iron in neutral solution are ferric and ferrous oxide layers with hydrous compounds
including adsorbed water. This agrees with the result of Zakroczymski and his coworkers
[22]. Sieber et al. suggested that pitting of iron can occur in the presence of C1" when the
passive film is not yet sufficiently consolidated, i.e., when it probably contains a
substantial amount of incorporated water. Also, Revie et al. [69] found that the
passivation of iron in chloride containing solutions leads to the incorporation of a greater
amount of water in the film than is the case in Cl -free borate solutions. Lochel and
Strehblow [70] studied the nucleation of corrosion pits on passive iron and other metals
using rotating split-ring-disc-electrodes. They proved that for non-stationary conditions
passive film breakdown is favoured. If aggressive anions are present in the electrolyte at
a sufficient concentration, they have direct access to the bare metal surface to prevent

repassivation, allowing the formation of a corrosion pit.
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To date, there are many theories that try to explain pit initiation and the film
breakdown through passive films. No model can thoroughly explain the cause of passive
film breakdown and pit initiation in the presence of anions (e.g. CI'). It has been proven
by many researchers that pit initiation is, to a great extent, determined by the nature of the
passive film. When aggressive anions are present at sufficient concentrations they may
have direct access to the bare metal interfere to interface with the re-passivation process
leading to pit propagation. Such an event leads to a corrosion pit, but this does not define
the role of the anions during the initiation process. This work attempts to define the

anion role in the initiation stage.
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2.3  Goals of the Research

The goals of the research are to investigate the passive film breakdown on
oxide-covered carbon steel in solutions containing aggressive anions (e.g. CI', Br', I') and
also to establish the role of the film properties on pit initiation. The experimental
approach taken was to apply different electrochemical potentials to reproduce different
redox environments, since electrochemical techniques are extremely sensitive and easy to
control, and very useful to follow the reaction kinetics of redox active surfaces. Various
electrochemical techniques, including cyclic voltammetry (CV) and potentiostatic film
growth (PS) measurements and electrochemical impedance spectroscopy (EIS) were used
to study the oxide film formation and film breakdown process. These electrochemical
techniques were complemented by various surface analyses techniques such as Ex situ
and in situ Raman spectroscopy, scanning electron microscopy (SEM), energy dispersive

x-ray and x-ray photoelectron spectroscopy (XPS) to characterized oxide film properties.
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Chapter 3

3 LITERATURE REVIEW FOR EXPERIMENTAL TECHNIQUES

3.1 Cyeclic Voltammetry (CV)

Cyclic voltammetry is a potentiodynamic technique that allows the general
electrochemical reactivity of a system to be rapidly examined. In this technique, the
potential of the working electrode, WE (compared to the reference electrode, RE) is
scanned between two limits as a function of time, and the current that flows between the
WE and counter electrode (CE), is recorded (see Figure 3-1). In our experiments the
forward scan is positive-going (i.e. from a more negative potential terminus to a more
positive one), during which oxidation of the electrode surface may occur as the potential
of the WE becomes more positive than the equilibrium potential for a specific
electrochemical reaction. During the reverse (negative-going) scan, reduction of the
oxidation products becomes thermodynamically possible once the potential is more
negative than the equilibrium potential for a specific electrochemical reaction. For both
the positive and negative scans, the occurrence of electrochemical reactions can be both

thermodynamically and kinetically controlled.
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Figure 3-1 :Schematic of the potential-time profile used in cyclic voltammetry: Ec and

E are the cathodic and anodic limiting potentials, respectively.

The magnitudes of charges accumulated in the anodic and cathodic scans will
only be equal if the oxidation reactions that take place during the anodic scan are
electrochemically reversed on the cathodic scan (i.e., if the oxidation products on the
electrode surface are fully reduced). There are two possible reasons for the oxidation
charge being greater than the reduction charge: 1) The oxidation product is kinetically
irreducible; and 2) The oxidation products are lost from the electrode.

In this work, reversibility would require that the oxidation products of iron not
be (1) soluble Fe**. (2) oxides which are difficult to reduce such as Fe;04, or (3) oxides
which undergo incomplete reduction on the timescale of the CV experiment. Within this
context, currents seen in a CV can illustrate the separate oxidation processes occurring;

i.e. can be useful in identifying the potentials at which various oxides/hydroxides grow.
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3.2 Potentiostatic Film Growth

In potentiostatic film growth experiments, a constant external potential is
applied to the WE and maintained for a certain length of time, during which the resulting
current is measured. Changes in current with time provide insight into the changes
occurring on the WE surface.

Since it is generally known [36-37.60-61] that oxidation occurs on iron through
the formation of either magnetite (Fe3O4), maghemite y-(Fe,Os) or lepidocrocite y-
FeOOH, and other oxyhydroxides and oxides, at anodic potentials, we can, in principle,
use potentiostatic oxidation to study film growth, breakdown and dissolution at specific
potentials. The applied potential will affect the composition of the film grown, so an
appropriate potential can be chosen, based on the results of cyclic voltammetric
experiments, and the anodic current measured as a function of time. The current is a
measure of the overall reactivity, and the change in current with time yields information
on the film growth mechanism (Figure 3-2 a-d).

These plots show the expected behaviour of the current as a function of time for
specific electrode processes. Plot (a) shows the expected current when no protective
layer of oxide film is formed on the surface of the electrode, and metal dissolution takes
place at the constant current expected at this potential. Plot (b) shows the current-time
relationship expected when a passive film forms and efficiently protects the metal from
anodic dissolution. In this mechanism the current decreases exponentially. Plot (c)
shows the current behaviour when either a slightly soluble or an incomplete (porous)
passive oxide film grows on the surface of the electrode. At short times the current

decays with time as the film grows on the electrode. At longer times, the current reaches
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a steady-state due to dissolution at a constant rate. Such a long term steady-state current
will be observed if the chemical dissolution rate of the oxide film at the oxide/solution
interface is balanced by its electrochemical (anodic) formation at the metal/oxide
interface. It will also be observed if the film is porous and dissolution can occur through
the film. Finally, plot (d) illustrates the current-time behaviour when pitting occurs.
Initially the film grows, as illustrated in (b), with the current decreasing exponentially
with time until film breakdown occurs. At this point the current increases irregularly to
a higher value and continues to increase as the pit(s) grow(s). Integration of the current
with respect to time yields the charge passed which can be used to calculate the total
amount of oxidation which occurred, and possibly the extent of oxide formation, and (if

the oxide density is known) the film thickness.
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a) Metal dissolution b) Growth of a passive film

d) Growth of a film followed by film
¢) Growth of a porous film or a film

. . . breakdown and pitting
with a measurable dissolution rate

Figure 3-2 :Current behaviour expected as a function of time for different reactions

occurring on a reactive metal surface
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3.3 Electrochemical Impedance Spectroscopy (EIS)

EIS can be a useful method for characterizing the properties of electrochemical
and corrosion interfaces. It is particularly useful in the characterization of oxide-covered
metal surfaces. This technique, as illustrated in Figure 3-3, involves the application of a
small sinusoidal potential (E,.) perturbation (< + 10 mV) superimposed on a dc potential

(either an applied or corrosion potential).

E.. = Egsin (ot) 3-1

to the electrode/solution interface, and the measurement of the resulting sinusoidal
current I, which occurs at the same frequency, but, depending on the characteristics of

the interface, may be shifted in phase 6

L,c = Ipsin (ot + 6) 32

In these equations, E,. is the ac potential at time t, Eq the ac potential amplitude, o the
angular frequency in radian/s, 0 is the phase shift, and I, the ac current amplitude.

In general, an electrochemical interface can be represented by an electrical
equivalent circuit composed of resistors, capacitors, and other electrical elements, such as

a Warburg impedance. For a metal/metal oxide/aqueous solution system, the system
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Figure 3-3 :The relationship between the input alternating voltage and the resulting

output alternating current in an EIS experiment.

resistance (i.e. in-phase response) is a combination of the resistances of the metal/oxide
and oxide/solution interfaces, the oxide film resistance, and the solution resistance.
Capacitances may result from the build up of stored charges at the oxide/solution and/or
metal/oxide interfaces and the polarization of dipoles in the oxide film. Of these various
equivalent circuit elements, only specific components are often detected. depending on
their relative magnitudes and characteristic frequencies. For example, large individual
resistances are dominant when several resistances are in series, while small resistances
are dominant when resistances are in parallel [72].

Figure 3-4 shows the simplest single time constant equivalent circuit, the
Randles circuit, that can be used to characterize an electrified interface [72]. In general
terms, for “active™ (dissolution of metal) interfaces, the expected circuit components are
the solution resistance, the double layer capacitance and the charge transfer resistance for

dissolution. For a uniformly passive surface (when a thin oxide film forms and prevents
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further dissolution), the circuit components represent the solution resistance (R;), the

capacitance of the oxide film (C,y), and the resistance of the oxide film, (Rox).

Rs C(ox)

R(ox)

Figure 3-4 :A simple electrical equivalent circuit (one time constant) which can be used

to simulate the properties of an oxide-covered electrode.

The impedance (Z) of this interface is a function of the frequency (®) of the sinusoidal

potential input and is often expressed using a complex function:

Z(@) = Zy (@)~ jZ, (@) 33

where j = (-1)”2

, and Zre and Zj, are the in-phase and out of phase impedances,
respectively. Thus the resistance (R) corresponds to the real (in-phase) component of the

impedance, and the capacitance (C) to the imaginary (out of phase) component.

Therefore, the individual impedances in equation 3-3 can be expressed as:

1

= 34
oC

ZRe ((1)) = R and Z]m (a))

The total impedance, [Z(®)|, is then given by
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Usually, impedance data are plotted in one of two ways: either as a Nyquist plot or as a
pair of Bode plots. In a Nyquist plot, Figure 3-5, the real component of impedance is
plotted against the imaginary component, for the Randles circuit shown above in Figure
3-4. The Ry-Coy circuit representation yields a semicircular plot when the selected
frequency range is suitable. The extrapolation of such a plot to the real axis as ® = 0
yields the total resistance of the interface; and the larger the semi-circle, the higher the
interfacial resistance. The existence of more than one semi-circle in the impedance
spectrum indicates the presence of more than one time constant (or R-C component)
requiring a more complicated equivalent circuit than that shown in Figure 3.4. Bode
plots are generally presented as a pair: a plot of log of the absolute impedance | 71, vs. the
log of frequency, and a plot of the phase angle (0) vs. the log of frequency. as shown in

Figure 3-6

-7

imaginary

\L

0

R Riim Z, e

S

Figure 3-5 : The impedance spectrum plotted in the Nyquist format, for the circuit shown

in Figure 3.4.
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Figure 3-6 : The impedance spectrum, plotted in the Bode format, for the circuit shown in

Figure 3.4.

The Nyquist and Bode plots yield information on how the system is behaving. For
example, for the circuit shown in Figure 3-4, at very high frequencies there is no time for
charge to build up on a capacitor and the solution resistance can be determined readily.
At very low frequencies the capacitor charges and discharges rapidly compared to the
frequency used and is, hence. undetectable. Therefore, the resulting impedance
measurement is due to the total resistance of the system, for example, Rgs + Ry for the
circuit shown in Figure 3.4. In between the low and high frequency extremes, both
resistance and capacitance will contribute to the impedance, and the out-of-phase
behaviour is observed.

Commonly, more than one equivalent circuit can fit a set of impedance data.

However, the simplest possible circuit that can reasonably fit the data is generally used.
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To extract meaningful information from such an equivalent circuit fit, the individual
circuit elements must be interpretable in terms of the electrochemical properties of the

electrode interface.

3.4 Surface Analyses

3.4.1 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is a surface sensitive technique which can yield atomic
and molecular information about the outer 3 to 10 nm of the surface of materials, as well
as providing a quantitative analysis of the surface composition [74-78]. XPS is based on
the photoelectric effect, [77]. The sample is ionized using low energy X-rays (also
referred to as soft X-rays), which have energy sufficient to remove core and valence
electrons. Photoelectrons are ejected from core and valence levels of the atoms in the
surface after direct energy transfer to the atoms, Figure 3-7, as a relaxation mechanism
for the ionized species formed as a result of the absorption of the x-ray energy [78].

The measured kinetic energy, Ek, of these photoelectrons depends on the energy of the
X-ray, hv, and the electron binding energy, Eg. The maximum kinetic energy, Ek, of the

ejected electrons is given by:

Ex=hv—-Eg 3-6

where h is the Planck constant (6.62x107>* J's), and v is the frequency (Hz) of the
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Figure 3-7 :Schematic representation of the excitation of a core level electron, and
subsequent photoelectron generation in XPS. The kinetic energy of the photoelectron
(Ex) is the difference between the X-ray energy (hv) and the binding energy of the

electron (Ep) plus the work function of the spectrometer, Ospectrometer [ 78]

radiation. The binding energy, Eg, is partly determined by the chemical environment of
the atom, but mostly by the ionization energy of the electron energy level. This
combination makes XPS useful in identifying the nature and oxidation state of atoms in
surface films, in addition to identifying individual atomic species.

Since the binding energies of electrons in bulk materials are usually measured in relation

to the Fermi-level, rather than the vacuum level, a correction to equation 3- 6 is needed to
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account for the work function of the sample and the electron energy analyzer. Thus, the

experimentally measured energies of the photoelectrons are given by:

Ex=hv-Eg- (d)spectrometer) 3-7

The precise energy relationship can be determined for a photoelectron emitted from a
conducting sample in electrical contact with the spectrometer, as illustrated in Figure 3-8.
It can be seen that the work function of the sample is one of the energy steps to be
overcome in moving an electron from a core level in the sample to the vacuum level

(away from all electrostatic influences of the atom).

Since the spectrometer recaptures ejected photoelectrons, the sample work
function term is cancelled because both the sample and spectrometer Fermi levels are the
same (i.e. they are in electrical contact). While X-ray penetration depth can be quite
large [75], electrons escaping from a sample have a low inelastic mean-free path (4,,).
Thus, XPS can be regarded as a surface sensitive technique, with most photoelectrons
escaping from a depth of between 0.5 and 3.0 nm [75], although the maximum depth is
generally quoted to be 10 nm.

An XPS spectrum plots the measured photoelectron intensity as a function of kinetic
energy. The resultant spectrum is then often replotted as a function of binding energy
using equation 3-7 and known values for ¢spectromerer and the frequency (v) of the x-ray
radiation. For every element, there is a characteristic binding energy associated with

each atomic orbital, producing a characteristic set of peaks in the photoelectron spectrum.
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Figure 3-8 :Schematic process for the removal of an electron from a sample in an XPS

spectrometer.

Thus, XPS is a very useful tool for elemental analysis of the outermost surface

layers.
Another valuable feature of XPS is its ability to distinguish between oxidation
states and/or the chemical environment of an element. The exact binding energy of a
given electron depends not only upon the level from which photoemission occurs, but

also upon the oxidation state of the atom and the local environment (i.e. neighbouring
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ligands). These slight differences of energy levels appear as small shifts in the peak
positions in the binding energy scale, and are termed chemical shifts. Distinct chemical
states, which are close in energy, can be deconvoluted by obtaining high-resolution
spectra of individual energy regions and using peak fitting programs to give the percent

composition of each state.

3.4.2 Scanning Electron Microscopy/ Energy Dispersive X-ray Spectroscopy

(SEM/EDX)

Scanning electron microscopy (SEM) is used mainly to study surface
topography at higher magnifications and with better depth of field than can be achieved
using optical microscopy. SEM results can be easily combined with techniques that
provide data on the chemical composition of materials, such as energy dispersive X-ray
spectroscopy (EDX)[75-79]. SEM has many advantages over optical microscopy,
especially the ability to achieve higher magnification and to obtain depth resolution. The
resolution by SEM can approach a few nm and the magnification can be easily adjusted
from about 10 to 300,000 X, vs. 500 X for optical microscopy [79].

With conventional SEM, a source of electrons is focused to a narrow beam in
high vacuum.(10° Torr), which then scans the sample surface. The electrons are
generated by thermionic emission from a metal filament, and accelerated to 0.5 to 30 keV
using magnetic fields. A system of electrical and magnetic field optics is used to focus

the beam to a spot < 10 nm in diameter on the sample surface. As the electrons interact
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with the surface, several processes can occur that result in the emission of electrons or

photons from the surface. The general system configuration is shown in Figure 3-9.

Figure 3-9 jSchematic diagram of a Scanning Electron Microscope.

There are three kinds of images produced by SEM: secondary electron images,
backscattered electron images, and elemental X-ray images [79-80]; although

combinations of hardware and software can make combinatorial images containing
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multiple components of each of these. Secondary and backscattered electrons are
produced by different interactions, so they are typically separated according to their
respective energies. Secondary electrons are produced through inelastic collisions, as
some energy is transferred to the surface, so electrons are emitted with less energy than
the electron beam. The majority of the emitted secondary electrons are produced within
the first few nm of the surface [80], since secondary electrons produced much deeper in
the material are subject to additional inelastic collisions. The intensity of these secondary
electrons is to a great extent determined by the surface topography of the sample and they
are able to leave the surface if their energy is greater than the work function of 2 to 6 V.

Primary electrons that have been scattered with no loss of kinetic energy (i.c.,
elastically) by the nucleus of an atom are backscattered electrons. In this case, the higher
the atomic number of a material, the greater the likelihood of backscattering [79].
Consequently, with a beam passing from a low-Z (atomic number) to a high-Z region, the
signal due to backscattering, and thus also the image brightness, will increase, allowing a
qualitative differentiation between atomic species; a difference that is enhanced as the
difference in atomic number is increased. Chemical compounds such as oxides would
backscatter according to the weighted average of the combined elements’ content; hence
differentiation between metal and metal-oxide is generally possible using backscattered
electrons.

Another important electron interaction in the SEM occurs when the primary
electron comes into collision with, and dislodges, a core electron from an atom in the
solid. The excited atom will relax to its ground ionized state and reduce its energy

through the ejection of either a characteristic X-ray photon or an Auger electron. For
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SEM, the X-ray emission signal can be arranged by wavelength with a wavelength
spectrometer or, more commonly, by energy with an energy dispersive X-ray (EDX)
detector, and these distributions are characteristic of the atomic energy levels of the
elements that released them. Software on the SEM/EDX can be utilized to create
elemental images showing the spatial distribution of specific elements in the field of
view. Since primary electrons can penetrate to considerable depth into a solid and the X-
ray photon can easily escape, X-ray emission will occur from a large volume of the

sample.

3.4.3  Raman Spectroscopy

Raman spectroscopy is an analytical technique that makes use of light
scattering, the properties of which are described below. Light scattering is a light-particle

interaction that occurs according to equation 3-8:

~ 4
I scattering = hv 3-8

where I is the intensity, h is the Planck constant and v is the light frequency. This
frequency dependence is responsible for the blue colour of the sky. When the full
spectrum emitted by the sun interacts with gases in the atmosphere, the blue light scatters
significantly more intensely than visible light of lower frequencies. As a result, more

blue light is directed downward from the sky, rather than along its original path through
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the atmosphere. This change in direction of the photon is what defines a scattering event,

and the scattered photons emerge from the interaction traveling in all directions.

Various types of scattering can be distinguished [81]; however, this discussion
will be limited to Rayleigh, Stokes and Anti-Stokes scattering. The scattering of sunlight
by the atmosphere, as described above, is the first type, Rayleigh scattering. Rayleigh
scattering is an elastic scattering event, in which an incident photon interacts with a
molecule, and emerges at the same frequency Figure 3-10 (a). In addition to this process,
Stokes and Anti-Stokes scattering are inelastic scattering events in which the incident
photon gains or loses energy upon the interaction. Stokes scattering occurs when the
photon loses energy to the molecule, leaving the molecule in typically an excited
vibrational state Figure 3-10 (b). For this process, the energy gained by the molecule can

be calculated as:

AEvibration = EO —E= hv 3.9

where Eq is the incident photon energy, E is the emitted photon energy and V' is the
frequency of the vibrational event. Similarly, Anti-Stokes scattering occurs when the
photon takes energy from the molecule that is already in an excited vibrational state, and
leaves the molecule in a lower vibrational state Figure 3-10 (c). This is accompanied by

emission of a photon with energy E = h (v + v), a higher frequency light. In this case

A Eyipration = Eg— E=-hV' 3-10
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Detection of the Raman processes is accompanied by observing the scattering of
UV or visible light at either higher or lower frequencies than the incident light. Since
most species are in their vibrational ground states at room temperature, Stokes scattering
is more widely used in Raman analysis. For Raman, it is the shift in frequency i.e., v
Equation 3-9 and 3-10 that provides information on the vibration energy states of the
molecule, and hence the types of species present on the surface of the specimen under
examination. A large number of molecules are Raman active and exhibit characteristic
Raman shifts which can be used as fingerprints to aid in their identification. This feature,
and the fact that water is Raman inactive, make Raman spectroscopy a useful surface

analytical technique for corrosion studies.
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Figure 3-10 :Illustration showing (a) Raleigh scattering, (b) Stokes (Raman) scattering,

and (c) Anti-stokes scattering.
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Chapter 4

4 EXPERIMENTAL TECHNIQUES

4.1 Experimental Conditions

4.1.1 Electrochemical Cell

A standard three-electrode electrochemical cell was used in this study (Figure
4-1). The electrode components were a carbon steel working electrode (WE), whose
potential was controlled against a saturated calomel reference electrode, (RE) (SCE,
0.241 V vs. SHE), and a platinum wire mesh counter electrode (CE), through which
current flows at the same rate as through the working electrode (overall CE area = 18
cm2). The CE was made by spot welding a 1mm diameter platinum wire to a 4 cm x 4
c¢m platinum sheet (99.95% purity). Platinum mesh was chosen for the CE because of its
high activity, negligible by-product production and large surface area compared to the
WE. As shown in Figure 4-1 the RE, and CE were placed in separate compartments,
isolated from the main cell containing the WE via porous frits. Through the open tip of
the Luggin capillary, the RE senses the solution potential near the WE, minimizing any
IR drop associated with the passage of current in the electrolyte. Additionally, a gas
dispersion tube was fitted into the cell to allow purging with Ar gas, and a gas bubbler

was used to ensure the cell remains air tight.



Figure 4-1 :The three-electrode electrochemical cell used for all experiments

4.1.2 Electrode Preparation

The WE was fabricated from cylindrical discs cut from an A516Gr70 carbon
steel rod, with a composition (in wt%) of C 0.28, Mn 1.3, P 0.035, S 0.035, Si 0.45, with
the balance being Fe. The carbon steel disc was placed in a polytetrafluoroethylene
(PTFE) tube using epoxy resin, threaded onto a steel rod in the PTFE holder, and sealed

with Teflon tape to prevent exposure of the back of the electrode to the electrolyte.
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Through this preparation, the exposed area of the carbon steel electrode was limited to
the flat front face having a surface area of 0.385 cm”. The carbon steel electrodes were
wet polished using 800, and 1000 grit silicon carbide papers and finally with a 1 um
polycrystalline diamond suspension. They were then washed with Millipore water (18.2
MQ.cm resistivity), and ultrasonically cleaned in an acetone/methanol mixture for five
minutes to remove polishing residue. Prior to each electrochemical experiment, the
working electrode was rinsed with Millipore water, and cathodically cleaned at — 1.1 V

for S min to remove any air-formed oxides.

4.1.3  Electrolyte

Experiments were conducted at room temperature in a 0.01 M sodium borate
solution with the pH adjusted to 10.6. The electrolyte solution was made up with
reagent-grade Na;B4O7-10H,O (Caledon Laboratories Ltd., 99.0% assay) and de-ionized
water (Milli-Q Millipore), and the pH adjusted with small amounts of 2 M sodium
hydroxide (NaOH, Caledon Laboratories Ltd., 97.0% assay). The pH of the electrolyte
solution was measured using an Accumet® Basic AB15 pH meter with a standard size
glass electrode prior to performing each experiment. When needed (Sodium) iodide,
bromide, and chloride solutions in the concentration range 10* to 10° M were also

prepared with reagent-grade chemicals (Caledon Laboratories Ltd, all 99.0% assay).
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4.2 Electrochemical Methods

Two types of experiments were conducted; cyclic voltammetry and
potentiostatic oxidation. All experiments began with a freshly polished carbon steel WE,
placed in the pH-adjusted 0.01 M borate solution containing the desired concentration of
a specific halide. The solutions were prepurged with Ar for at least one hour to remove
dissolved oxygen from the solution. The WE was then cathodically cleaned at -1.1 V
(versus SCE) for 300 s to remove air-formed oxide films. Electrochemical measurements
were made using an 8-channel Solarton model 1480 potentiostat. Corrware™ and
Corrview™ software (supplied by Scribner and Associates) were used to control

experiments and to analyze data.

4.2.1 Cyclic Voltammetry

Cyclic voltammetry was conducted by scanning from the cathodic cleaning
potential of -1.1 V to 0.4 V (vs. SCE) and back at a scan rate of 5 mV.s'(
Figure 4-2). Cyclic voltammetry was used to determine passive film breakdown
potentials on the carbon steel surface, and to provide a basis for the choice of potential in
potentiostatic experiments. The concentration of the halides was 10° M in all

voltammetric experiments.
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Figure 4-2 :Schematic of the potential-time profile used in cyclic voltammetry

experiments

4.2.2  Potentiostatic Experiments

Potentiostatic experiments were conducted to determine the influence of oxide
formation at lower potentials on subsequent oxide growth and conversion processes at
higher potentials:

e In the first set of experiments, the carbon steel electrode was pre-oxidized by
scanning the potential from E =-0.5 V to E =-0.3 V at a scan rate of 0.05 mV.s',

e In the second set of the experiments, the surface was pre-oxidized by applying a
constant potential at — 0.6 V for one day.

After one of these pre-oxidation steps, the potential was increased in a step-wise
manner by 20 mV increments up to + 0.4 V. The potential was held for 40 min after each

increment, during which period the current was measured for the first 20 min and an EIS
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measurement performed over the second 20 min period. The procedure is illustrated in
Figure 4-3. The presence of halide during the preoxidation stage could have influenced
film growth, thereby making the film more susceptible to breakdown at higher potentials.
To investigate whether this was the case, film growth was also conducted in the absence

of halide which was subsequently added after the potential was raised to a desired value.

E (V vs SCE)

Figure 4-3 iSchematic of the potential-time profile used in potentiostatic/EIS

experiments



4.2.3  Surface Analyses of Films Following Potential Step Experiments

Following film growth, a variety of methods were used to characterize the
electrode surfaces. In some potentiostatic experiments the electrode was removed when
the potential reached a desired value so that the electrode surface morphology and
composition could be characterized. To prepare samples for surface analysis, electrodes
were removed from the cell, washed with deionized water, dried with Ar gas, and then

transferred into a glass vial inside a glove box to avoid complication due to air exposure.

4.2.4 Electrochemical Impedance Spectroscopy (EIS) Measurements

All EIS measurements were made using a Solartron 1252 frequency response
analyzer coupled to a Solartron 1480 multistat. EIS was performed by applying a
+ 10 mV (root mean square) AC sinusoidal potential waveform at the applied DC
potential and recording the spectrum over the frequency range 10*to 102 Hz. Zplot™ /
Zview™ software was used to acquire and analyze the data (supplied by Scribner and

Associates). A small number of measurements were conducted from low frequency to

high frequency to confirm that steady-state was maintained throughout the measurement.



4.3 Surface Analyses

4.3.1 Raman Spectroscopy

Ex-situ Raman spectroscopy was performed using one of two instruments. The
first instrument was a Renishaw model 2000 Raman Spectrometer with a CCD detector
running GRAMS/386 Version 3.03 Level II software, (Galactic Industrial Corporation)
with a 633 nm line from a Melles Griot 35 mW HeNe laser. The laser was focused on
the specimen using an Olympus microscope with a 50 x objective lens. The second
instrument was a Confocal Raman microscope (Alpha SNOW, WITec) equipped with a
YAG linearly polarized laser (Verdi 5, Coherent Inc., Santa Barbara, CA) with a 532 nm
wavelength which was used to focus the laser beam onto the specimen and to collect
Raman signals. Both instruments were used to analyze the deposits on
electrochemically-treated carbon steel electrodes. In-situ Raman spectroscopy was
performed using the Renishaw model 2000 on specimens anodically oxidized in borate
buffer solution containing Br to investigate the oxide film present before and after film

breakdown leading to pitting.

4.3.2 Scanning Electron Microscopy/Energy Dispersive X-ray (SEM/EDX)

Scanning Electron Microscopy (SEM) in combination with Energy Dispersive
X-ray analysis was performed using a Leo 440 to examine the porosity, morphology and

composition of corrosion product deposits. Samples were examined without applying a
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coating. A copper strip was attached to the edge of the electrode to eliminate charging

effects.

4.3.3  X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were carried out with a Kratos Axis Nova spectrometer, using Al
K- monochromatic radiation, operating at 150 W with a vacuum of 1 x 10% Pa. A
micro-channel plate and phosphor detection system are incorporated into the system to
provide parallel imaging capability with high spatial resolution and high sensitivity. The
instrument probes the surface of the sample to a depth of 5-7 nanometers, and has
detection limits ranging from 0.1 to 0.5 atomic percent depending on the element. The
Kratos charge neutralizer system was used on specimens as necessary. Survey scans
were carried out on an analysis area of 300 x 700 microns and a pass energy of 160 eV.
High resolution analyses were carried out on an analysis area of 300 x 700 microns with a
pass energy of 20 eV. The Fe 2p (at 720.75 eV £19.1 eV), Ols (at 533.95 eV £ 9.1 V),
and C Is (at 284 eV £ 0.5 eV) region of the spectrum were recorded. The spectra were
charge-corrected, when required, by reference to the main line for the carbon 1s spectrum
(adventitious carbon) set to 284.8 eV. Spectra were analysed using CasaXPS software

(version 2.2.107).



Chapter 5

S RESULTS AND DISCUSSION

5.1 Cyclic Voltammetry (CV)

Figure 5-1 shows the effect of halide anions on CVs recorded on carbon steel
during (a) the first and (b) the second scan cycle. The current behaviour observed during
the forward scan of the first cycle in halide solutions is essentially identical to that
obtained in halide-free solution, up to a potential of ~ 0.1 V. Above this value, the
anodic currents in halide solutions deviate significantly from those in borate solutions.
This dramatic increase in current indicates the onset of pitting of the steel following a
breach in the passive surface-oxide film. The potential at which the anodic current starts
deviating from that in halide-free solution is, hereafter, referred to as the film-breakdown
potential, Ep, consistent with literature terminology [73]. The film breakdown potential
varied from one experiment to another even under the same condition, but was observed

to be always above 0.0 V (vs. SCE).

The subsequent scan cycles observed in halide solutions were generally the
same as those observed in halide-free solutions, except for the Cl” case. For a solution
containing CI’, film breakdown was still observed on the second scan, but no longer

observed, on the third or higher scan cycle.



Figure 51 Cyclic voltammograms recorded on carbon steel in 0.01 M borate buffer
solutions containing 10' M halides: (a) the first cycle and (b) the second cycle. The CV
obtained in a borate solution free of halide is also shown for comparison. Each scan was
performed from -1.1 V to an anodic limit of 0.4 V and back to -1.1 V at 5 mV. s'1 The

solid lines show the forward scans, and the dashed lines the reverse scans.

The magnitude of the pitting current (the anodic current following film
breakdown) also varied from one experiment to another, and showed no systematic
dependence on the type of halide. This is expected, since the pitting corrosion rate
depends on highly localized conditions within pits, not on bulk solution composition.

On the reverse scan, as the potential decreases, the current remains anodic, and,

in cases when pitting initiated, increased considerably before decreasing and eventually
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switching to a cathodic value. Such anodic hysteresis loops are commonly observed in
voltammetric scans when pitting occurs. The potential at which the current becomes
zero, referred to as the zero-current potential, Ei— in this study was similar for all three
halide solutions as well as for halide-free solutions.. The zero-current potential, Ei-, was
equal to -0.4 + 0.05 V and did not change with the scan cycle number. Note that Ei=
differs from the re-passivation potential commonly used in pitting corrosion literature,
where it is defined as the potential at which the current on the reverse scan becomes equal
to the current on the forward scan. The re-passivation potential is very sensitive to the
scan rate and the initial condition of the film. The magnitude of the cathodic current
observed below Ei-y was higher in halide solutions than in halide-free solutions. The
relative increase in the cathodic current did not show any systematic dependence on type
of halide.
When the halide concentration was below 10> M, no film breakdown was observed
during CV scans at the rate of S mV/s used in this study. This is consistent with the study
by Valcarce and coworkers [86] which showed that when the chloride concentration is
lower than [OH], i.e., [CI'] / [OH"] < 0.125, chloride has no significant effect on the CV
behaviour of carbon steel.
Previous studies [84] on oxide film formation and conversion on carbon steel
have identified three oxidation potential regions for carbon steel at pH 10.6:
e Region [ (E (V vs SCE) < - 0.6 V): The oxidation state of the oxide
formed is limited to that of conductive magnetite (Fe;O4) or, a

magnetite-like, phase.
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e Region 2 (- 0.5 V < E (V vs SCE) < - 0.2 V): The oxide varies in
composition with thickness, from a magnetite-like phase close to the
metal/oxide interface to a more maghemite-like (y-Fe;Os) phase close to
the oxide/solution interface.

Region 3 (E (V vs SCE) > 0.0 V): Further oxidation of the inner magnetite to
lepidocrocite (y-FeOOH) becomes thermodynamically possible. This conversion leads to
a significant volume change in the oxide which can expose the underlying layer to further

oxidation.

5.2 Current Behaviour Under a Series of Potentiostatic Conditions

The primary purpose of performing the CV scans was to obtain a preliminary
determination of the range of the film breakdown potential for carbon steel exposed to
halide solutions. However, this technique has significant limitations since surface oxide
(and/or halide) formation and conversion are known to be affected by scan rate, and the
film formed at a faster scan rate is more likely to contain a high level of microscopic
defects [87]. To avoid this problem experiments were performed under a series of
potentiostatic conditions, where the potential was increased stepwise in 20 mV
increments and applied for 40 min, sufficient time for the system to reach steady state and
to allow EIS measurements.

Prior to the potentiostatic experiment, prefilm were grown either

potentiostatically at -0.6 V or potentiodynamically at -0.5 Vto -0.3 V.
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During anodic film growth, there are two possible mechanisms by which

halides can induce pitting corrosion on carbon steel:

1) Halides could be incorporated in to the metal-oxide matrix during film
formation, resulting in a defective film susceptible to film breakdown and pit

propagation, at a sufficiently high potential.

2) Halides are not involved in the oxide-film formation, but take advantage of film
restructuring, or changes in the oxide phase or composition, to induce

breakdown of the passive oxide layer and expose the base metal.

To differentiate between these possibilities, three sets of experiments were
performed as described in section 4.2.2, and illustrated in Figure 4-3. In the first set,
halide was added at the beginning of the experiment; and in the second set, halide was
added after the potential had reached a value > 0.0 V, i.e., a value in the potential region
of film breakdown observed in the CV experiment. In the third set to investigate the
influence of the thickness and composition of the film initially present , an oxide was pre-

grown at — 0.6 V for one day; at this potential a magnetite film would be expected.




5.2.1 Presence of Halide from the Beginning of the Experiment

Figure 5-2 and Figure 5-3 show the current observed as a function of potential
(Figures a, c, and e) and as a function of time (Figures b, d, and f) in a solution containing

10 M of halide from the beginning of the eXperiment.

Figure 5-2 illustrates the cases which resulted in pitting whereas Figure 5-3
shows the cases which resulted in no pitting. In these figures the gaps in the current-time
plots correspond to the intervals during which electrochemical impedance spectroscopy

measurements were made.

Two main differences were observed in the current behaviour between the
pitting and non-pitting cases. One difference is the potential, Ei—o, at which the current
switched to cathodic on the reverse potentiodynamic scan from 0.4 V to — 0.5 V. This
feature can be seen in Figure 5-2 (a, c, and €) and Figure 5-3 (a, c, and e) as the
continuous lines overlying the current-potential plots. When pitting occurred, Ei-p was
observed to be -0.40 + 0.05 V, irrespective of the type and concentration of halide, which
is the same value observed in the CV experiment Figure 5-1. When no pitting occurred,
Ei= = 0.2 £ 0.05 V, again irrespective of the type and concentration of halide, and in the
potential range where film breakdown was observed on the forward scan in experiments

containing halides.
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Figure 5-2 :Currents measured during potentiostatic film growth using the potential
profile described in Figure 4-3. Halides were present from the onset of the experiments
at a concentration of 10'3M in borate solution at pH = 10.6; a, b) KC1, c, d) KBr; and e, 1)

Kl. Inthese experiments pitting eventually occurred.



Figure 5-3 jCurrents measured during potentiostatic film growth using the potential
profile described in Figure 4-3. The experimental conditions were the same as those used

in the experiments shown in Figure 5-2, but did not result in pitting corrosion; a, b) KBr;

¢, d) borate-only case; and e, f) KI
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The observation that =0 = - 0.40 £ 0.05 V shows that, under active pitting
conditions, the passive film, formed at the sharp peak in the voltammogram, Figure
5-1(b), is destabilized locally on the electrode surface. The more positive potential value
observed when pitting does not occur indicates passivit) is maintained.

After each potential increase (in 20 mV increments), the current initially jumped
to a slightly higher value before rapidly decreasing to the initial value. However, when
pitting occurred, the current jJumped to a higher level and remained there, or decreased at
a much slower rate. The potential at which the current begins to increase indicating the
onset of pitting is referred to as Eb, the breakdown potential, consistent with the
terminology used in CV experiments (Section 4.2.1). As in the CV experiment, the
measured Eb values varied from one experiment to another, and did not appear to have
any systematic dependence on the type of halide, Figure 5-4. Of note, film breakdown
always occurred at potentials > 0.0 V in the CV experiments, an observation consistent
with the histogram of film breakdown potentials observed in potentiostatic experiments,
as shown in Figure 5-4. The lowest breakdown potential recorded was 0.08 V,
irrespective of the rate and the manner of potential increase. The breakdown potential
was observed to always be in potential Region 3 defined in section 5.1[84]. In Region 3
(E > 0.0 V) oxidation of magnetite to lepidocrocite (y-FeOOH) could lead to a significant
volume change in the oxide phase and exposure of the underlying layer to further

oxidation.



KCI

KBr
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Figure 5-4 jHistogram of breakdown potentials, Eb, in different halide solutions. The

solid blocks are those observed for thin films and the shaded blocks are those for thick

films.

In both the CV and the potentiostatic experiments, the current level following
film breakdown varied considerably from one experiment to another, even under the
same experimental conditions. This suggests that once film breakdown occurred and
pitting initiated, the rate of propagation of pits depended strongly on the local pH within
individual pits and the mode of propagation of the pit. Interestingly, during experiments
that resulted in no pitting, a higher surge of current was often observed upon increasing

the potential to a value above 0.08 V, the minimum threshold above which pitting
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occurred, see Figure 5-2 (a, ¢, and e). However, the current quickly decreased to the
initial value, as was observed at other potentials. This surge may suggest changes in the
film occurred at potential of 0.08 V. However, any breach in the film was quickly
repaired in the absence of halides, preventing the propagation of pitting. When no pitting
occurred, the current behaviour observed for step-wise increases in potential above 0.08
V in halide solutions was very similar to those observed for halide-free solutions,
indicating that halides are not required to induce the film transition. This phenomenon is
explored further by cycling back and forth around this potential (E = 0.08 V). Each time
a jump in current was observed at E = 0.08 V. But when the potential was raised by 20
mV to E = 0.1 V and then back to E = 0.06 V, the transit behaviour was no longer

observed.

5.2.2 Addition of Halide at Later Stages of Oxide Growth and Conversion

To determine whether the presence of halide influences oxide film
growth/conversion leading to eventual film breakdown, oxide-films were grown in
halide-free solutions using the same potential profile used in the first set of the
experiments (Figure 4-3), section 4.2.2. When the potential reached a desired value, 107
M halide was added, and the potential was maintained at this value over a long period (5
to 20 h). This long period was used to ensure a similar exposure time to the halide
solution in the two sets of experiments in the absence and presence of halide from the

beginning of each experiment.

The addition of halide at potentials below 0.1 V vs. SCE did not lead to pitting,

even for a subsequent exposure period of 20 h. However, the addition of halide at E >
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0.14 V, a potential ~ 40 mV higher than the minimum breakdown potential, often lead to
pitting Figure 5-5 shows a typical log | il — t plot, in which 10° M Br was added to the
solution at a potential of 0.14 V, after which, the potential was increased to 0.16 V and
maintained at this value for 5 h. In this particular experiment, two current excursions
were observed, the first at ~ 1 h and the second at ~ 3 h after the Br™ addition. In the first
event, the initial film breakdown did not result in pitting, and the current was quickly
restored to the initial value. For the second event, the current increase resulted in pitting,

as indicated by the continuing high current (Figure 5-5).

These results indicate that the growth of a defective film in a halide-containing
solution is not a prerequisite for film breakdown and the onset of pitting. This supports
the second mechanism for halide- induced pitting discussed in Section 5.2.1. The key
requirement is that the potential be in Region 3, where oxidation of magnetite in the inner
region of the film to lepidocrocite (y-FeOOH) results in a significant volume change in
the film. The ensuing stresses then lead to breakdown of the passive oxide layer and
exposure of the underlying active oxide or base metal. Once this happens, halides take
advantage of the film fractures, preventing their repair, thereby allowing pits to

propagate.
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Time(min)

Figure 5-5 :Current-time behaviour observed during potentiostatic film growth using the
potential profile in Figure 4-3; 10'3 M KBr was added to the borate solution when E
reached 0.14 V. Following the Br- addition, the potential was increased to 0.16 V and

maintained at this value for 5h.

5.2.3 Effect of Film Growth Time on Breakdown Potential

The effect of film growth time on pit initiation was explored by varying the
extent of film growth in potential Region 1 (E < - 0.6 V), where oxide growth to yield a
conducting magnetite phase occurs, as will be discussed in more detail in section 5.3.
The results described in sections 5.2.1 and 5.2.2 were obtained after initial film growth

under potentiodynamic conditions by scanning the potential from - 0.5 Vto- 0.3 V in
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Figure 5-8 :a) Currents measured during potentiostatic film growth using the potential
profile illustrated in Figure 4-3, after pre-growth at E = -0.6 V for one day in the 10° M
borate solution at pH = 10.6. al) Borate-only case, a2) KC1, and a3) KBr. (b) EIS
response plotted as the log |Z| vs log Frequency at E =- 0.6 V: bl) borate-only case, b2)
KC1 and b3) KBr. (c) EIS response plotted as the phase angle (0) vs log Frequency at E =

- 0.6 V: cl) borate-only case, c2) KC1, and c3)KBr
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Previous studies (84) attributed the observed current behaviour after the first 10
s to the solid-state growth of a magnetite-like (FesO-O phase. Magnetite is electronically
conducting (with a band gap of 0.2 eV, [88]), and, thus, can support water reduction at
this potential, which accounts for the steady-state cathodic current at longer times. The
EIS, taken at every 6 h after steady state had been reached, showed no change with time,
and were the same for all three solutions.

The impedance response can be represented by a single time constant
equivalent circuit, and since magnetite is conducting this response will be primarily
across the FesOVsolution interface. The similar current and EIS behaviour observed in
both halide-free and halide-containing solutions is consistent with the interpretation that
halide is not involved in the oxide formation at this potential. This observation is also
consistent with the fact that Fe(OH)2 is thermodynamically more stable than FeX2 at this

potential and pH 10.6 [88]

5.3.2 Film Growth During Step-wise Potential Increases

Following film growth at - 0.6 V for 1 day, the potential was increased in 20
mV increments (section 3.2.2.). At each potential, the current was measured taken for 20
min, followed by an EIS measurement which took another 20 min. The current as a
function of time and the EIS observed at each potential are shown in Figure 5-9 for -0.58
V < E <-0.46 V, Figure 5-10 for -0.46 V < E < 0.0 V, and Figure 5-11 for 0.0 V<E <

0.4 V.
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Figure 5-9 :a) Current measured during potentiostatic film growth, using the potential
profile illustrated in Figure 4-3, after pre-growth of an oxide at E = -0.6 V for one day in
the 10"3M borate solution at pH = 10.6. al) Borate-only case; a2) KC1; and a3) KBr. (b)
EIS response plotted as the log |Z] vs log Frequency at - 0.58 V< E < - 0.46 V; bl)
borate-only case; b2) KC1; and b3) KBr. (c) EIS response plotted as the phase angle (0)

vs log Frequency at - 0.58 V< E <- 0.46 V; cl) borate-only case; c2) KCL1; and c3)KBr
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The potential range, -0.58 V < E < -0.46 V (Figure 5-9) is the transition region
between Regions 1 and 2, described in Section 51 [84]. In this potential region,
continuous growth of magnetite (FesO-O and slow dissolution of Fe* and Fe are
expected. The current behaviour observed in this potential range was the same for
halide-free and halide-containing solutions; the current increased with an increase in
potential, and then decreased with time for ~ 10 s before reaching a steady-state value.
The steady-state current increased slightly with an increase in potential in all cases. The
EIS taken in this potential range also show no significant changes, as expected for the

growth ofa near-conducting magnetite-like oxide.

In Region 2 (- 0.5 V < E <0 V), no significant increase in current occurred on
increasing the potential, Figure 5-10. The current remained nearly constant with time,
and the steady-state current was nearly independent of potential, exhibiting only a very
small increase with increasing in potential. Despite the constant current behaviour,
noticeable changes in the EIS occurred: the absolute impedance at the lowest frequency
increased by an order or magnitude, and the maximum phase angle shifted to a higher
frequency while decreasing at lower frequencies as the potential was increased from -

0.5VtoOWV.
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Figure 5-10 :a) Current measured during potentiostatic film growth, using the potential
profile illustrated in Figure 4-3, after pre-growth of an oxide at E = -0.6 V for one day in
the 10'3M borate solution at pH = 10.6. al) Borate-only case; a2) KC1; and a3) KBr. (b)

EIS response plotted as the log |Z] vs log Frequency at - 0.46 V< E <0 V; bl) borate-only

case; b2) KCI; and b3) KBr. (c) EIS response plotted as the phase angle (0) vs log

Frequency (Hz)

Frequency (Hz)

10+

10--

10°

. -042v
* -03V
« -024vV

10

10

1C» 1000

time (sec)

Frequency (Hz)

0 WKW

Frequency (Hz)

76

3
10
-0oBV
. -024V
. -03V
. 042V
f
XT-
10 100
time (sec)
itf
i
0°ld
i
. -
i id i® id id
irogjaty(Ffe)
Rajmy(Ffe)

Frequency at - 0.5 V< E < 0V, cl) borate-only case; ¢2) KC1; and ¢3) KBr

id

1000

id



77

These observations are consistent with the solid-state conversion of Fe3C+4to a
more maghemite-like (y-Fe203) phase at the oxide-solution interface in Region 2, [84] as
will be discussed further in section 6. Both magnetite and maghemite have an inverse
spinnel structure with oxide anions in a cubic close packed array and (iron) cations
occupying octahedral (oh) and tetrahedral (Th) sites. The conversion from Fe304 to y-
Fe203 is not only thermodynamically feasible in this potential range [93], but also
expected to be kinetically facile.

Whether the film in Region 2 consists of two distinct layers or an oxide layer
with continuous distribution of FerVFem is still debated [104,105]. Nevertheless, the
formation of more Felll species in the oxide phase would increase the resistance of the
film. The extent of conversion from Fe3C4to y-Fe2C>3 appears to be potential dependent,
consistent with the previously proposed oxide formation mechanism [84]. The steady-
state current is likely determined by the dissolution of Fe2+ and Fe3+ species from the
surface, which will proceed only slowly at pH 10.6. Essentially, the same EIS and

current behaviour were observed for all three solutions.
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Figure 5-11 :a) Current measured during potentiostatic film growth, using the potential
profile illustrated in Figure 4-3, after pre-growth of an oxide at E = -0.6 V for one day in
the 10'3M borate solution at pH = 10.6. al) Borate-only case; a2) KC1; and a3) KBr. (b)
EIS response plotted as the log |Z] vs log Frequency at E > 0 V; bl) borate-only case; b2)
KC1; and b3) KBr. (c) EIS response plotted as the phase angle (0) vs log Frequency at E

> 0 V; cl) borate-only case; c2) KC1; and c3) KBr
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In Region 3, (E > 0.0 V) (Figure 5-11), the current behaviour was similar to that
observed in Region 2. The steady-state current is again independent of potential in all
three cases, except at E = 0.08 V. This is the potential at which a current surge was
consistently observed in the experiments presented in sections 5.2 and 5.2.1. The
conversion of Fe304to y-FeOOH is thermodynamically possible for E > - 0.2 V (vs SCE)
at pH 10.6. However, the potential drop across the low conductivity outer y-Fe2C>3 layer
would prevent conversion until a substantial overpotential was present. The conversion
of Fe304 to y-FeOOH would also require diffusion of water species to the inner
magnetite layer. Formation of the y-FeOOH phase between the magnetite and
maghemite layers is likely to create stress since, although the y-FeOOH phase has a cubic
close packed anion structure, the distance between anions is smaller, 0.28 nm [99], than
for Fe304 or y-Fe2C>3, 0.3 nm [99]. Such changes could then lead to film fracture

The increase in current when the potential was raised to 0.08 V can be
attributed to the onset of a new anodic process, consistent with the conversion of Fe304
to y-FeOOH. The potential-independent steady-state current can be attributed to the
dissolution rate of Felll from the outer oxide layer, a potential-independent chemical

reaction which would be a function of the solubility of iron species.

When the current does not increase on increasing the potential it can be
concluded that fractures caused by the volume change on converting Fe304 to y-FeOOH
quickly repair by growth of the Fe3(V Fe2C=3 layer in the absence of aggressive halide
anions. Sometimes, even in the presence of halides, repassivation occurs and pit

initiation is not observed, as can be seen from Figure 5-7.
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However, in the presence of halides, at a sufficient concentration, repassivation can be
inhibited leading to pit initiation. The reason for pit initiation is discussed in section 6,
but the key reaction steps preventing passivation are not fully understood. Recently, the
presence of a surface film of FeCl2.4H20 has been shown to be present at the base of
artificial pits [89]. The formation of such a layer, and its subsequent hydrolysis leadings

to the formation of Fe(OH)2 could lead to the acidification required to stabilize a pit;

FeCI2+ 2 HD -» Fe (OH)2+ 2 H++2 Cl 51

Similarly, any Fe3" produced within the pit environment would lead to acidification,

Fe3r+ x HD -> Fe (OH)X®X++ X H+ 52

Acidification would increase Fe2+ solubility but decrease that of Fe3t+since the minimum
solubility for Fe 3+ occurs at a pH < 10.6. However, any Fe(OH)3 deposited within the

pit must be unable to cause repassivation.

Although, the exact role of halide is not known it must stimulate metal
dissolution and acidification of the breakdown site at the expense of repassivation by

oxide growth.



5.4  Surface Analyses

5.4.1 Scanning Electron Microscopy/ Energy Dispersive X-ray Spectroscopy
(SEM/EDX)

At the end of the potentiostatic experiment, the surfaces of the carbon steel
samples subjected to pitting were examined by SEM and EDX for morphology and
elemental analysis, and by Raman spectroscopy and XPS to determine the chemical
composition and oxidation states of surface oxides. Figures 5-12, 5-13, and 5-14 show
SEM images and EDX maps of the surface around pitted areas formed in the presence of
the halides CI\ Br\ and I', respectively. Three SEM images are shown for each halide
case; (a) the pitted and surrounding areas after the experiment; (b) the same area, but
after removing the oxide deposits around the pits; (c) the pitted area (deposits removed)
at a higher magnification. These images show that diffusion of soluble corrosion
products out of the acidified pit leads to their precipitation around the pit on encountering
the slightly alkaline bulk solution. No accurate measure of the number of pits was
obtained as this was highly variable from experiment to experiment and no specific
dependence of the number or form of pits on the type of halide was observed. Pits also
had variable depths but these were not measured.

The same areas were mapped for the elements Fe and O using EDX, Figure 5-
12 (d and e), respectively. Generally, the EDX mapping shows a higher ratio of O to Fe
(less dense with Fe but denser with O) in and near the pitted areas, compared to the intact

(unpitted) surrounding area. This confirms that Fe dissolved within the pit is deposited
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around the outside of the pit. In other measurements (not shown) halide was also

sometimes detected by EDX at the locations of these deposits.

Figure 5-12 :SEM images (a, b,c), and EDX maps (d,e) of the pitted area. The electrode
had undergone potentiostatic film growth in Cf solution via the procedure illustrated in

Figure 4-3: b) the pitted area after removing the corrosion products, ¢) the magnification

of the pitted area



Figure 5-13 : SEM images (a, b,c), and EDX maps (d,e) of the pitted area. The electrode
had undergone potentiostatic film growth in Br' solution via the procedure illustrated in

Figure 4-3 Db,c) the pitted area after removing the corrosion products.



Figure 5-14 :SEM images (a, b,c), and EDX maps (d,e) of the pitted area. The electrode
had undergone potentiostatic film growth in I" solution via the procedure illustrated in

Figure 4-3 Db,c) the pitted area after removing the corrosion products.



5.4.2 Raman Spectroscopy

Following the potentiostatic step experiments at a series of potentials up to 0.4
V (Section 4.2.2), the electrode surfaces experiencing pitting were further examined by
Qx-Situ Raman Spectroscopy. The Raman spectra of standard iron oxides and
oxyhydroxides are compared to those recorded on our electrodes after experiments in the
presence of CF, Br*and I’, respectively, Figure 5-15. To aid in the assignment of the
observed Raman shifts to specific iron oxide or hydroxide phases, the Raman spectra of
standard samples of y-FeOOH, a-FeOOH, y-Fe203, a- Fe2C33 and Fe3C+4 were taken on
the same instrument in our lab and the main shifts observed are listed in Table 2. The
Raman shifts of these standard samples are consistent with those reported by Oblonsky
and others [90-91]. Figure 5-16 shows spectra recorded on the pitted area (black) and the

passive area (red) after pitting in the presence of CF and F .
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Figure 5-15 :Raman spectra of the corroded carbon steel electrode. The electrode had
undergone potentiostatic film growth in Cf ,Bf and T solutions via the film procedure

illustrated in Figure 4-3.
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Figure 5-16 :Raman spectra of pitted carbon steel electrodes (substrate red and pitted
area black). The electrode had undergone potentiostatic film growth in (a) CI' and (b) '

solutions using the procedure illustrated in Figure 4-3.



Table 5-1 :Raman shifts observed for standard oxides and oxyhydroxides of iron. The

strongest shifts are indicated in bold, and the second strongest in italics.

Oxide species

Fe3°4

y- FeOOH

y-Fe2 3

a-FeOOH

a- Fe,03

288

252 (s)

245

383 (s)

378

355 (s)

224 (s), 289 (s)

479

403

Raman shift ( cm'l)

665 (s)
529 656 1304 (b)
513 690(s) 715(s) 1414(b)
550

600

The Raman spectra of surfaces pitted in the CT and I" solutions are essentially

the same: the corroded areas exhibit Raman shifts characteristic of y- FeOOH with sharp

peaks around 252, 383 and a broad peak around 1304 cm'l and of y-Fe203 with peaks

around 378, 690 and 1414 cm'], and of Fe3CA with a peak at 665 cm'l Unpitted areas

show no significant peaks that can be attributed to any oxide phase, probably due to the

thinness of the oxide film (expected to be < 10 nm).
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The ex-situ Raman spectrum observed for the corroded surface in Br' solution
differs from those of the other halide cases, since it shows peaks that are characteristic of
a-Fe203 at 224 and 403 cm'], in addition to those of y- FeOOH around 252, 383 and 1304
cm'l and yFe2C3 at 378 690, and 1414 cm'l The Raman shift around 675 cm'lis
attributed to Fe3CH4, and y-Fe2C>3 which overlap. The formation of yF2C3 from R3CH4
and Fe(OH)3 is known to easily occur on air exposure [93]. Hence, it was suspected that
this surface was exposed to air during drying and transferring for Raman analysis. This
hypothesis was tested by performing in-situ Raman Spectroscopy of the carbon steel
surface near the end of the potentiostatic experiment in Br- solution. Figure 5-17 shows
the optical image and the Raman spectrum of the pitted area of the corroding surface in

the Br' solution.

The in-situ spectrum of the corroded area shows the same Raman shifts
observed in the ex-situ spectra of the CI" and F cases, with shifts characteristic of y-
FeOOH, y-Fe2C>3 and Fe3CH4.  The ex-situ and in-situ Raman results show that the pitting
corrosion products on carbon steel at the end of the potentiostatic step experiments in
halide solutions consist of y-FeOOH, y-Fe2C>3 and some Fe3C+4, and the composition does

not appear to depend on the type of halide.
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Figure 5-17 :a) In-situ Raman spectrum of a pitted carbon steel electrode. The electrode
had undergone potentiostatic film growth in Br* solution via the procedure illustrated in

Figure 4-3. b) Optical image of the pitted area.
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5.4.3 X- Rayphotoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to study the oxidation stare

of iron species and the chemical form of O in the films formed in potentiostatic step
experiments. After 1 day of oxide growth at -0.6 V, the potential was increased stepwise
in 20 mV increments every 40 min to a desired potential (E = 0.2 V). The electrodes
were then removed from the cell, washed with deionized water, and dried with Ar gas.
To minimize exposure to air, electrodes were transferred to a glass vial inside a glove
box. The electrodes examined did not show pitting up to E = 0.2 V. (See section 5.2.3
for more details).
No evidence was found for C1° in the survey XPS spectra, which is consistent with the
interpretation that Cf was not incorporated into the oxide film. A peak for CI-2p would
be observed around 199 eV, and for Cl-2s around 269 eV. As shown in Figure 5-18, no
peaks for Cf are observed in these binding energy ranges. Similar investigations by
Khalil et al [92] using XPS also did not reveal any Cf in passive films grown in CI' -
containing solutions.

An example of a high resolution XPS spectrum for the Fe-2p and O Is regions,
recorded on an oxide film formed at 0.2 V in Cf solution is shown in Figure 5-19 (a,b).
In addition to the Fe-2p oxide peaks at 709.5 eV for Fe" and 710.5 eV for Felll the peak
at 707 eV for metal iron [93] is commonly observed in all XPS spectra, indicating that
the thickness of the oxide film is less than the maximum escape depth of the
photoelectrons from the material. This result suggests that the oxide thickness is < 10

nm. Biesinger et al [95] have calculated the thickness of the oxide film on iron using the
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Strohmeier overlayer equation (Equation 5-3), and various data [94] for the mean free

path lengths appropriate for the oxides of iron and iron metal,

, \
d = A0. Sin 0. In N mXmit +1 5-3

K AOIm

In this equation the subscripts o and m represent the oxide and metal, respectively, 0 is
the electron take-off angle used, N is the volume density of metal atoms in either the bulk
metal or oxide phase, X is the energy loss due to inelastic electron scattering in the
respective phase, and I represents the intensity (peak area) of either the metal or the oxide
Fe-2p signal. The maximum depth probed using this method is about 10 nm. Using
values from Beisinger’s calculations the thicknesses of iron oxides formed at different
final potentials have been calculated, Figure 5-20 [95]. This figure shows that the oxide
thickness does not show any increase at final potentials < 0.0 V, but does increase when
the final potential is greater than 0.0 V, i.e, in potential Region 3 where the film is

undergoing breakdown and repair.
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Figure 5-18 :XPS survey spectrum of a iron oxide film grown using the potential profile
described in Figure 4-3 up to a final potential E = 0.2 V after pre-growth of a magnetite

film at E =-0.6 V for one day in Cf solution.



Figure 5-19 :High resolution XPS Spectra of the Fe-2p and 0-1 s peaks on an oxide film
formed grown using the stepwise potential profile described in Figure 4-3 up to a final
potential of E = 0.2 V after pre-growth of a magnetite film at E = -0.6 V for one day in

Cf solution.
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Figure 5-20 : Thickness of the iron oxide film as a function of potential (m) and the

atom % of metallic iron as a function of potential (O).
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Additional proof that the thickness of the film increases with potential can be obtained by
observing the change in area of the metallic iron peak as the potential is increased in to
region 3, Figure 5-20. This value roughly represents the depth to which X-rays can
penetrate into the metallic iron under the oxide layer. The atom percentage of metallic
iron shows a significant decrease when the potential is increased above 0.0 V.

The average oxidation state of the film can also be estimated. The position of
the Fe-2p peak is plotted as a function of the applied potential in Figure 5.21. The
binding energies for Fe-2p for wiistite (FeO) and (y-FeOOH) are 710.4 eV and 711.5 eV,
respectively. A gradual shift in the iron oxide peak position to higher binding energy with
increasing potential indicates an increase in that ratio of Felllto Fell

To determine the change in oxide content, the ratio of the area of 0-1s peak in
the oxide film as a function of potential is plotted in Figure 5-22. This figure shows a
significant increase in the ratio of oxide content at the expense of the ratio of hydroxide
content as the potential is increased through region 1and 2. However, once the potential
Is increased in to region 3 and above a potential of 0.08 V, when corrosion of Fe3C4 to y-

FeOOH corrosion, the hydroxide content increases again.

These results are consistent with an increase in film thickness due to the growth
of the Fe3C+4 and y- Fe203 phase at expense of Fe(OH)2 or Fe(OH)3 at low potentials.
Once E > 0.0 V, the contribution of y-FeOOH to the thickness of the film increases

considerably, while that for Fe304 and y- Fe203 decreases



97
711 35+

711.30-
I 711.25-
71120-
711.15-

711.10-

T Qe

711.05-

-1
-0.6 -0.4 -0.2 (00 0.2 0.4

E (V vs SCE)

Figure 5-21 :Fe-2p binding energy of as a function of potential.

Ratio of oxide or hydroxide out of total 0-1s

Figure 5-22 :Ratio of the area of oxide/hydroxide out of the total O-Is peak.



Chapter 6

6 PROPOSED FILM BREAKDOWN MECHANISM

Pitting is a localized process, which can be separated temporally into initiation
and propagation steps. Initiation occurs when the protective (or passive) surface-oxide
film is breached, opening up flaws and exposing the substrate metal to the solution.
Generally, prior to initiation, the electrochemical potential of the corroding system is high
because of the presence of the passive film, which acts as a resistive barrier to charge
transfer processes prior to its breakdown. Consequently, on initial film failure, a high
overpotential exists, which causes rapid oxidation of the underlying oxide or metal
substrate. If this oxidation process favours the reformation of the passive oxide (i.e. the
solubility of metal cations and their tendency to hydrolize are low), passivity can be
restored. On the other hand, if metal dissolution leads to the formation of soluble cations,
their hydrolysis could occur via reaction 6-1 leading to a decrease in the pH close to the
substrate surface, especially within flaws which limit diffusion of protons away from the

breakdown location,

Mnt + HzO -» MOH >+ + H+ 6-1
If the pH decreases in this manner, cation solubility is generally increased and
repassivation strongly inhibited. As a result, once pitting is initiated, anodic dissolution

inside the pit can proceed rapidly, leading to extensive pitting damage.
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As the pit propagation rate is primarily controlled by the local environment
inside the pit, and this environment is difficult to control or assess, it is important to
determine the mechanisms and conditions leading to pit initiation.

Figure 6-1 shows that for Fem hydrolysis different Fem species such as Fe(OH)2",

Fe(OH)2+, and Fe2(OH)24+are rapidly formed,

Fedr+ X HD -> Fe(OHX3X+ + x H+ 6-2

In the presence of halides, the formation of halides salts on the rapidly dissolving metal
surface is thought to prevent repassivation but not hydrolysis as illustrated in Figure 6-1.
Soluble Felll species which diffuse out of the pit will precipitate on encountering the
much higher pH prevailing in the bulk of the solution.

Galvele et al [96] among others first proposed that metal ions hydrolyze inside
pits, and that the corrosion products are transported out of the pit by diffusion. They also
proposed a mechanism involving passivity breakdown at the initial stages of pit growth:
due to localized acidification stemming from the hydrolysis of the few metal ions formed
by the low (passive) anodic corrosion current. Following corrosion processes, Baylis et
al. observed a bulk pH value of about 5 inside steel water pipes. They explained this
slight acidification as being caused by the hydrolysis of anodically formed Felland Felll
ions resulting in the formation of Fe3C+4 and various hydroxides or basic salt compounds
along with the release of protons.

Since pitting, once initiated, can propagate rapidly, from the perspective of

corrosion control, it is important to understand the mechanisms and conditions leading to
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pit initiation and to develop a methodology to prevent it. As, mentioned above, for
pitting to initiate, the passivity of the surface film must be compromised. As discussed in
section 5.2, this can be achieved in halide-containing solutions. The results in this thesis

can be discussed in terms of two possible initiation mechanisms.

pH (bulk) » pH (pit)

Figure 6-1 jSchematic of the pit propagation mechanism

6.1 Initiation Mechanism I: Influence of Halide on Passive Film Formation

In this mechanism, halides are either incorporated into the metal-oxide matrix

during its growth, resulting in a progressively more defective film, or they prevent a
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defect-free passive layer from forming. After prolonged exposure to halide solutions,
such a film would become extensively defective, which would eventually lead to film
fracture and/or the formation of micro pores. Through this initiation mechanism, Eb
would be expected to depend on the type of halide, since their physical and chemical
properties (e.g. size and electronegativity) that could influence oxide formation, vary

significantly between halide species. Such mechanisms have been proposed by many
researchers [46,48,49,54-56], who have suggested that the presence of Cf increases the
solubility of iron species, resulting in an overall thinning of the passive layer. This would
eventually lead to pitting if the potential is above a critical value. Other researchers [39-
45] have proposed that oxide film breakdown involves incorporation of chloride directly
into the oxide lattice, making it susceptible to local depassivation. Both of these
processes would be expected to depend on halide type, since the ability of Br' and *to
either complex and solubilize Fe or to be incorporated into the oxide, should be
different to that of Cf . In particular, the size of the anion would be expected to have a

very large effect on its ease of incorporation into defects in the oxide.

6.2 Initiation Mechanism Il: Oxide Conversion and Opportunistic Halide Attack

In this mechanism, the halides are not involved in film formation, but take
advantage of oxide hydroxide conversion processes in existing films. If these processes
lead to development of interfacial stresses due to different lattice parameters and the

ensuing volume changes, they could induce film fracture. Thermodynamic calculations
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show that the conversion of Fe304 to y-FeOOH on carbon steel occurs at high potentials
(> 0.0 V at pH 10.6), and would be accompanied by a significant volume change at the
steel/oxide interface, since their normalized volumes (volume per iron atom in a unit cell)
are 0.1973 nm3and 0.1493 nm3 respectively [99]. Also, the distance between to adjacent
02 ions is about 0.298 nm [99] which is longer than the distance between cations.
Therefore, metal ions can occupy the interstitial sites without affecting the 0-0 distance.
In addition, this conversion involves the transformation of an inverse spinel (Fe304) to an
orthorhombic structure (y-FeOOH). The fractures induced by these changes could lead to
exposure of the base metal to solution, and allow halide access to the metal surface. This
would prevent repassivation by increasing cation solubility, promoting hydrolysis of
dissolved Fe3t, and allowing pit propagation (Figure 6-2). With this mechanism, EB
would be expected to be independent of the nature of the halide, but dependent on the

properties of the film.
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Metallic Fe Fe 4" 7-Fe? 3+y-FeOOH Solution

Repair in the absence of X

No repair when X-present

Figure 6-2 illustration of the proposed mechanism Il for film breakdown in the absence

of halide followed by film repair, and in presence of the halide followed by pit initiation.

6.3  Results Supporting Mechanism 11

The hypothesis proposed in section 6.1 is the more popular one [96-103]
although there is a lack of agreement in the literature on the influence of halide (e.g. CI)
on the passive film [96-103]. However, EI-Nagger et al [100] suggested that penetration
of aggressive anions (e.g. CI') into the passive layer occurs without destroying its
passivity prior to pit initiation, which is more consistent with mechanism II. In their
scenario, the dissolution of the metal follows when CI" reaches the bare metal. Using
Secondary lonization Mass Spectroscopy (SIMS), Auger Electron Spectroscopy (AES),
and XPS, Goetz et al [101] showed that oxide films formed on Fe in 0.5 M CI" solution
are, in fact, ClI" free; i.e., CI" does not incorporate into the passive oxide. By forming the
oxide film in short time periods they also proved that the CI" is neither a precursor nor a
cause of pit initiation. As well, in a recent study by Smialowska et al, [30] it was

demonstrated that no CI" ions were found in the (inner) barrier or passive layer but only in
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the outer layer of the film. This result suggests that a mechanism involving C1°
penetration through the passive layer prior to pit initiation may be incorrect. In our
results, the values of Er observed in CV and potentiostatic experiments were consistently
> 0.0 V and independent of the type of halide (see Figure 5-4). In experiments not
leading to pitting, a brief current surge was observed upon increasing the potential into
the breakdown potential range, i.e., for E > 0 V, (Figure 5-4). A similar current surge
was observed for carbon steel immersed in halide-free solutions, suggesting that the film
breakdown occurred irrespective of the presence of halide, which supports pit initiation
via Mechanism II.

In general, there must be a relationship between pit initiation and the
disordering of the passive layer. The mechanical stresses induced by the oxidative
formation of the y-FeOOH within the passive layer may be the actual reason for the
increase of the nucleation rate which is demonstrated by the brief current spike
throughout all the experiments at E = 0.08 V. For halide free solutions, the fracture is
rapidly followed by repassivation and pit propagation is avoided, as shown in Figure 6-2.
The particular causes for the conversion of Fe3C+4to y-FeOOH will be discussed in the

next section
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Vertical lines: E,, pH = 10.6, 25°C
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Figure 6-3 :a) Thermodynamic equilibrium potentials for a series of compounds at room
temperature and pH 10.6. b) Cyclic voltammograms recorded on carbon steel in 0.01 M

borate buffer solution at pH = 10.6 [102].
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6.4  In Depth Analysis of Carbon Steel Films as a Function of Potential

Previous studies on the electrochemical properties of carbon steel in halide free
borate solutions at pH = 10.6 [84,102] have suggested that the oxidation behaviour of

carbon steel can be grouped into three potential regions as illustrated in Figure 6-3.

1- Region | (-0.8 V< E (V vs SCE) <-0.5 V)
2- Region Il (0.5 V<E (V vs SCE) <0.0V)

3- Region Il (0.0 V<E (Vvs SCE) <04 V)

6.4.1 Regionl (-0.8 V< E (Vvs SCE) <-0.5V)

In this region both Fell and Fell/m oxides are thermodynamically feasible.

Oxidation of Fe to Fe" as well as either Fe or Fe" to Fell/m oxide phases will occur.

Possible species include FeO, and Fe(OH)2 for Fell and Fe304 for Fell/m

Figure 6-4)

Figure 6-4 jSchematic of film formation processes possible in region 1
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6.4.2 Region 11 (-0.5 V< E (V vs SCE) < 0.0 V)

In this potential region, oxidation of Fe to Felland Fell/m continues to occur.
However, the conversion of FeO, Fe(OH)2 and Fe304 to y-F2C3 is also
thermodynamically feasible. Kinetically, the conversion of Fe304 to y-Fe203 should be
facile because both have a similar cubic crystallographic structure. In general, the inner
oxide layer is expected to be Fe3CH, while y-Fe2C>3 would be formed as an outer layer.
The average valence of Fe would increase with an increasing in potential. Figure 6-5

illustrates the inner and outer phases formed in this region.

Figure 6-5 jSchematic of film formation processes possible in region 2

6.4.3 Region 111 (0.0 V< E (VvsSCE) < 0.4 V)

In this region, the conversion of Fe304 to y-FeOOH is thermodynamically
possible. This is presumed to lead to film fracture as per Figure 6-6. In the absence of

aggressive anion (e.g. halides) the film quickly be repassivated or repaired whereas in the
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presence of aggressive anion such as halides initiation of pit might be occurred. (Figure

6-6) [84]

MilicFe e *VFeDBH/ RO

Figure 6-6 Schematic of film formation process possible in region 3
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Chapter 7

7 SUMMARY AND CONCLUSIONS

71  Summary

The primary goal of this research was to determine the processes which cause
film breakdown leading to pitting of carbon steel in solutions containing halide anions. It
is commonly accepted that the influence of ClI on passive film properties is the key
feature in breakdown, and the possibility that transformations in the oxide are responsible
has not been considered. Electrochemical techniques such as electrochemical impedance
spectroscopy (EIS), cyclic voltammetry and amperometry, and surface analytical
methods such as SEM, in-situ/ex-situ Raman spectroscopy and XPS have been used to
investigate the changes in film properties leading to breakdown in borate-buffered
solutions at pH = 10.6 containing either ClI , Br~ or I-. The following results have been

obtained in this research:

> The key observations from the voltammetric studies include:
0 The film breakdown, or pit initiation, potential is always more positive
than 0.0 V (vs SCE), and has no systematic dependence on halide type,
0 On the reverse scan, the current decays immediately to near zero when

pitting has not occurred. When pitting has occurred, the current remains
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anodic until the potential reaches -0.4V = 0.05 V. This potential at which

the current becomes zero (Ej=o) is also independent of the type of halide.

> The key observations from the potentiostatic film growth experiments in which

the potential is increased stepwise include:

0

Film breakdown indicated by a high steady-state current, never occurs at a
potential less than 0.0 V, consistent with the minimum pit initiation
potential observed in the voltammetric studies. Comparison to previous
studies shows that potentials at, or above, this value are in the region
where oxidation of magnetite (Fe3C*) to lepidocrocite (y-FeOOFI) could
lead to a significant volume change in the thin oxide film leading to a
susceptibility to pit initiation.

On the reverse voltammetric scans, (Ej=o) =-0.4V + 0.05 V, independent
of the type of halide, when pitting has occurred during the stepwise
potential increase. This is the same zero-current potential value observed
in the voltammetric studies. When pitting has not occurred, (Ej=o0) is much
higher at 0.2 £ 0.05 V, and identical for solutions containing one of the
three halides, as well as for halide-free solution,

The thickness of the inner magnetite layer, controlled by changing the
duration of the prefilm growth in this study, does not change the above
general observations, although the thicker prefilm in general results in
higher pit initiation potentials due to longer times required for the effect of
halide to show for the thicker film. This confirms that the film properties,

not the halide type, determine the breakdown potential.



0 The time of halide addition does not change the general observations

either; the halide addition when the potential is less than 0.0 V does not
lead to pitting while it often leads to pitting when the potential is > 0.0 V
whether halide is added before or after the potential is increased to these

values.

> The EIS analysis of the film as a function of potential observed during the

stepwise potential increase shows that;

0]

The oxide film properties change considerably over the potential range -
0.42 V to 0.0 V (region Il). Previous studies show that, in this potential
range, the film is undergoing conversion from magnetite to maghemite (y-
Fe2C>3), both of which share the same phase structure,

No further changes in the EIS spectra with potential are observed when E
> 0.0 V for non-pitting cases.

The potential dependent behaviour of EIS is independent of the presence

or the type of halide in the solution.

> The XPS analyses of the surface as a function of potential during the stepwise

potential increase for non-pitted films in halide containing solutions show that,

0]

0

No halide peaks are observed, indicating that halide ions are not
incorporated into the oxide film.

The film thickness determined by the relative contributions of oxidized
and metallic Fe to the Fe-2p band shows a distinct increase when the
potential is increased, above 0.0 V. This increase coincides with an

increase of the OH contribution to the O-Is band. This is consistent with
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acceleration of film thickening via a breakdown/repassivation process at E
>0.0 V.
> The key observations from the surface analyses of pitted films include
0 SEM/EDX analyses of pitted areas show a considerable deposition of iron
oxides/hydroxides outside of the pit, and no trace of halide in the pit.
0 Raman spectroscopy of carbon steel electrodes pitted in halide-containing
solutions indicate the presence of magnetite, lepidocrocite, maghemite,

and hematite as corrosion products.

The above observations are consistent with the film formation/conversion mechanism on
carbon steel in two potential regions (I1 and IlI) previously identified in halide-free
solutions. In region Il (below 0.0 V) the magnetite layer that has been formed at lower
potentials can grow but also convert to maghemite (y-Fe2C>3). However, both share the
same phase structure and hence the conversion is kinetically facile and leads to no stress
in the film despite the film becoming'(more passive. In region Il (above 0.0 V), the
oxidation of magnetite (Fe304) to lepidocrocite (y-FeOOH) could lead to a significant

volume change and micro film fractures.

In the absence of halide, any release of Fe™/Fe” within these fractures would
lead to a suppression of pH due to cation hydrolysis. However the solubility minimum
for Fe3+ is at approximately pH 8, and the ensuing decrease in cation solubility would
favour repassivation as always observed. However, in the presence of halides, the film

fractures introduce facile pathways for the transport of halides to the metal surface at the



113

base of fractures. Since the dimensions of fractures will be considerably larger than the
size of the halide ions, halide-type would be expected to be irrelevant. Once access to
the metal surface is achieved, halides could then interfere with the repassivation process,

thereby allowing the initiation of stable pits.

7.2 Conclusions

It is concluded that the halide ions do not degrade the properties of the oxide
film leading to pit initiation, but take advantage of fractures induced by the conversion of
magnetite to lepidocrocite at the steel/oxide interface. In the absence of halide, any
release of Fe®*/Fe*" within these fractures would lead to a suppression of pH due to cation
hydrolysis. However, the solubility minimum for Fe3+is at ~ pH 8, ensuring a decrease
in cation solubility, and thus, favouring repassivation. In the presence of halides, halides
can be easily transported to the metal surface at the base of fractures. Once access to the
metal surface is achieved, halides could then interfere with the repassivation process,
thereby allowing the initiation of stable pits. For such a process, involving the transport
of halides through fractures in the film, the significant differences in halide ion sizes

would be unimportant.
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Additional Required Research

The dependence of pitting potential on pH should be measured. The conversion of
magnetite to lepidocrocite would be expected to be pH-dependent, leading to a
change in breakdown potential with pH.

The thickness of the magnetite layer at the steel/film interface would be expected
to increase with temperature, leading to an influence on the breakdown potential.
A similar study on iron, as opposed to carbon steel, should be conducted. This
could indicate whether the film breakdown events are influenced by the

coexistence of ferrite and cementite grains in the steel.
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