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Abstract
The impact of corrosion on the oil and gas industry has been viewed in terms of its effect on
both capital and operational expenditures. The wide-ranging environmental conditions
prevailing in the oil and gas industry necessitates the appropriate and cost-effective materials
choice and corrosion control measures. The implementation of these measures is becoming
increasingly important as the corrosion related failures constitute over 25% of failures
experienced in the oil and gas industry. More than half of these failures are associated with
sweet corrosion (CO2 corrosion). The use of corrosion resistant alloys, such as 316 stainless
steel, are being increasingly used due to its superior mechanical properties and corrosion
resistance. Despite the increasing use of stainless steel in oil and gas production where
anaerobic CO2 (carbonic acid) environments exist, not a great deal is known about the nature
of the passive film and its protective mechanism in these environments.
The first experimental work chapter in this thesis (chapter 3) has been studied the relationship
between the passive film properties in relatively mild CO2 environments and the susceptibility
to pitting corrosion by using different electrochemical techniques, such as cyclic polarization,
electrochemical impedance spectroscopy, and Mott-Schottky. The results indicate that the
pitting susceptibility of 316L stainless steel increase with increasing temperature and NaCl
concentration. In addition, the results provide insight into the possible change in the passive
film structure as a result of an increase in temperature. It is interesting that the results for 316L
in a deoxygenated CO2 environment are not dissimilar in behavior expected in oxygen-rich
environments which has been the focus on much more research.
The second experimental work chapter (chapter 4) has involved the comparison of the
corrosion behavior and passive film properties in CO2 and N2 environments using cyclic
polarization, electrochemical impedance spectroscopy, Mott-Schottky, and x-ray photoelectron
spectroscopy. The results showed no porous layer was found on the passive film formed in N2
environment at any temperatures tested. In addition, x-ray photoelectron spectroscopy analysis
indicates that the variation in the elemental composition of the passive films, a higher
concentration of metal hydroxides (potentially Cr(OH)3) is observed as temperature increases
particularly in the presence of CO2.
The third experimental work chapter (chapter 5) was studied the impact of high temperature
and high pressure and NaCl concentrations on the pitting corrosion of 316L stainless steel in a
CO2 environment simulating to the oil and gas production systems. The production conditions
iii

tend to become more corrosive hence requiring a more stringent corrosion management
strategy. The results revealed a synergistic effect of high temperatures and high NaCl
concentration on the change in the passive layer structure. As the temperature increase, the
defects in the passive film formed on the 316L increase and makes it more heterogeneous. In
addition, this harmful effect is intensified at higher NaCl concentrations. Therefore, the
combined effect of these factors decreases the protectiveness of the passive film. Whereas,
Mott-Schottky results have shown that the donor and acceptor densities appear to be unaffected
by the increasing the temperatures to the same extent as increased NaCl concentrations.
Because the abnormal corrosion phenomenon took place when CO2 was present. The fourth
experimental work chapter (chapter 6) has investigated the effect of different CO2 partial
pressure on the passive film formed on 316L stainless steel at different temperatures. The
results indicate that the presence of the high CO2 partial pressure caused the decrease in the
corrosion potential observed over long periods of exposure due to increase the complexity of
the electrolyte systems meaning the corrosion rates of 316L stainless steels depend
significantly on the partial pressure of CO2. The dissolved CO2 can play an important role, to
some extent, in deciding the composition of the metal oxide scale. In addition, the temperature
has a profound effect on the corrosion behavior of 316L.
The research presented in this thesis (chapter 7 and Appendix Ӏ) involved the effect of
temperature on the corrosion rate and the protective layer formed on UNS G101800 and UNS
G10300 carbon steel at different corrosion inhibitor concentrations in the present and absence
of NaCl. The results showed that the corrosion resistance of carbon steel was improved by the
addition of NO−
2 as evident by the reduction in weight loss corrosion rate and the combined

results from electrochemical measurements. In addition, the presence of 500 ppm chloride ion
increased the susceptibility to localized corrosion in the form of pits, which was mitigated by
the addition of 500 ppm NO−
2 . The action of nitrite based corrosion inhibitor is due to the

oxidation of iron ion to form Fe2O3 on the carbon steel surface.
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Chapter 1: Introduction
1.1 Introduction
Corrosion is defined as the deterioration of materials by chemical interaction with their
surrounding medium. Corrosion is an electrochemical process that occurs because of the
presence of anodic and cathodic active sites on the material surfaces in which a current flows
from the material surface at the anode site passes through an electrolyte and re-enters the
material surface at the cathode site. Current flows because of a potential difference between
the anode and cathode. The anode potential is more negative than the cathode potential, and
this difference is the driving force for the corrosion current. The combination of all the main
corrosion elements (anode, cathode, electrolyte, and the metallic connection between anode
and cathode) is termed a corrosion cell.
The effect of corrosion in the oil and gas industry includes dangerous damage in pipelines and
leads to the failure of parts which could result in the plant shutdown [1]. The annual cost of
corrosion to the oil and gas industry in the United States alone is estimated to be $1.372 billion
(According to NACE International), this prompted specialists to estimate the global annual cost
to the oil and gas industry as exceeding $60 billion [2]. In addition, corrosion may cause serious
environmental problems, such as spills and releases of toxic chemicals. Because it is impossible
to stop corrosion, it is becoming more apparent that controlling the corrosion rate may be the
most economical solution. ‘’Corrosion Control’’ in the oil and gas industry provides engineers
and designers with the tools and methods to design and implement comprehensive corrosionmanagement programs for oil and gas infrastructures [3].
The impact of carbon dioxide (CO2) corrosion in the oil and gas industry is well known [4, 5].
The results from CO2 saturated water that is produced along with the crude oil and natural gas
processing [6]. Approximately 60% of oilfield failures are related to CO2 corrosion, mainly
due to poor resistance of materials to this type of corrosive attack [7]. CO2 can cause not only
general corrosion but also localized corrosion, which is a much more serious problem. In
addition, the type of corrosion caused by dissolved CO2 varies considerably depending on the
precise environmental conditions [8]. Many researchers have studied the mechanism of CO2
corrosion [9, 10], some of them have focused on the partial pressure of CO2 due to its
aggressiveness and its impact on oil production [11]. Generally, corrosion under these
conditions occurs in the absence of oxygen.
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Until the 1980s, carbon steel is one of the most important metals used in oil and gas operations.
The rapid development in these industries has led to the use of corrosion resistant alloys
(CRAs), and this trend continues as these industries become involved in deeper and more
aggressive environments [12]. These alloys can extend the corrosion resistance more than the
other components like carbon steel or mild steel because of their passive film formation, and
also offer reliable protection from corrosion, eliminating the need for expensive continuous
maintenance and repairs [13, 14].
Generally, the assessment to use CRAs should be conducted as early as the pre-engineering
phase. For example, these alloys are now widely employed in piping applications. Metallurgy
and production technology have been developed and established to allow the use of corrosion
resistant alloys for severe conditions. Many variables influence the performance of CRAs, e.g.,
temperature, chloride ion concentration (Cl-), the Partial pressure of CO2, and pH [13-15].
Choosing the right materials is crucial; some factors to be considered include [13, 16]:
1- Ranges of alloy composition.
2- Heat treatment parameters.
3- Complex material mixture metallurgy.
The selection of corrosion resistant alloys for producing and transporting corrosive oil and gas
can be a very complex procedure, and if improperly carried out, it could cause negative
consequences. Therefore, all factors should be considered.
CRAs are widely used in the oil and gas production containing CO2 [17] although the combined
effects of different parameters such as temperature, pressure, Cl- ion, and acetic acid may lead
to significant effects on the CRAs, due to the potential threat of sudden material failure such
as pitting and stress corrosion cracking [18, 19].
Localized corrosion of stainless steel has been extensively studied with the focus on the
characterization of passive film and investigation of corrosion mechanisms [12, 20, 21]. In
particular, the effect of Cl- on the local breakdown of passivity and stability of surface oxide
was proposed [22-24]. Recently, some researchers reported the combined effect of Cl- and CO2
on a passive oxide film [25, 26].
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Pitting corrosion of metals and alloys is one of the main causes of material failure in industrial
systems. It is difficult to control pitting corrosion due to its complex nature. Pitting corrosion
comprises two main processes: pit nucleation and pit growth. Some authors have considered
that pit initiation is attributed to the breakdown of the passive film layer caused by random
fluctuations at local sites. After pit nucleation occurs, depending upon the conditions, the pit
can either repassivate immediately or grow and then repassivate. It is generally agreed that pit
initiation occurs as a result of breaking down of a passive film rich in chromium oxide, mostly
in the presence of chloride, the propagation is an autocatalytic process in which corrosion
products are hydrolyzed to provide local enrichment in chloride and proton concentrations. The
pits could also provide active crevices sites for a formidable corrosion attack [27].
In recent years, there are studies on the pitting of metals, particularly stainless steel [28-30].
Pitting potential (Epit), protection potential (Epp), and repassivating potential (Erep) are the
important electrochemical parameters for studying the likelihood of pitting corrosion of
materials. Pitting potential (Epit) is the potential above which passive alloys are susceptible to
pitting corrosion under certain environments, but below which pits cannot be formed, although
existing pits can grow if the potential is greater than the protection potential. On the other
hand, the existing pits will remain passive if the open circuit potential (OCP) lies below this
repassivating potential. These parameters depend on the environment and the surface condition
of the metal. Until recently, Epit was the fundamental parameter in evaluating the susceptibility
of different materials, in a different environment to localized corrosion. However, it is accepted
widely that due to similarities between the crevice and pitting corrosion mechanisms, it would
be more appropriate to introduce a new parameter called the breakdown potential, Eb. It is
defined as a potential at which the pitting or crevice corrosion initiates. Thus, it is more
appropriate to represent localized corrosion by Eb rather than referring to Epit or crevice
potential separately [31].
Crevice and pitting corrosion are forms of localized corrosion, which means that the corrosion
occurs in a limited area on the pipe. The corrosion rate is often high and is generally higher
than that for uniform corrosion, due to a large cathode/anode ratio. A severe attack is therefore
usually observed, and the pit or crevice may cut through the pipe wall thickness to form a hole.
Crevice corrosion is another type of localized corrosion and commonly occurs where there is
a narrow fissure with a width of normally only a few micrometers. These fissures can occur
where two surfaces meet or where there are external agents such as paint remnants, tape or
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insulation that forms a crevice against the pipe surface. Inside small crevices, the electrolyte
exchange is severely disabled, and therefore the corrosion condition can be aggravating over
time [12, 30]. In the last several decades, crevice corrosion was extensively researched [12, 30,
32]. The crevice corrosion mechanism is dependent on several parameters, and it may change
accordingly with a change in the parameters [33].
Critical factors affecting the crevice corrosion of stainless steel in seawater or similar solutions
include the salinity, velocity, temperature, dissolved oxygen level, the chromium and
molybdenum contents of the stainless steel. In addition, the behavior of the passive film,
crevice type, and chemical reaction also considered significant factors [29]. In most cases, there
are obvious similarities between crevice corrosion and pitting corrosion mechanisms.
1.2 The objective of this work
The experiments have been designed to investigate the objectives as listed below:
 Study the passive film properties of 316L and its susceptibility to pitting corrosion in
different environments (CO2 and N2) by using different electrochemical techniques.
 Investigate the best stability of the passive film that will be formed on 316L Stainless
steel for different parameters such as the change in the temperature and the change in
concentration of NaCl.
 Studying the characteristics of the passive film formed on the surface of 316L Stainless
steel at different stages of exposure, as well as the re-passivation kinetics.
 Screening of the corrosion scales of 316L Stainless steel by using different surface
analysis techniques.
 Study the impact of high temperature and high pressure and NaCl concentrations on the
pitting corrosion of 316L stainless steel in an environment simulating to the oil and gas
production systems.
 Study the effect of different CO2 partial pressure on the passive film formed on 316L
stainless steel at different temperatures.
 Evaluate the performance and thermal stability of NO2- as a corrosion inhibitor for a
different type of carbon steel.
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1.3 Significance of this work
Corrosion resistance alloy (CRA), especially 316L Stainless steel has been used in the
production of oil & gas for several decades because it provides long-term resistance to
aggressive environments involving high CO2 content, high temperatures, and pressures, where
conventional carbon steel is not suitable. However, corrosion problems still represent the most
important challenges causing huge losses in the industry. Many annual reports have estimated
the cost of corrosion in the industry to be about millions of dollars, for example, the cost of
corrosion for the Shell Company has been calculated to be equivalent to $400 million in 1995
[2].
As mentioned before, this research aims to significantly improve the understanding of the
behavior of 316L Stainless steel exposed to severe conditions such as high temperature and
pressure and under corrosive environments. The formation of the passive film and its stability
under various corrosive conditions will be investigated. In addition, to understand the thermal
stability and performance of a nitrite-based corrosion inhibitor at inhibiting corrosion of carbon
steel at high temperature and high pressure. So, it is believed that the proposed research will
be able to reveal the appropriate operating conditions, and it will reduce the economic and
production losses.
Accordingly, the outcomes of this research will assist oilfield corrosion engineers to better
protect production equipment from financial and environmental effects due to corrosion
failures.
1.4 Research Methods
1.4.1 Immersion Corrosion Test
Immersion tests were carried out using methods reported in NACE procedure NACE
TM0169/G31-12a, Standard Guide for Laboratory Immersion Corrosion Testing of Metals
(NACE 2012) [34], to evaluate the corrosion behavior of 316L stainless steel and carbon steel
specimens when immersed in different solutions and at different conditions. The test specimens
were examined periodically to monitor the corrosion as a function of time. At the end of the
testing period, the specimens were removed, washed in DI water and ethanol, and then analyzed
data by using different surface analysis techniques for the possibility of pitting corrosion and
its extent. Weight loss is a measure of the average uniform corrosion rate over the exposure
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period and is obtained by cleaning the specimen using an acid with composition under ASTMG1-03 [35]and NACE TM0169/G31-12a [34].
1.4.2 Electrochemical Test
The corrosion behavior of 316L Stainless steel and carbon steel were evaluated for a short time
by using various electrochemical techniques, such as:
1.4.2.1 Cyclic Polarization Technique
This technique is commonly employed to determine the susceptibility to pitting corrosion of
passive materials. In this test, the experiment is conducted using a conventional three-electrode
test cell. A 1L Pyrex glass cell was used for the electrochemical measurements. The electrode
arrangements consist of a silver/silver chloride (Ag/AgCl) reference electrode, platinum (Pt)
counter electrode, and the working electrode machined from 316L Stainless steel or carbon
steel specimens. A potentiostat (Gamry 600 computer controlled) will be employed and is
controlled by the general purpose electrochemical software version 4.6. The exposed surface
of each working electrode was wet polished with 120, 320, and 600 grit silicon carbide paper,
rinsed in ultra-pure water and washed in acetone to remove any impurities that might have
remained on the electrode surfaces after polishing and then put in the ultrasonic bath for 20
minutes in ethanol. The surface of each sample was investigated using an Alicona optical
microscope prior to the polarization to ensure that there is no pre-existing pit on the sample
surface. Working electrodes were immersed in the electrolytes for stabilization at the opencircuit potential (OCP), and the open-circuit potential was recorded after reaching the steady
state conditions. A saturated silver/silver chloride electrode was connected to the test solution
by a salt bridge. The potential was scanned from the OCP in a positive direction until either the
resulting current suddenly increases due to the breakdown of the passive film and pitting
corrosion occurs or the potential reach the pre-specified value with no sharp increase in current
as no pitting takes place. Afterward, the potential was then reversed in the negative direction
to determine the re-passivation potential of the materials.
1.4.2.2 Electrochemical impedance spectroscopy (EIS)
This test was used to investigate the properties of the passivation film. The electrode potential
of the specimen was measured with respect to an external saturated Ag/AgCl. A Pt mesh was
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used as a large area counter electrode. The test solution was aerated by bubbling CO2 through
a fritted disc, and this provided a small degree of agitation of the solution.
1.4.2.3 Mott- Schottky (M-S)
The Mott-Schottky (M-S) experiments were conducted to determine the electronic properties
of the passive film of 316L SS after exposure to different conditions. M-S relation describes
the potential dependence of the space charge capacity of a semiconductive electrode.
1.4.3 Autoclave cell
autoclave fabricated from Hastelloy (UNSN10276) [44] was employed to investigate the
influence of high temperature high pressure on the corrosion behavior of 316L Stainless steel
or carbon steel samples. The autoclave design is capable of conducting electrochemical
measurements. The lid of the vessel has pre-drilled ports for working electrode (316L Stainless
steel or carbon steel samples), a thermocouple for temperature control, gas inlet and outlet, a
pressure gauge, the HT/HP reference electrode (external pressure balanced reference probe
Ag/AgCl electrode, 3 M KCl solution, Corr Instruments, LLC, USA), and the HT/HP pH
electrode (ZrO2-based pH probe, Corr Instruments, LLC, USA). The body of the vessel was
used as a counter electrode. A band heater was wrapped around the external body of the test
vessel to increase the solution temperatures.
1.4.4 Surface analysis
Different surface analysis techniques were used in these research such as optical microscopy,
scanning electron microscopy, and energy X-ray spectroscopy (SEM/EDS), X-ray diffraction
spectroscopy (XRD), and X-ray photoelectron microscopy (XPS).
XPS measurements were performed on a Kratos Axis Ultra DLD spectrometer using a
monochromatic AlKα (1486.6 eV) irradiation source operated at 225 W. The vacuum pressure
of the analysis chamber of the spectrometer was maintained a 9×10-9 Torr or lower throughout
the analyses. The electron binding energy scale was calibrated for each sample by setting the
mainline of the C1s spectrum to 284.8 eV. XPS spectra were collected with a pass energy of
160 eV for the survey spectra and 40 eV for the high-resolution spectra. Depth profiling was
undertaken using an argon gas cluster ion source operating in monoatomic Ar+ mode at 5 keV.
A typical depth profile involved 100 survey/sputter cycles, with sputtering undertaken for 6
seconds per cycle. Data files were processed using Casa XPS software and interpreted using
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relative sensitivity factors provided by the instrument manufacturer (Kratos) as a guide.
Background subtractions using a Shirley background were applied to all high-resolution
spectra. In the case of the Fe2p, Cr2p, and Ni2p, which are known to be complicated by complex
multiplet splitting, fitting was achieved using specified empirical fitting parameters previously
derived from standard samples [30, 36]. For each of the fitted species, binding energy
differences and area ratios were constrained for each species, while the absolute binding energy
values were allowed to vary by ±0.3 eV to accommodate any error associated with charge
referencing.
1.5 Outline of the thesis
This thesis is assembled as a hybrid consisting of the published paper and submitted manuscript
(in different stages of submission and review) that constitute a chapter each.
The third chapter in this thesis has been studied the relationship between the passive film
properties in relatively mild CO2 environments and the susceptibility to pitting corrosion by
using different electrochemical techniques, such as cyclic polarization, electrochemical
impedance spectroscopy, and Mott-Schottky.
The fourth chapter has involved the comparison of the corrosion behavior and passive film
properties in CO2 and N2 environments using cyclic polarization, electrochemical impedance
spectroscopy, Mott-Schottky, and x-ray photoelectron spectroscopy.
The fifth chapter was studied the impact of high temperature and high pressure and NaCl
concentrations on the pitting corrosion of 316L stainless steel in a CO2 environment simulating
to the oil and gas production systems.
The sixth chapter has investigated the effect of different CO2 partial pressure on the passive
film formed on 316L stainless steel at different temperatures.
The seventh chapter involved the effect of temperature on the corrosion rate and the protective
layer formed on 1018 and 1030 carbon steel at different corrosion inhibitor concentrations and
evaluate of corrosion inhibitor performance.
Appendix Ӏ investigates the corrosion behavior of carbon steel in the presence and the absence
of a nitrite-based corrosion inhibitor at high-temperature and high-pressure conditions
simulating a heating medium circuit.
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Chapter 2: Literature Review
2.1 Introduction
Corrosion is the degradation of a material as a result of reaction with its environment [37] and
an expected potential hazard associated with the oil and gas industry [1]. Practically any
moisture environment can promote corrosion, which happens under many complex conditions
in the oil and gas industry [38]. Corrosion occurs due to the presence of three main elements:
an anode, cathode, and electrolyte. On the metal surface, the oxidation reaction takes place on
the anode site, and the reduction reaction takes place on the cathode site while the electrolyte
helps to transfer the electrons from the anode to cathode site. The corrosive media in the oil
and gas industry are temperatures, carbon dioxide (CO2), hydrogen sulfide (H2S), and water,
which are cause corrosion [39]. These corrosive environments lead to the destructive attack of
a material by affecting the mechanical properties, which leads to material failure. Unexpected
failure in the oil and gas equipment leads to serious consequences such as oil spillages, which
in turn causes environmental problems on the one hand, and the loss of production on the other.
Corrosion is one of the most important global problems. Reports have confirmed that the oil
and gas companies lost billions of dollars every year due to corrosion. The estimated cost of
the damages resulting from corrosion to be of the order of 3% to 5% of industrialized countries'
gross national product [40]. For example, annually, US industries lose nearly $170 billion due
to corrosion, wherein the oil and gas industry takes more than half of these costs [41].
2.2 Corrosion forms
Corrosion occurs due to the contact between the metal and aqueous media [42]. When metal is
exposed to a corrosive solution (the electrolyte), at the anode site, the metal atoms lose
electrons, and other metal atoms then absorb these electrons at the cathode site. The cathode in
contact with the anode via the electrolyte conducts this exchange in an attempt to balance their
charges. The positively charged ions are released into the electrolyte, which is able to bond
with other atoms that are negatively charged. This anodic reaction for iron and steel is
represented in (Equation 2.1)
Equation 2.1

𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹 2+ + 2𝑒𝑒 −

Anodic reaction

After the metal atoms at the anode site release electrons, there are four common cathode
reactions, which are shown in (Equation 2.2, Equation 2.3, Equation 2.4, and Equation 2.5)[43].
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𝑂𝑂2 + 4𝐻𝐻 + + 4𝑒𝑒 − → 2𝐻𝐻2 𝑂𝑂

Equation 2.2
Oxygen reduction in acidic solution

1
𝑂𝑂 + 𝐻𝐻2 𝑂𝑂 + 2𝑒𝑒 − → 2𝑂𝑂𝑂𝑂−
2 2

Equation 2.3
Oxygen reduction in neutral or basic solution

2𝐻𝐻 + + 2𝑒𝑒 − → 𝐻𝐻2

Equation 2.4
Hydrogen evolution from acidic solution

2𝐻𝐻2 𝑂𝑂 + 2𝑒𝑒 − → 𝐻𝐻2 + 2𝑂𝑂𝑂𝑂 −

Equation 2.5
Hydrogen evolution from neutral water

The most common gases found in the oil and gas industry are carbon dioxide (CO2) and
hydrogen sulfide (H2S), and water is their catalyst for corrosion. When these gases are mixed
with water, it forms the following reactions [44]
𝐹𝐹𝐹𝐹 + 𝐻𝐻2 𝐶𝐶𝐶𝐶3 → 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3 + 𝐻𝐻2

Equation 2.6

𝐹𝐹𝐹𝐹 + 𝐻𝐻2 𝑆𝑆 + 𝐻𝐻2 𝑂𝑂 → 𝐹𝐹𝐹𝐹𝐹𝐹 + 2𝐻𝐻

Equation 2.7

In the oil and gas industry, it is difficult to categorise the forms of corrosion uniformly. There
are many forms and reasons for corrosion. The mechanism of corrosion differs according to
the fluid composition, service location, geometry, and temperature. The main kinds of
corrosion in the oil and gas industries involve sweet corrosion, sour corrosion, oxygen
corrosion, galvanic corrosion, crevice corrosion, erosion corrosion, microbiologically induced
corrosion, and stress corrosion cracking [45].
2.2.1 Sweet corrosion (CO2 corrosion)
CO2 corrosion has been known as a problem in the oil and gas industry for several years [7],
and it is the most common corroding agent [46]. The dry CO2 gas is noncorrosive to materials
in this industry, but the dissolved CO2 can encourage an electrochemical reaction between a
material and the contacted aqueous phase, which leads to an increased corrosion rate [47]. CO2,
when dissolved in water, will form carbonic acid, which will make the solution acidic. There
10

are many factors affecting the CO2 corrosion such as temperature, pH, composition of the
aqueous stream, flow condition, and metal characteristics [46]. When temperatures are raised,
iron carbide film is formed on the pipe as a protective film, and the metal starts to corrode
under these conditions. There are two types of CO2 corrosion: pitting (localized attack that
results in rapid penetration and removal of metal at a small discrete area) [48] and mesa attack
(a form of localized CO2 corrosion under medium-flow conditions) [49].
2.2.1.1 CO2 Corrosion Mechanism
Different mechanisms have been assumed for CO2 corrosion. However, all these mechanisms
involve either carbonic acid or the bicarbonate ion formed on the dissolution of CO2 in the
aqueous phase (water). De Waard et al. [50] assumed one of the best CO2 corrosion mechanism
and was given as Equation 2.8
𝐶𝐶𝐶𝐶2 + 𝐻𝐻2 𝑂𝑂 → 𝐻𝐻2 𝐶𝐶𝐶𝐶3

Equation 2.8

There are three cathodic reactions (Equation 2.9, Equation 2.10, and Equation 2.11) and one
anodic reaction (Equation 2.12) can be recognised:
𝐻𝐻2 𝐶𝐶𝐶𝐶3 + 2𝑒𝑒 − → 2𝐻𝐻2 + 2𝐻𝐻𝐶𝐶𝐶𝐶3

Equation 2.9

2𝐻𝐻𝐶𝐶𝐶𝐶3 + 2𝑒𝑒 − → 2𝐻𝐻2 + 2𝐶𝐶𝐶𝐶3

Equation 2.10

𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹 2+ + 2𝑒𝑒 −

Equation 2.12

2𝐻𝐻 + + 2𝑒𝑒 − → 𝐻𝐻2

Equation 2.11

During this corrosion process, iron carbonate (FeCO3) can be formed on the metal surface
according to Equation 2.13
𝐶𝐶𝐶𝐶2 + 𝐻𝐻2 𝑂𝑂 + 𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3 + 𝐻𝐻2

Equation 2.13

This precipitate can act as a protective layer that reduces the general corrosion rate of the metal.
However, under severe conditions, when the passive layer is destroyed, localized corrosion can
occur.
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2.2.2 Sour corrosion (H2S corrosion)
Hydrogen sulfide (H2S) represents a significant problem for the oil and gas industry. H2S is
not corrosive by itself, but it turns into a strong corrosive agent in the presence of water [51],
leading to form a weak acid, which is a source of hydrogen ions and is corrosive. In an H2S
environment, the corrosion products are iron sulfides (FeSx) and hydrogen. Iron sulfide forms
a scale that can act as a barrier to slow corrosion when temperatures are low[45]. The general
equation of sour corrosion can be expressed as Equation 2.14 [52].
𝐻𝐻2 𝑆𝑆 + 𝐹𝐹𝐹𝐹 + 𝐻𝐻2 𝑂𝑂 → 𝐹𝐹𝐹𝐹𝐹𝐹𝑥𝑥 + 2𝐻𝐻 + 𝐻𝐻2 𝑂𝑂

Equation 2.14

2.2.3 Oxygen corrosion
Oxygen is a strong oxidant which reacts rapidly with the metal leading to an increase in pitting
and the crevice corrosion. Oxygen can damage the protective layer of metals, and oxidize
dissolved ions into insoluble forms. Recently, the role of dissolved oxygen (DO) on the
corrosion of carbon steel and stainless steel has been studied extensively. Baek WC et al. [53]
believed that DO plays an important role in the composition of the corrosion film formed on
carbon steel. In addition, the presence of oxygen increases the corrosive effects of acid gases
(CO2 and H2S). The types of corrosion associated with oxygen are mainly general corrosion
and pitting corrosion.
2.2.4 Galvanic Corrosion
This type of corrosion happens when two different metallic materials (different electrochemical
potential) are in contact and are exposed to an electrolytic environment, i.e., the metal with the
most negative potential will be anode and starts corroding [46, 54]. The main factors affecting
galvanic corrosion rates are the ratio of the cathode-to-anode area [45], the potential difference
between materials, and the electrical resistance of the connection between the materials and of
the electrolyte.
2.2.5 Crevice corrosion
Crevice corrosion is localized corrosion that happens in the narrow clearances or crevices in
the metal, and the fluid is getting stagnant in the gap, which is caused as a result of
concentration differences of corrodents over a metal surface [37]. The factors affecting crevice
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corrosion are the type of crevice, the geometry of the crevice, the structure and composition of
the alloy, and the environment (temperature, oxygen, and pH).
2.2.6 Erosion corrosion
The corrosion reaction rate increased by the erosion corrosion due to removing the passive
layer of corrosion products from the pipe wall. The passive layer is a thin film of corrosion
products that serves to stabilize the corrosion reaction and slow it down. The turbulence and
high shear stress in the line leads to remove the passive layer, which increases the corrosion
rate [55]. The erosion corrosion is experienced where there is high turbulence flow with a
significantly higher rate of corrosion [56] and is dependent on fluid flow rate and the density
and morphology of solids present in the fluid [20]. This type of corrosion is often overlooked
or recognized as being caused by wear [57].
2.2.7 Microbiologically induced corrosion
Bacterial activities play the main role in this type of corrosion by producing waste products
like CO2, H2S, and organic acids that corrode the pipes [58]. The microbes form colonies in a
hospitable environment and promote corrosion under the colony. The neutral water promotes
the formation of these colonies, especially when it is stagnant [46]. Many reports of the
presence of microbes in reservoirs had been published [59-61]. Lazar et al. [60] found abundant
microbial flora indigenous in oil field formation waters, which included species of Bacillus,
Pseudomonas, Micrococcus, Mycobacterium, Clostridium, and Escherichia. Escherichia is
reported to contain hydrogenase, an enzyme that utilizes molecular hydrogen and may be
associated with cathodic hydrogen depolarization, causing corrosion of steel casings and pipes
in the oil field [62].
2.2.8 Stress corrosion cracking
Stress corrosion cracking (SCC) is a type of localized corrosion that produces cracks in metals
from the combined influence of the corrosive environment and tensile stress. The effect of SCC
on material normally falls between dry cracking and the fatigue threshold of that material [63].
The main identifying characteristic of SCC in a pipeline is the high pH of the surrounding
environment, the appearance of patches, or colonies of parallel cracks on the external of the
pipe.
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2.3 Corrosion mitigation
Corrosion challenges in oil and gas are not static phenomena [38]. In the oil and gas industry,
it is widely known that the effective management of corrosion will contribute towards the
maintenance of asset integrity and achieve optimization of mitigation, and inspection costs
[64]. Corrosion can be mitigated by using a technical approach, such as [46] :
 Material selection and design improvement
 Use of inhibitors
 Use of protective coatings and linings
 Adequate corrosion monitoring and inspection
 Anodic and cathodic protection technique
In the oil and gas industry, when it is observed that the existing materials are prone to corrosive
attacks, it is normally decided to change the materials and select alternate materials to suit the
specific need. Stainless steels cover a wide range of alloys, each with a particular combination
of corrosion resistance and mechanical properties. Many types of stainless steel grades are used
in the oil field, depending on the demands of the particular service environment. Applicable
corrosion resistant alloys in the oil and gas industry proposed by Smith [65] include 13Cr,
Super 13Cr, 22Cr duplex, 25Cr duplex, 28Cr stainless steel, 825 nickel alloy, 625 nickel alloy,
2550 nickel alloy, and C276 nickel alloy. The resistance to localized corrosion of the stainless
steels was estimated from the composition using the pitting resistance equivalent (PRE)
Equation 2.15:
PRE = (%Cr) + (3.3 * %Mo) + (16 * %N)

Equation 2.15

2.4 Corrosion Inhibitors
Among the various methods to avoid or prevent destruction or degradation of a metal surface,
the corrosion inhibitor is one of the best known methods of corrosion mitigation in the oil field
[66]. There are many industrial systems and commercial applications that inhibitors are
applicable, such as cooling water systems, refinery units, pipelines, chemical process, oil and
gas production units, boilers and water treatment, paints, pigments, lubricants, etc., . Generally,
inhibitors had great acceptance in industries due to excellent anti-corrosive proprieties.
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2.4.1 Mechanisms of action of inhibitors
Inhibitors are substances or mixtures that in low concentration and aggressive environment
inhibit, prevent, or minimize corrosion. A chemical inhibitor retards the rate of either the anodic
or the cathodic reaction or both by forming a barrier at the steel surface. This adsorption
restricts the electron transfer to the solution resulting in the corrosion inhibition process.
Furthermore, the hydrophobic part of organic surfactants having aromatic ring and alkyl chain
contacts with the hydrocarbon phase increasing the hydrophobicity of the film. The corrosive
species are unable to contact the steel surface, and iron oxidation prevention occurs via this
adsorption process [67]. Commonly, inhibitors are adsorbed on the carbon steel surface via
either physisorption or chemisorption. Physisorption is electrostatic adsorption, which occurs
by attractive forces between charged regions on inhibitor molecules and the charged sites on
the steel surface [6]. While chemisorption is formed by chemical bonds from unshared electron
pairs or π back donation to the steel surface [68].
2.4.2 Inhibitors classifications
Corrosion inhibitors can be classified as either anodic or cathodic corrosion inhibitors or mixed
corrosion inhibitors. This classification is dependent on the inhibition effect on the type of the
electrochemical corrosion reaction [69]. The anodic corrosion inhibitor reduces the corrosion
rate by shifting the anodic potential [70]. The inhibitors react with the corrosion product,
initially formed, resulting in a cohesive and insoluble film on the metal surface. For the effect
of the anodic inhibitor, the inhibitor concentrations must be high enough in the solution. The
inappropriate amount of the inhibitors affects the formation of film protection because it will
not cover the metal surface completely, leaving sites of the metal exposed, thus causing
localized corrosion. Concentrations below the critical value are worse than without inhibitors
at all. In general can cause pitting, due to reduction at the anodic area relative to cathodic, or
can accelerate corrosion, like generalized corrosion, due to full breakdown of the passivity.
Some examples of anodic inhibitors are nitrates, molybdates, sodium chromates, phosphates,
hydroxides, and silicates.
While the cathodic corrosion inhibitor shifts the cathodic potential [71], these inhibitors have
metal ions able to produce a cathodic reaction due to alkalinity, thus producing insoluble
compounds that precipitate selectively on cathodic sites. The cathodic inhibitors form a barrier
of insoluble precipitates over the metal, covering it. Thus, restricting the metal contact with the
environment, even if it is completely immersed, preventing the occurrence of the corrosion
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reaction. Due to this, the cathodic inhibitor is independent of concentration, thus, they are
considerably more secure than an anodic inhibitor.
Some examples of cathodic inhibitors are the ions of the magnesium, zinc, and nickel that
reacts with the hydroxyl (OH-) of the water forming the insoluble hydroxides as (Mg(OH)2,
Zn(OH)2, Ni(OH)2) which are deposited on the cathodic site of the metal surface, protecting it.
The mixed corrosion inhibitor acts by shifting both anodic and cathodic potential [72].
Consequently, the corrosion potential shifting inhibits the corrosion process on the metal
surface.
2.4.3 Techniques for analysis of inhibitors
The most useful technique to analyze the effectiveness of an inhibitor is weight loss
experiment and electrochemical measurements, like the polarization curve method and the
impedance measurement analysis. In addition, microscopy techniques are used to characterize
the corrosion process.
2.4.4 Inhibitor efficiency
The inhibitor efficiency could be measured by the following Equation 2.16

𝐸𝐸𝑓𝑓 =

𝑅𝑅𝑖𝑖 − 𝑅𝑅𝑜𝑜
× 100
𝑅𝑅𝑜𝑜

Equation 2.16

where, 𝐸𝐸𝑓𝑓 is inhibitor efficiency (percentage), 𝑅𝑅𝑖𝑖 is corrosion rate of metal with inhibitor and
𝑅𝑅𝑜𝑜 is the corrosion rate of metal without inhibitor [66].
2.5 Understanding Localized corrosion
Localized corrosion is one of the biggest challenges for material selection for applications in
the oil and gas industry. Unlike general corrosion, which is a slow process, localized corrosion
may start and propagate rapidly leading to significant damage [73]. Generally, localized
corrosion can be defined as the type of corrosion in which there is an intense attack at localized
sites on the metal surface. Common forms of localized corrosion can be distinguished like
pitting, crevice corrosion, and intergranular corrosion.
Several important papers on the various localized corrosion phenomena have been studied for
decades. The process of localized corrosion can be divided into a sequence of steps [73]:
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initiation by the breakdown of the passive film; metastable growth of small pits on the verge
of stability (metastable in this context indicates that many pits cease to grow at this stage);
stable growth of localized corrosion sites that can grow quite large; and finally if conditions
permit repassivation or cessation of attack.
It is known that the localized corrosion initiate above a critical potential and repassivate below
another, lower potential [73]. Once initiated, the attack is stabilized by the localized
development of aggressive conditions as the result of metal cation hydrolysis and Cl– ion
migration. A conservative criterion for localized corrosion is the prediction that it can occur at
potentials above the repassivation potential and should not occur if the corrosion potential
remains below the repassivation potential by a margin of safety that should be at least 100 mV.
Despite the advances and considerable understanding that has been achieved, the prediction of
localized corrosion is a difficult problem for some reason. First of all, the events happen in a
small area, with a passive film nanometer in thickness and initiation sites of a similar size.
Once initiation, the rate of pit growth can be extremely high, even tens of A/cm2 [74].
Therefore, the situation is extremely dynamic with rapidly moving boundaries and rapidly
changing chemistries. As a result, it is not possible to predict exactly when and where
breakdown will occur, which makes high-resolution observation of initiation events extremely
difficult. Finally, the exact susceptibility of sites for breakdown and the ability of other sites to
sustain cathodic reactions depend on details of the surface film properties, such as catalytic
activity, that are not well understood, difficult to measure on the scale of the sites, and change
with time as the process evolves.
Different models have been developed to describe localized corrosion. The point defect model
(PDM) developed by Macdonald et al. is one of the best models available for the prediction of
localized corrosion susceptibility [75, 76]. The PDM considers the transport of cation vacancies
in the passive film towards the film metal interface, where they can condense to form voids or
nascent pits at the metal-passive film interface if the flux of vacancies arriving at the interface
is greater than what can be consumed by annihilation via a metal oxidation reaction. The impact
of an aggressive species, such as Cl–, is hypothesized to alter the generation and transport of
cation vacancies. The model correctly predicts the logarithmic dependency of pit initiation
potential on Cl– concentration, the effects of some alloying elements, and the effect of
parameters such as scan rate on pit initiation. Furthermore, the PDM predicts the pitting
potential, whereas the breakdown occurs at much lower potentials as evidenced by metastable
pitting transients in the data [77]. A bilogarithmic dependence of pitting potential on Cl–
concentration is often observed but is not predicted by the PDM at present.
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In recent years, Anderko et al. [78-81] have developed a different approach to modeling
localized corrosion by adapting Okada’s [82, 83] model and combining it with a model of
thermodynamic speciation [84, 85]. This approach focuses on the repassivation potential,
which is lower than the breakdown potential and, therefore, a more conservative value to use
as a design parameter. As mentioned above, localized corrosion might be possible when the
corrosion potential is higher than the repassivation potential and is very unlikely if the
corrosion potential remains lower than the repassivation potential by a margin of 100 mV or
more. The repassivation potential is the threshold condition at which pitting or crevice
corrosion is stable and the effects of alloy composition and solution chemistry on this potential
must be understood to predict the likelihood of localized corrosion.
2.6 Pitting corrosion characteristics
2.6.1 Pitting potential and repassivation potential
Several years ago, Brennert [86] introduced the concept of the pitting potential Epit, and in
1963, Pourbaix et al. [87] proposed repassivation potential, Erep. The two characteristics are
usually determined from anodic polarisation curves; Epit is represented by a sudden increase of
the current, and Erep is associated with a drop in current due to pit repassivation.
Several deﬁnitions have been proposed for Epit such as, the potential above which stable pits
propagate or a necessary potential to maintain a salt ﬁlm inside a pit [88, 89], a potential at
which pit solution composition is aggressive enough to keep the passive ﬁlm locally unstable
and thus prevent repassivation [90], or a minimum potential for metastable pits to become
stable [91]. While Erep was deﬁned as the potential, below which no metastable and stable
pitting occurs, and above which metastable pits can form, and already existing pits can
propagate. It was also suggested that Erep is the minimum required potential to maintain the
critical environment inside a propagating pit [92].
Both Epit and Erep were found to be dependent on the method of their determination. For
instance, Erep depends on the concentration and combination of aggressive species [81], the
scan rate [93], and decreases with increasing pit depth, and when measured on deep pits
obtained values may be signiﬁcantly underestimated [93]. Epit increases with an increase in
potential scan rate [94]; depends linearly on the square root of the scan rate and is affected by
the surface treatment [95]. For Epit measured by potentiostatic methods, the more noble
potential, the shorter was the time required for pitting initiation [96].
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Scully et al. [97] showed that Epit of stainless steel could be correlated with cooperative
interactions between pit sites. Through the mediation of the lateral diffusion length relative to
the pit defect site spacing, they could control the cooperative spreading and increase threshold
(Epit) potential. Experimentally, It was found that Epit depends on the concentration of
aggressive species, (Cagg), and inhibitors in the electrolyte, but is little inﬂuenced by pH in the
case of Fe and Al. While the earlier work [98] showed that Epit of Fe might be independent of
pH below 10. The recent results [99] suggest pH of 8.5, which also applies to stainless steel
[100]. Furthermore, Bird et al. [101] showed that Epit of Fe decreases linearly with the logarithm
of ([Cl-]/ [OH-]) in the pH range 10–14.
The fact that Epit and the general corrosion resistance of metallic materials can be altered
through the presence of magnetic ﬁeld [102], modiﬁcations of microstructure [103, 104],
surface treatments [105, 106] and irradiation is now well documented, e.g., greater Epit values
were reported for Zircalloy-2 [107], Ti [108], AISI 304 L and 316 L stainless steel [109] under
gamma radiation, and AISI 304 stainless steel exposed to proton irradiation [110]. An increase
in Epit due to ultraviolet irradiation (photo-inhibition) was reported for stainless steel [111-113],
Ni [114, 115], or X70 pipeline steel in Cl- containing borate buffer [116].
Although there are various experimental techniques to determine Epit, all of them depend on
the development of a stable pit. The observation of the metastable pitting below Epit indicates
that pits might initiate, but not propagate, at more negative potentials. This contradiction is
supported by the observation of micro-pits at potentials as low as 290 mV below Epit of Al
[117].
2.7 Passivity breakdown
Passivity is an old subject. The first metal that was observed to exhibit this phenomenon was
iron. It has been proposed that the breakdown of passivity is responsible for many of the
localized corrosion failures in the oil field [73]. There are three mechanisms for passivity
breakdown that have been raised and discussed [118]: passive film penetration, ﬁlm breakdown
mechanism, and the adsorption mechanism.
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2.7.1 Passive film penetration mechanism
The mechanism of penetration involves the transfer of anions through the oxide ﬁlm to the
surface of a metal, where they start their speciﬁc action. Hoar et al. [119] first one discussed
this mechanism and found the aggressive ions penetrated the oxide ﬁlm under the inﬂuence of
high electric ﬁeld, following their adsorption onto the ﬁlm surface.
The small diameter of the chloride ions (Cl-) make them more aggressive than Br-or I-, and
subsequent ability to penetrate the oxide lattice more readily; however, it is important to note
that Br- and I- ions were reported to be more aggressive for Ta [120] and Ti [121, 122]than Cl. Evans [123] presented a model, with Cl- ions permeating through the oxide layer and the
breakdown of the oxide layer occurring once they reach the underlying bare metal. This model
considered the adsorption of aggressive ions on the protective oxide ﬁlm as the ﬁrst step
towards the passivity breakdown. The localized nature of pitting was explained by easier
penetration at ﬁlm imperfections. The breakdown potential was that potential, at which the
electric ﬁeld across the ﬁlm reached the value necessary for anion penetration.
Pou et al. [124] suggested a model based on the presence of a ﬁlm with a hydrated polymer
structure. The ﬁlm is amorphous and the bound water within it plays an important binding role.
In support of the penetration mechanism, the breakdown rate was found to be proportional to
Cl- ions, indicating the participation of a single Cl- ion in the rate determining step of the
breakdown process, and this step is assumed to be penetration. Contrary to this ﬁnding, Goetz
et al. [125] have not detected any Cl- incorporation into the iron oxide ﬁlm by using the SIMS
and Auger electron spectroscopy. McBee and Kruger [126] supported the penetration theory;
Cl- ions were found incorporated into the passive ﬁlm on high purity iron. However, Foroulis
[127] suggested that the measured chloride contents may be attributable to chlorides
incorporated into the ﬁlm during ﬁlm thickening after the metal had been exposed to the
electrolyte. Wood et al. [128] used secondary ion mass spectroscopy to study adsorb of Cl- by
a thin oxide ﬁlm on Al in 1 M KCl. A considerable amount of Cl- was found at the oxidesolution interface, but no Cl- ions were detected within the oxide ﬁlm itself. Similarly,
Szklarska-Smialowska et al. [36] reported the presence of Cl- ions only in the outer layers of
the oxide ﬁlm on samples of pure iron, which were exposed to chloride solution.
The results of Bardwell and MacDougall [129] were not consistent with the penetration model.
They have demonstrated the existence of a critical charge, i.e., a critical oxide thickness, for
the pitting of Fe. This charge was found to be independent of potential and associated with a
transition in the growth of the passive ﬁlm when a second, outer phase was ﬁrst formed on top
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of the inner phase. The experimentally observed dependencies of critical Epit on Cl- were
consistent with this concept, and thus they concluded that the critical event in pitting is not an
interaction between Cl- ions and the bare metal surface.
2.7.2 Film breakdown mechanism
The film breakdown mechanism is based on the breaks within the oxide ﬁlm, which lead to
direct access of anions to the unprotected metal surface [20, 130, 131]. However, Galvele [132],
who did not consider the model of Vetter and Strehblow [130] as realistic, Galvele predicted
increasing pH for the pit solution during pit growth, while in practice the pH was found to
decrease. Hoar [133] proposed that adsorption of aggressive anions decreased the surface
tension of the passive ﬁlm such that cracks would arise, allowing anions to reach the metal
surface. Sato [20] used thermodynamics to calculate the pressure acting vertically on the ﬁlm
surface with contribution due to both electric ﬁelds across the ﬁlm (electrostriction) and to
surface tension. At some critical ﬁlm thickness, the ﬁlm pressure, exceeds the mechanical
breakdown stress of the ﬁlm and rupture occurs, leading to pit initiation. The critical thickness
was shown to decrease with increasing ﬁeld strength and decreasing surface tension. In
common with Hoar [133], Sato supposed that adsorption of anions would decrease surface
tension so that a mechanical breakdown would occur for thinner ﬁlm, i.e., lower applied
potentials.
Xu et al. [134] found microscopic roughness on an iron surface, with the radius of the curvature
in the range of ten to a few tens of nanometres. It was postulated that the electric ﬁeld was
larger than average in the inner half of the concave region. According to the Sato [135] model,
the passive ﬁlm on the concave region of the surface is subject to a higher than average
compressive electrostatic pressure during immersion in an electrolyte and is thus a preferred
site for passive ﬁlm rupture and micro pits formation. The role of Cl- ions is to increase the
electrostatic pressure and reduce the compressive strength of the ﬁlm. The pit initiation could
then be a repeated breakdown/repair process that deepens the micro pit until it reaches a critical
depth.
Evans [136] provided evidence that the ﬁlm on a metal containing internal stresses is constantly
cracking. Galvele [132] and Videm [137] supporting this hypothesis. They believe that
passivity breakdown is presumed to occur constantly even below Epit. In the absence of
aggressive anions, defects in the passive ﬁlm are thought to be healing rapidly, while in the
presence of aggressive anions and at sufﬁciently high potentials, the metal surface becomes
activated.
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Burstein and Mattin [138] suggested a model for stainless steel where pits initiate as a result of
mechanical rupture of the passive ﬁlm brought about by salt ﬁlm formation underneath the
ﬁlm. The oxide was considered to grow by migration of oxygen anions towards the ﬁlm–metal
interface and it was suggested that simultaneous migration of Cl- will occur in the same
direction. If sufﬁcient Cl- ions reach the ﬁlm-metal interface at one particular site (an inclusion)
then metal chloride salt will form beneath the oxide ﬁlm. Such salts occupy between two to
eight times the volumes of the oxides or metal from which they are formed, and so the passive
ﬁlm above the salt must expand and eventually crack.
Rupture of the passive ﬁlm and dissolution of the salt without the formation of a metastable pit
was thought to be the cause of the pit nucleation events observed in the work of Burstein et al.
[139], Riley et al. [140] and Suter et al. [141].
2.7.3 Adsorption mechanisms
The adsorption mechanism has been discussed ﬁrstly by Kolotyrkin [142], Hoar, and Jacob
[143] based on the adsorption of aggressive anions at the oxide film surface, which enhances
the transfer of metal cations from the oxide film to the electrolyte. The model was based on the
localized formation of transient complexes with metal cations creating pits. This effect leads
to the thinning of the passive layer with possible ﬁnal total removal and the start of intense
localized dissolution.
The theory assumes that passive ﬁlm is a layer of adsorbed oxygen and that pits initiate at sites
where Cl- ions displace the oxygen [144-146], lead to a surface complex with metal ions, which
enhances their transfer into the electrolyte, compared to the non-complexed situation, and as a
consequence, the passive ﬁlm is thinned. The thinner oxide is related to a higher electrical ﬁeld
strength within the layer and consequently, to a migration of the metal ions. According to
Heusler and Fischer [147, 148], localized adsorption of Cl- ions leads to an enhanced oxide
dissolution at these sites, thinning of the oxide ﬁlm until complete ﬁlm removal and active
dissolution. A similar suggestion came later from Foley et al. [149, 150], claiming that the
formation and existence of metal-anion complexes should be included in any mechanisms of
Fe passivity or dissolution. They reported that Fe-Cl complexes that dissociate and remove Fe
cations from the surface of stainless steel form in neutral chloride solutions. Khalil et al. [151]
believed that the formation of soluble complexes, related to the adsorption of aggressive anions
on the metal surface, initiated the dissolution of the passive ﬁlm. They studied the inﬂuence of
Cl-, Br- and I- ions on a passive ﬁlm on Fe by X-ray photoelectron spectroscopy. The local
thinning of the passive ﬁlm caused an increase in the strength of the electrical ﬁeld, which led
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to the local dissolution. The highest reduction in thickness of the passive ﬁlm was observed
with Cl- and the lowest with I- ions.
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Chapter 3: EIS and Mott-Schottky to Study the Passive Film Properties of
316L and its Susceptibility to Pitting Corrosion in CO2 Environments
3.1 Abstract
In the production of oil and gas under anaerobic conditions at high temperature and partial
pressure of CO2, the use of corrosion resistant alloys, such as 316 stainless steel, are being
increasingly used to replace carbon steel with inhibition. However, stainless steel may suffer
pitting corrosion. This study investigates the relationship between the passive film properties
in relatively mild CO2 environments and the susceptibility to pitting corrosion. Electrochemical
impedance spectroscopy (EIS) and capacitance measurements (Mott-Schottky) are used to
investigate the semiconductor properties of the passive films formed on 316L stainless steel in
3 wt.% NaCl aqueous solution in CO2 containing environment at different temperatures (30 ◦C
- 80 ◦C) as well as different NaCl concentrations (3 wt.% - 8 wt.%) at 30 ◦C. Its susceptibility
to pitting corrosion is also studied with cyclic polarization technique. The results indicate that
the pitting susceptibility of 316L stainless steel increase with increasing temperature and NaCl
concentration. The properties of the passive film are influenced by temperature as well as NaCl
concentration as identified by the 2 AC techniques. Bode phase plots of specimen at 30 ◦C and
40 ◦C show one time constant whereas two time constants are observed at high temperatures
60 ◦C and 80 ◦C. The two time constant feature observed at high temperature can be attributed
to an inhomogeneous film consisting of a compact inner layer and a less compact (porous)
outer layer. Capacitance measurements based on the Mott-Schottky relationship reveals a p-n
type heterojunction in all conditions. The point defects as determined by the donor (ND) and
acceptor (NA) densities increase with increasing temperature and NaCl concentrations
indicating that the passive film becomes weaker and hence more prone to pitting corrosion.
Keywords: 316L stainless steel, pitting susceptibility, cyclic polarization, electrochemical

impedance spectroscopy, Mott-Schottky analysis, donor and acceptor densities.
3.2 Introduction

Stainless steel has been used for decades in several industrial sectors including oil and gas
industry. The applications of stainless steel include flow lines, manifolds, heat exchangers,
burners and flare systems, structural components and safety systems due to its high corrosion
resistance to general corrosion [152-154]. In particular, austenitic stainless steel has been
widely used because of its superior mechanical properties and corrosion resistance due to the
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chromium and molybdenum addition and low carbon content [155]. The high corrosion
resistance of stainless steel is primarily due to the presence of a very thin passive barrier film
formed on its surface. The nature of the passive film formed in oxygen environments has
undergone extensive investigation. Experiences have shown that in oxygen environments
stainless steels are susceptible to localized pitting corrosion due to a breakdown in the passive
film. The susceptibility to pitting corrosion generally increases with increase in temperature
and the concentration of chloride ions. Despite the increasing use of stainless steel in oil and
gas production where anaerobic CO2 (carbonic acid) environments exist, not a great deal is
known about the nature of the passive film and its protective mechanism in these environments.
Pitting corrosion of metals and alloys is one of the main causes of material failures because it
is difficult to monitor and control due to its complex nature. Pitting corrosion comprises of two
main processes: pit nucleation and pit growth [28, 156]. Hoar et.al. suggested that some anions
could penetrate the passive film [157]. In particular, the effect of Cl- ion on the local breakdown
of passivity and stability of surface oxide was investigated [158, 159]. On the other hand,
several authors considered that the pit initiation is attributed to the breakdown of the passive
film layer caused by random fluctuations at local sites [20, 134, 135].
After pit nucleates, depending upon the conditions, the pit can either repassivate or continue to
grow. It is generally agreed that the nucleation and propagation of pitting corrosion are strongly
related to the characteristics of the oxide film on the metal surface, mostly in the presence of
chloride [160]. Therefore, the observed changes in the pitting behavior of stainless steel has
often been related to changes in the composition, structure, and properties of the passive film
[161, 162].
The composition and the properties of the passive film are dependent on several variables,
including the composition of the alloy and the composition of the electrolyte in which the films
are grown [163]. Although, there is still some controversy regarding the detail structure and
composition of the passive film.
It was mentioned earlier under aerobic conditions, the characterization of passive film and
investigation of corrosion mechanisms have been heavily studied aiming to explain the
susceptibility to pitting corrosion [20, 164]. In addition, a modification in the protective
properties of the passive films has often been suggested to be the cause of the observed changes
in pitting morphology [160]. Cyclic polarization has been a common technique to evaluate the
susceptibly to pitting corrosion of a passive metal [165].
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On the other hand, the influence of environmental variables, such as elevated temperature and
electrolyte composition on the protective properties of oxide films is still limited. Wang et. al.
used AC impedance measurements to study the effect of temperature and chloride
concentration on the protective properties of the passive films formed on 304 stainless steel
[160]. They found that the charge transfer resistance decreased with increased temperature and
increase in chloride concentration. Thus, the protective properties of the film were adversely
affected.
Furthermore, characteristics of the passive film formed on stainless steel were investigated in
alkaline media through electrochemical impedance spectroscopy (EIS) using an equivalent
circuit comprising of two time constants [166, 167]. However, the physical meaning assigned
to the equivalent circuit components varied. Abreu et.al. stated that the high frequency constant
represented the charge transfer process occurring on the surface of the reinforcements [166]
whereas Ping et.al. asserted that the charge transfer process is assigned to the low frequency
constant [167]
Past investigations generally suggested that the passive film has a bilayer structure acting as
barrier protecting the metal surface from the corrosive environment. This bilayer passive film
is a semiconductor including cation vacancies, anion vacancies, and cation interstitials [168,
169]. The inner layer is rich with chromium oxide or hydroxide behaving as a p-type
semiconductor [170-172] whereas the outer layer is composed of iron-oxide exhibiting n-type
semiconductor properties [173-176]. Wijesinghe et. al. believed that the protectiveness of the
passive film depended on the chromium content and other elements which may constitute the
passive film [177]. Semiconductor behavior also depends on the point defects that can be
represented by the donor density of the passive film. Oxygen vacancies and cation interstitials
acting as electron donors behaving as n-type to the passive layer while cation vacancies acting
as electron acceptor producing p-type [178]. Mott–Schottky analysis is a powerful method for
investigating the semiconductor properties and its application in studying the passive films of
stainless steel and other corrosion resistant alloys has increased over the years [179-182].
Manning et.al. studied the effect of temperature on the pitting susceptibility of Fe-Cr-Ni alloys
by analyzing the change in the defect structure of the semiconductor using the Mott-Schottky
technique [183]. The authors argued that the n-type films were more susceptible to pit initiation
than p-type films due to the existence of oxygen vacancies and the enhanced diffusion of
chloride ions through the oxide lattice.
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This paper investigates the influences of temperature and NaCl concentrations on pitting
corrosion of 316L in CO2 environment simulating the oil and gas production systems using 3
electrochemical techniques; i.e. cyclic polarization, electrochemical impedance spectroscopy
(EIS), and capacitance (Mott-Schottky) measurements. The semiconducting properties of the
passive films are studied using the 2 latter AC techniques to further explain the pitting
susceptibility determined by the conventional cyclic polarization method.
3.3 Experimental procedure
3.3.1 Materials and specimen preparation
All specimens in this study were made from 316L stainless steel with the chemical composition
depicted in Table 3.1. Specimens were machined to a flat cylinder with a height of 3 mm and
diameter of 15 mm. To prevent crevice corrosion, the sample holder was designed and
manufactured from an inert material (polyether ether ketone or PEEK). The area exposed to
the solution was 0.96 cm2. All specimens were wet abraded from 80 to 600 SiC grit, rinsed
with ethanol and ultra-pure water, and dried with N2 gas.
Table 3.1 Composition of 316L SS used in this study
Element

C

Si

Mn

P

S

Ni

Cr

Mo

Fe

(wt. %)

0.02

0.36

1.36

0.03

0.006

10.02

16.92

2.02

Bal.

3.3.2 Test solutions
The effect of temperature was studied in 3 wt.% NaCl solutions at 4 different temperatures: 30
◦

C, 40 ◦C, 60 ◦C, and 80 ◦C. In addition, a different set of experiments were conducted at a

constant temperature of 30 ◦C but varying concentrations of NaCl; i.e. 3 wt.%, 4 wt.%, 6 wt.%,
and 8 wt.%. The pH of the test solutions was adjusted to 4 by adding 1 M NaHCO3. Table 3.2
shows the summary of the test conditions.
Prior to starting the test, the test solution was sparged with CO2 gas for at least 4 h to deaerate
the solutions. Afterward, the solution was transferred via a peristaltic pump into another 1 L
glass cell fitted with electrodes where the CO2 sparging continued over the solution until the
end of the tests.
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Table 3.2. Summary of test conditions

Type of test
Effect of temperatures
Effect of NaCl
concentrations

Variable
Temperature / (◦C)
NaCl / (wt.%)
pH
NaCl / (wt.%)
Temperature / (◦C)
pH

Conditions
30, 40, 60 and 80
3
4
3, 4, 6 and 8
30
4

3.3.3 Electrochemical measurements
All experiments were carried out using a classical three electrode cell of 1 L volume. 316L
specimen was used as the working electrode whereas a platinum mesh and a standard
silver/silver chloride (Ag / AgCl) probe connected to the cell via a Luggin probe filled with 3
M KCl were used as the counter and the reference electrode, respectively.

All the

electrochemical measurements of the corrosion process were performed using a potentiostat
(Gamry reference 600 computer controlled).
The pitting susceptibility of 316L SS at different temperatures and NaCl concentrations were
evaluated using the cyclic polarization technique in accordance with ASTM G 61 [184]. When
the open circuit potential (OCP) was steady, the cyclic polarization scan was started at a scan
rate 0.167 mV/s starting from the OCP. The scan was reversed back towards the OCP when
the measured current exceeded 25 mA/cm2. In all cases, the tests were repeated at least two
times to verify reproducibility.
To investigate the passive film properties with AC methods (EIS and Mott-Schottky), it is
necessary to obtain a reproducible passive film at the electrode surface prior to the
measurements. To accelerate the passive film formation in a controlled manner, the passive
film was formed electrochemically. Initially, the working electrode immersed in 3 wt.% NaCl
solution at 30 ◦C was polarized at - 0.2 V vs. OCP for 15 min to remove any air formed oxide
film. Subsequently, to generate a reproducible passive film, the working electrode was then
polarized to - 0.1 V vs. Ag /AgCl for 1 h. The potential at which the passive film was formed
was determined from the polarization curves. To study the effect of temperature on pitting
susceptibility, the solution temperature was then raised to the desired value after the film was
formed. Similarly, to investigate the effect of NaCl, 3 wt.% NaCl was drained from the cell
and a solution with the desired NaCl content was transferred into the cell using a peristaltic
pump.
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EIS was then carried out at OCP using an amplitude of 10 mV, and the frequency range from
10 kHz to 10 mHz. Subsequently, Mott – Schottky (M-S) technique was employed by sweeping
the potential from -0.5 V vs. Ag/AgCl to 1 V vs. Ag/AgCl at a frequency of 3 kHz with an
amplitude signal of 10 mV. The potential step was 20 mV.
3.4 Results and discussion
3.4.1 Cyclic polarization technique
3.4.1.1 Effect of temperature
Figure 3.1 shows the cyclic polarization curves for 316L stainless steel samples in 3% NaCl at
4 different temperatures saturated with CO2 at 30 ◦C and pH 4. The shape of the polarization
curves can indicate if the specimen is in the passive or active state. Several important
parameters obtained from the polarization scans are often used to explain the susceptibility to
pitting corrosion of a material; i.e. pitting potential (Epit) and repassivation potential (Erep).
There is no tendency to pit if Erep is more positive than Epit, or the current measured from the
reverse scan is smaller than that from the forward scan, i.e., negative hysteresis. On the other
hand, the pitting could occur if Erep is more negative than Epit, i.e., positive hysteresis.
According to Figure 3.1, large positive hysteresis was evident at these conditions indicating
that 316L stainless steel is prone to localized corrosion [185, 186]. The potential at which the
current density suddenly increases, referred to as Epit, indicates the passivation breakdown and
consequently pitting corrosion. Epit decreases with increasing temperatures suggesting an
increased susceptibility to passive film breakdown as previously reported in the literature [187189] albeit for oxygenated seawater environments.
The forward polarization scan was continued until the current density reached 25 mA/cm2, then
the scan was reversed towards OCP. The potential where the backward scan and forward scan
meet is called repassivation potential (Erep). It can be observed from Figure 3.1 that the Erep
decreases with an increase in temperatures. At the end of the polarization, the final potential
did not reach to the OCP but stabilized at a potential more positive than the OCP for all
conditions.
To determine the susceptibility of pitting corrosion, the difference between Epit and OCP (∆Epit)
is referred to pitting driving force in which the large ∆Epit is usually associated with the greater
resistance to pitting corrosion [161]. Table 3.3 shows the ∆Epit obtained at different
temperatures in which the largest ∆Epit was found at 30 ◦C. In general, ∆Epit decreases with
29

increasing temperatures. The adverse effect of temperature on the pitting susceptibility of 316L
found in this study agreed well with the previous work in oxygenated environments [190].
Another important parameter to be considered when evaluating the pitting susceptibility is the
difference between Erep and OCP (∆Erep) is referred to repassivation driving force. The large
∆Erep is associated with a greater tendency for repassivation [161]. Table 3.3 shows the ∆Erep
for 316L SS at different temperatures, and it can be seen the largest ∆Erep value was at 30 ◦C.

Potential vs Ag/AgCl (V)

0.4

0.2

30 oC
40 oC
60 oC
80 oC

0.0

-0.2

-0.4
1E-11

1E-9

1E-7

1E-5

1E-3

0.1

Current density (A.cm-2)

Figure 3.1 Cyclic polarization curves of 316L SS in 3% NaCl, pH 4 at different temperatures
Table 3.3. ∆Epit and ∆Erep of 316L in 3%NaCl saturated with CO2 at temperature from 30 ◦C to 80 ◦C
Temperature / (◦C)
30
40
60
80

∆Epit / (mV)
484
336.56
191.55
180.59

∆Erep / (mV)
336.83
205.83
55
46.2

3.4.1.2 Effect of NaCl concentrations
Cyclic polarization curves of 316L SS as a function of NaCl concentrations are shown in Figure
3.2. It has been established that chloride ion is aggressive and can promote the passive film
breakdown of stainless steel [191]. Large positive hysteresis loops exhibited at the end of the
experiments confirms that 316L SS is susceptible to localized corrosion under these conditions.
In addition, OCP decreases with an increase in NaCl concentrations indicating that 316L SS
became more active. The current fluctuations also appeared in the passive region of the curves,
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especially at high NaCl concentrations (4 wt.%, 6 wt.%, and 8 wt.%) demonstrating metastable
pitting events [192].
Table 3.4 shows the ∆Epit for 316L SS at different NaCl concentrations at 30 ◦C and pH 4. It
can be seen that 316L SS showed the largest ∆Epit value at 3 wt.% NaCl. Generally, ∆Epit
decreases with the increase of NaCl concentrations. The repassivation potential cannot be
obtained because the reverse scans did not meet with the forward scan. This behavior can be
associated with the weakening of the passive film [193]. It has also been proposed that when
OCP is higher than Erep, the material is prone to stable pitting corrosion [193].

Figure 3.2 Cyclic polarization curves for 316L SS in different NaCl concentrations at 30 ◦C, pH 4
Table 3.4. ∆Epit and ∆Erep of 316L in solution with varying NaCl concentration saturated with CO2 at
temperature at 30 ◦C
NaCl (wt. %)
3
4
6
8

∆Epit (mV)
429
409
424
334

∆Erep ( mV)
---------

3.4.2 Electrochemical impedance spectroscopy (EIS) technique
3.4.2.1 Effect of temperature
EIS was used to gain an insight into the influence of temperatures on the passive films of 316L
SS. Figure 3.3 (A) and (B) display the Nyquist plots and the Bode phase diagrams, respectively.
Nyquist plots illustrate the relationship between an in-phase (resistance) component which is
described mathematically by real numbers on the x-axis and an out-of-phase (capacitance)
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component described by an imaginary number on the y-axis. A similar shape of Nyquist plots
was displayed for all test temperatures; i.e., the incomplete capacitive arc at the range of
frequencies studied. The magnitude of the semicircles appears to be related to temperature. At
a low temperature of 30 ◦C and 40 ◦C, the semicircles have a similar diameter and markedly
reduced once the temperature was increased to 60 ◦C. From Figure 3.3A, the diameter of the
depressed semicircle decreases with rising of temperatures which indicates the increased
corrosion attack. In addition, the depressed semicircle implied that the surface does not behave
as an ideal capacitor due to the microscopic surface roughness and the presence of a porous
corrosion product film [194].
The corresponding Bode phase diagrams in Figure 3.3B presents symmetry with phase angle
lower than 90◦ in all EIS spectra, this can be related to the deviation from ideal capacitance
behavior and this characteristic, which is typical of passive behavior, can be seen in other
studies on corrosion resistant alloys [195-198]. At temperatures of 60 oC and 80 oC, the phase
angle in the frequency zone from about 0.1 Hz to 100 Hz increases with increasing
temperatures, and the phase angle below 0.1 Hz, also increases with increased temperature. In
addition, the phase diagrams in Figure 3.3B show two time constants at 60 ◦C and 80 ◦C,
whereas one time constant was observed at 30 ◦C and 40 ◦C.
The one time constant shown at 30 ◦C can be fitted with the equivalent circuit shown in Figure
3.4A. This equivalent circuit is a modification of the Randle’s cell commonly used to describe
a corrosion process. It consists of a solution resistance (Rs) in series with the parallel
combination of the double layer capacitance (Cdl) and charge transfer resistance (Rct). Due to
the non-ideal behavior of capacitors in a corroding environment, a constant phase element
(CPE) is often used to replace Cdl to improve the fitting. The impedance of this element is
defined as shown in Equation 3.1[199]:

𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 =

1
𝑌𝑌𝑜𝑜 (𝑗𝑗𝑗𝑗)𝛼𝛼

Equation 3.1

where 𝑌𝑌𝑜𝑜 is CPE constant (Ω-1cm-2 sα), 𝜔𝜔 is the angular frequency (rad /s), j2 = -1 is the

imaginary number and α is the CPE exponent, so CPE can represent resistance if α = 0 and

ideal capacitance if α = 1.
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The CPE can be calculated to pure capacitance (C) value using the correlation shown in Equation
3.2 previously proposed in the literature [198, 200, 201]

𝟏𝟏

(𝒀𝒀𝒐𝒐 𝑹𝑹)𝜶𝜶
𝑪𝑪 =
𝑹𝑹

Equation 3.2

where R is resistance, (Ω cm-2).
The two times constants shown at temperatures 60 ◦C and 80 ◦C can be explained by the
presence of an inhomogeneous film consisting of a compact inner layer and a less compact
outer layer, which is similar to that reported for passive alloys in other environments [195, 202,
203]. An equivalent circuit shown in Figure 3.4B has been proposed to describe this behavior
[172, 179, 195, 202]. In this model, the solution resistance (Rs) is in series with the parallel
combination of the constant phase element (CPE1) and ionic path resistance (Rpo) of the outer
porous layer (or pore resistance to the ionic current through the pores) which is in series with
the parallel combination of the constant phase element (CPE) and charge transfer resistance
(Rct) of the inner oxide layer.
Table 3.5 reports the EIS parameters from the fitting described above. The CPE exponents
were close to 1 in all cases, confirming the suitability of CPE over capacitance. Rs decreases
with increasing temperature despite a constant NaCl concentration. The increase in electrical
conductivity with temperature may be associated with improved mobility of ionic species and
a decrease in solution viscosity [183]. Rct also decreased steadily with an increase in
temperature, which suggests an enhanced corrosion attack at the surface of the sample. This
could be explained by an accelerated metal dissolution and the rate of chloride adsorption into
the passive film. The rise in chloride ions within the passive film could increase the
conductivity of the film.
As the temperature increased, the second time constant appears which corresponds to the
porous layer as previously discussed. Every 20 ◦C increase in temperature from 40 ◦C to 80 ◦C,
Rpo decreased 1 order of magnitude. This significant reduction in Rpo with temperature suggests
that the passive film became more porous and less protective. By comparing Rct and Rpo, it is
evident that Rct is significantly larger than Rpo and is not affected by temperature to the same
extent as Rpo. This observation may indicate that the corrosion protection was predominantly
provided by the inner layer passive film [202, 204].
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The weakening of the passive film with temperature is demonstrated by either an increased
porosity of the outer layer or the enrichment of chloride ions in the inner layer as depicted by
a smaller Rpo and Rct, respectively. As a result, the susceptibility to pitting corrosion increases
with temperature which was shown previously using the cyclic polarization method.

Figure 3.3 (A) Nyquist plots and (B) Bode phase diagrams for 316L SS with fitting in 3 wt.% NaCl, pH 4.
Temperature was varied from 30 ◦ C to 80 ◦C

CPE1

CPE

Rs

Rs

CPE

Rpo

RCt

A

RCt

B
Figure 3.4 Equivalent circuit for fitting of EIS data (A) one time constant, (B)
two time constant
Table 3.5. Electrical parameters obtained by fitting the EIS data for 316L SS in 3% NaCl, pH 4 at
different temperatures
T
(◦C)

Rs

CPE 1

𝜶𝜶𝟏𝟏

Rpo

C1*

2

(Ω cm )

(Ω cm s )

30

16.74

7.86 x 10-5

0.902

--

--

--

40

13.23

8.93 x 10-5

0.895

1.87 x 10+5

1.24 x 10-4

60

10.45

1.11 x 10-4

0.868

1.11 x 10+4

80

7.779

1.25 x 10-4

0.865

1.17 x 10+3

-1

-2 α

(Ω cm )

CPE

2

`(F cm )

C2*

Goodness of
fit

(Ω cm )

(F cm )

--

2.23 x 10+5

1.07 x 10-4

2.34 x 10-4

2.49 x 10-4

0.100

7.30 x 10+4

2.49 x 10-4

9.07 x 10-5

1.14 x 10-4

3.03 x 10-4

0.909

7.43 x 10+4

4.14 x 10-4

2.42 x 10-4

9.03 x 10-5

4.96 x 10-4

0.823

5.36 x 10+4

1.00 x 10-3

1.92 x 10-4

-2

(Ω cm s )

𝜶𝜶𝟐𝟐

Rct

-1

-2 α

*C1 and C2 were calculated from CPE and R values according to Equation 3.2.
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3.4.2.2 Effect of NaCl concentrations
The Nyquist plots of 316L samples immersed in solutions containing different NaCl
concentrations at 30 °C are shown in Figure 3.5A. In all cases, the Nyquist plots exhibit one
semicircle shape with varying diameters. Bode phase diagrams are illustrated in Figure 3.5B
showing three distinct zones as follows: In high frequency zone (10 kHz), the phase angle is
close to zero degree indicating that the impedance is dominated by the solution resistance. In
the intermediate frequency zone (1 kHz to 0.1 Hz), the phase angle varies with frequency
displaying a minimum value close to 90 o which is typical for a capacitor. In low frequency
region (0.1 Hz to 0.01 Hz), the phase angle begins to increase with the frequency which can be
explained by the mix influence of capacitance double layer and the charge transfer resistance.
The Bode phase diagram confirms the presence of one time constant. Therefore, the equivalent
circuit shown in Figure 3.4A was used to fit the experiments as described previously. The
fitting parameters are reported in Table 3.6.
As a result of an increasing NaCl concentration, the solution conductivity increased as
manifested by a decrease in Rs. The semicircle shape usually represents the combined effects
of Cdl and Rct, and its diameter is related to the magnitude of charge transfer resistance at the
metal-solution interface. Rct is only marginally influenced by NaCl concentration. This may be
expected since Rct is correlated to the uniform corrosion which cannot determine susceptibility
to pitting corrosion. In addition, the capacitance calculated from Equation 3.2 appears to be
unaffected by NaCl concentration.

Figure 3.5 (A) Nyquist plots and (B) Bode diagrams for 316L SS with the fitting in different NaCl concentrations, at 30 ◦C,
pH 4, at a film formation of -1 V Ag/AgCl
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Table 3.6. Electrical parameters obtained by fitting the EIS data for 316L SS in different NaCl
concentrations, at 30 oC
NaCl
(wt.%)

Rs

CPE

Rct

C

Goodness of

(Ω cm2)

(Ω-1cm-2sα)

(Ω cm2)

`(F cm-2)

fit

3

16.74

7.86 x 10-5

0.902

2.23 x 10+5

1.07 x 10-4

2.34 x 10-4

4

12.15

8.76 x 10-5

0.895

3.35 x 10+5

1.30 x 10-4

2.15 x 10-4

6

7.890

1.03 x 10-4

0.818

1.64 x 10+5

1.51 x 10-4

2.72 x 10-4

8

7.012

7.86 x 10-5

0.900

1.64 x 10+5

1.04 x 10-4

2.58 x 10-4

𝜶𝜶𝟏𝟏

3.4.3 Mott – Schottky
The Mott-Schottky (M-S) experiments were conducted to determine the electronic properties
of the passive film of 316L SS after exposure to different conditions. M-S relation describes
the potential dependence of the space charge capacity of a semi conductive electrode [205].
Based on Mott – Schottky theory [174, 205], the measured capacitance of the film/electrolyte
interface can be written as Equation 3.3:
𝟏𝟏
𝟏𝟏
𝟏𝟏
=
+
𝑪𝑪 𝑪𝑪𝑺𝑺𝑺𝑺
𝑪𝑪𝑯𝑯

Equation 3.3

where CSC and CH are the capacitance of space charge layer and capacitance of Helmholtz
layer, respectively, (F/cm2).
The capacitance (C) is calculated from the measured impedance using Equation 3.4

𝑪𝑪 = (−𝒁𝒁" 𝟐𝟐𝟐𝟐𝟐𝟐)−𝟏𝟏

Equation 3.4

where Z” is the imaginary part of the impedance and 𝑓𝑓 is the frequency, Hz.

The applicability of the M–S in the passive film studies is based on the assumption that the
Helmholtz layer capacitance is significantly larger than that of the space charge layer [175].

Therefore, it can be neglected, and the measured capacitance, C, reflects the space charge
capacitance Csc of the passive film. According to the M-S theory, the Csc of n-type and p-type
semiconductors is given by Equation 3.5 and Equation 3.6, respectively [174, 175].
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𝟏𝟏
𝟐𝟐
𝑲𝑲𝑲𝑲
�𝑬𝑬 − 𝑬𝑬𝑭𝑭𝑭𝑭 −
�
=
𝟐𝟐
𝑪𝑪
𝜺𝜺𝜺𝜺𝟎𝟎 𝒒𝒒𝑵𝑵𝑫𝑫
𝒒𝒒
𝟏𝟏
𝟐𝟐
𝑲𝑲𝑲𝑲
�𝑬𝑬 − 𝑬𝑬𝑭𝑭𝑭𝑭 −
�
=−
𝟐𝟐
𝑪𝑪
𝜺𝜺𝜺𝜺𝟎𝟎 𝒒𝒒𝑵𝑵𝑨𝑨
𝒒𝒒

Equation 3.5
For n-type

Equation 3.6
For p-type

where C is the capacitance of space charge layer of the passive film, (F/cm2); E is the applied
potential, (V); 𝜀𝜀 is the dielectric constant of the passive film on the stainless steel having a

constant value of (15.6), 𝜀𝜀0 the permittivity of free space, (8.858 x 10-14 F/cm); q is the electron
charge, (1.602 x 10-19 C); ND and NA the charge carrier density for the donor and acceptor

respectively, (cm-3); EFB is the flat band potential, (V); K is the Boltzmann constant, (1.38 x
10-23 J/K); T the absolute temperature(K).
Therefore, the semiconducting behavior of passive film and the density of charge carrier can
be investigated by plotting the space charge layer capacitance (1/C2) to the applied potential
(E) [206, 207]. A negative slope represents the p-type semiconductor whereas a positive slope
denotes the n-type. The charge carrier density can then be estimated based on the value of the
slope in the linear portion of the plot.
3.4.3.1 Frequency selection
Capacitance is usually frequency dependent [176, 205, 208]. Yet, various ranges of frequency
have been used in the literature for the M-S technique without a clear explanation. Some
authors used 3 kHz [172, 209], while others used 1 kHz [191]. Thus, it is necessary to determine
the suitable frequency at which the capacitance becomes relatively stable across the range of
potential studied and only capacitance, not resistance is measured. Figure 3.6 shows MottSchottky measurements performed at different frequencies, i.e., 10 Hz, 100 Hz, 1 kHz, 3 kHz,
and 5 kHz. The capacitance increases with decreasing frequency. The fluctuation in the
capacitance at a potential greater than 0.38 V is evident at 10 Hz. According to the results from
cyclic polarization, a potential of 0.38 V is beyond the pitting potential. Therefore, it is likely
that the observed fluctuation is caused by the permanent breakdown of the passive film. On the
contrary, such oscillatory behavior in the capacitance does not appear at a higher frequency
despite the same applied potential. The fast measurement time may not cause a disturbance at
the film structure.
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It can be seen from Figure 3.6 that the capacitance becomes independent of frequency at a
frequency greater than 3 kHz. Therefore, a value of 3 kHz was applied in this study.

Figure 3.6 Capacitance vs. potential curves obtained at different frequencies for 316L SS in 3% NaCl, pH 4 at 30
◦
C

3.4.3.2 Effect of temperature
The Mott–Schottky (M-S) plot of the passive film formed on 316L SS at different temperatures
is shown in Figure 3.7. It can be seen that the capacitance increases with increasing temperatures,
which means the formation of an inversion layer as a result of an increasing holes density in
the valence band due to the adsorption of anions [191]. The plots show 3 regions that exhibit a
linear relationship between 1/C2 and E. In the potential range between -0.5 V vs. Ag/AgCl to
OCP, the slope is positive presenting an n-type semiconductor resulted from anion vacancies
acting as the electron donor. This type of layer has been proposed to be enriched with iron
oxide and hydroxide [207, 210]. While in the potential range from 0 V to 0.5 V vs. (Ag/AgCl),
the slope is negative implying the p-type semiconductor showing electron acceptor behavior
due to cation vacancies within the film [178]. Passive film exhibiting p-type layer is composed
predominantly with chromium oxide [207, 210].
The final range of potential can be seen from Epit to 1 V vs. Ag/AgCl which corresponds to the
deep exhausting layer of electrons which results in a marked decrease in the capacitance with
increasing potential [181]. The response in capacitance with the occurrence of pitting corrosion
has been reported and showed that once pits initiate and grow, the capacitance decreases [211].
The variation of the slope with the applied potential is attributed to the structure and
composition of the passive film on 316L SS [191].
According to Equation 3.5 and Equation 3.6, ND and NA can be calculated from the slope of the
inverse square of space charge layer capacitance (1/C2) versus the applied potential and the
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results are compared in Table 3.7. It can be seen that the donor and acceptor densities increase
with temperature for all 3 potential regions. Generally, high donor density indicates a highly
disordered character of the passive film. On the contrary, low donor and acceptor density imply
an absence of these defects, hence a better corrosion resistance [181]. Therefore, the increase
in ND and NA with temperature was due to a greater defect density within the passive film
which in turn led to the weakening of the passive film.
Comparing with the results obtained from cyclic polarization and EIS, it may be deduced that
the increased pitting susceptibility is due to the weakening of the passive film as illustrated by
M-S measurements.

Figure 3.7 Mott-Schottky plots for 316L in 3% NaCl, pH 4 at different temperature, 3 kHz, with AC
10mV
Table 3.7. Donor and acceptor densities of 316L in 3%NaCl, pH 4 at different temperature
Temperature/ oC
30 ◦C

40 ◦C

60 ◦C

80 ◦C

Potential (V) ND or NA (cm-3)
-0.50 to 0.00
1.14x1018
0.00 to 0.50

6.79x1017

0.50 to 1.00

1.41x 1018

-0.50 to 0.00

2.48x1018

0.00 to 0.50

1.04x 1018

0.50 to 1.00

2.19x1018

-0.50 to 0.00

3.31x1019

0.00 to 0.50

3.54x1018

0.50 to 1.00

4.49x1018

-0.50 to 0.00

3.22x1019

0.00 to 0.50

7.72x1018

0.50 to 1.00

7.23x1018
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3.4.3.3 Effect of NaCl concentrations
Figure 3.8 shows the plot of 1/C2 vs. E for 316L SS in different NaCl concentrations. M-S plots

reveal 3 regions exhibiting Mott-Schottky behavior similar to Figure 3.7. In the potential -0.5
V vs. Ag/AgCl to OCP, the capacitance data can be interpreted as representative of the behavior
of an n-type semiconductor. In the second potential region from OCP to Epit, the negative slope
implies the p-type semiconductor. While at the third potential region between Epit to 1 V vs.
Ag/AgCl, the slope returns to positive which may be correlated with the deep exhausting layer
of electrons, as mentioned before. The p-type behavior has been attributed to chromium oxides
in the inner region, while n-type behavior has been attributed to iron oxides in the outer region
[191].
The values of ND and NA calculated from M-S plots are shown in Table 3.8. Donor and
acceptor densities of 316L in different NaCl concentrations at 30 ◦C, pH 4. As can be seen,
both ND and NA increased with increasing NaCl concentrations. The penetration of chloride
ions and their incorporation into the passive film was reported by Qiao, et. al. [172] with Xray photoelectron spectrometric (XPS). A greater value of ND and NA is attributed to an
increase of the passive film defects and an increase in the conductivity within the film which
is consistent with EIS measurements. In all regions, the capacitance of the passive film
increased with NaCl concentration which may be attributed to a decrease of the passive layer
thickness according to the correlation given in Equation 3.7.

𝑪𝑪 =

𝜺𝜺 × 𝜺𝜺𝒐𝒐
𝒅𝒅

Equation 3.7

Where 𝜀𝜀 the dielectric constant of the passive film (15.6) has been reported in the literature for

stainless steel [174, 177], 𝜀𝜀𝑜𝑜 is vacuum permittivity (8.854 x 10-14 F/cm), and d is the thickness

of the passive film layer.

Figure 3.8 Mott-Schottky plots for 316L in different NaCl concentrations, at 30 ◦C pH 4, 3 kHz, with AC
10mV

40

Table 3.8. Donor and acceptor densities of 316L in different NaCl concentrations at 30 ◦C, pH 4
NaCl concentration/
wt.%

Potential (V)
- 0.50 to 0.00

3% NaCl

5.05 x 1017

0.50 to 1.00

1.29 x 1018

8% NaCl

18

4.26 x 10

0.00 to 0.50

1.54 x 1018

0.50 to 1.00

2.25 x 1018

- 0.50 to 0.00
6% NaCl

17

9.50 x 10

0.00 to 0.50

- 0.50 to 0.00
4% NaCl

ND or NA (cm-3)

19

2.46 x 10

0.00 to 0.50

8.00 x 1018

0.50 to 1.00

5.13 x 1018

- 0.50 to 0.00

2.88 x 1019

0.00 to 0.50

1.46 x 1019

0.50 to 1.00

4.83 x 1018

3.5 Conclusions
The susceptibility to pitting corrosion of 316L in an anaerobic CO2 environment, as
experienced in oil and gas production, was investigated with a conventional cyclic polarization
method. In addition, the 2 AC techniques, i.e., electrochemical impedance spectroscopy (EIS)
and Mott-Schottky were conducted to relate the characteristics of the passive film with the
susceptibility to pitting corrosion. The main findings are summarized below.
1.

316L becomes more prone to pitting corrosion with increasing temperature and NaCl
concentration as determined by the decrease in the difference between OCP and
pitting potential (ΔEpit).

2.

EIS results provide insight into the possible change in the passive film structure as a
result of an increase in temperature. Inhomogeneity in the passive film was shown by
the presence of 2 time constant at a temperature greater than 40 °C.

3.

Charge carrier density determined by Mott-Schottky analysis increases with
increasing temperature and NaCl concentrations indicating the weakening of the
passive film.
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It is interesting that the results for 316L in a deoxygenated CO2 environment is not dissimilar
in behavior expected in oxygen rich environments which has been the focus on much more
research.
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Chapter 4: Comparison of Corrosion behavior and Passive Film Properties
of 316L Austenitic Stainless Steel in CO2 and N2 Environments
4.1 Abstract
This study investigated the susceptibility to pitting corrosion of 316L in CO2 and N2
environments at temperatures from 30 °C to 80 °C in 3 wt.% NaCl at pH 4. Results from the
cyclic polarization technique confirm greater pitting susceptibility of 316L in CO2
environment. Electronic properties and composition of the passive film were identified by
electrochemical

impedance

spectroscopy,

Mott-Schottky,

and

x-ray

photoelectron

spectroscopy. Increasing temperature negatively affects passive film stability, and its
influences are amplified in the presence of CO2 as compared to N2. In CO2 environment, the
passive film becomes porous with increasing temperature leading to higher defects
(donor/acceptor densities).
Keywords Pitting susceptibility, cyclic polarization, electrochemical impedance spectroscopy,

Mott-Schottky analysis, x-ray photoelectron spectroscopy, donor and acceptor densities
4.2 Introduction
Corrosion is acknowledged as one of the most outstanding problems causing operational,
safety, and economic impacts in the oil and gas industry [212]. Carbon and low alloy steel are
extensively used due to their cost, availability, and mechanical properties. Nonetheless, in an
increasingly harsh environment in the oil and gas industry, its poor resistance to corrosion can
lead to an increased risk of failure and high operating costs through maintenance and ongoing
corrosion prevention plans. In such cases, a better performing material such as corrosion
resistance alloys can be considered. In particular, stainless steel (SS) is one of the commonly
used alloys due to the formation of thin passive oxide films on the surface [213-215]. Among
them, 316L is used in various industry sectors, e.g., petroleum refinery [216, 217],
desalination plants [218], and medical implant [219], as well as any passive alloys, are prone
to localized corrosion and more specifically pitting corrosion.
Pitting corrosion is the most serious and widespread form of corrosion causing failures in
various industries; e.g., petrochemical plant [220], and desalination plant [221]. The initiation
of pitting corrosion has been linked to the degradation of the passive film. In another word,
the integrity of the passive film determines the likelihood of pitting corrosion [222]. Over the
recent years, the oxide layer and its roles on the overall corrosion process are better understood
43

from the use of various electrochemical techniques, such as the electrochemical impedance
spectroscopy (EIS) and Mott-Schottky (M-S), to characterize the structural and electronic
properties of the passive films formed on the metals and alloys [223-225]. Surface analysis
techniques such as X-ray photoelectron spectroscopy (XPS) have been increasingly
implemented to study film growth mechanism and to detect compositional changes with depth
of the passive film. It was reported that in an aerated acidic media, the passive film formed on
316L SS is composed of iron and chromium oxide or hydroxide [226-228]. While in an aerated
alkaline media, the passive film has a bilayer structure, the inner enriches chromium oxide
layer, and the outer layer is composed of iron oxide with hydroxide [229-231].
The susceptibility of 316L SS to pitting corrosion depends directly on the environmental
parameters. For instance, the effect of chloride ion concentration, pH, and temperature on the
pitting susceptibility of 316L SS was investigated in deaerated [232] and aerated solutions
[222, 233, 234]. Despite the difference in the solution aeration, literature demonstrated that the
pitting susceptibility increases with chloride ion concentration, temperature, and solution
acidity. In addition, sulfide ions have been shown to weaken the passive film leading to
increased occurrence of localized corrosion [225].
The presence of CO2 has been shown to be detrimental for various corrosion resistant alloys
[235-238]. However, in neutral or alkali pH, CO2 derivative species such as bicarbonate
2−
(HCO−
3 ) and carbonate ions (CO3 ) become dominant. These components were described as

non-aggressive anions. Lower pit density was reported with increasing HCO−
3 concentration
[239]. Nonetheless, there is still a lack of systematic study that unveils the impact of CO2 on

the nature of the passive film formed and the resulting susceptibility to pitting corrosion
observed. The present study was undertaken to elucidate the influence of CO2 and temperature

on the properties of passive film formed on 316L SS and how it influences the susceptibility
to pitting corrosion. Experiments were conducted using cyclic potentiodynamic polarization
scans and the aforementioned EIS and Mott-Schottky techniques. Characterization of the
passive film was performed using the XPS technique.
4.3 Experimental procedure
4.3.1 Materials and specimen preparation
316L SS (UNS S31603), having chemical compositions of (in wt.%) 16.92 Cr, 10.02 Ni, 2.02
Mo, 0.02 C, 0.36 Si, 1.36 Mn, 0.03 P, 0.006 S and the balance Fe, was used in the present
study. The samples were machined into a cylindrical shape (15 mm diameter x 3 mm
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thickness). Prior to experiments, the sample was wet grounded with SiC paper from 80 to 600
grit SiC paper, rinsed with ethanol and ultrapure water, and dried with high purity N2 gas
(99.99%, BOC Australia). 316L SS specimen was then mounted in a polyether ether ketone
(PEEK) sample holder which was manufactured according to ASTM G61 recommendation to
prevent crevice formation [184]. The exposed surface area was 0.96 cm2.
4.3.2 Test solutions
Experiments were conducted in 3 wt.% NaCl deaerated and saturated with either CO2 or N2 at
atmospheric pressure. The test temperature was varied from 30 °C to 80 °C. The pH of the test
solutions was adjusted to 4 either by adding 1 M NaHCO3 to the CO2 saturated NaCl solution
or 1 M HCl in the case of N2. The solution pH was measured at the end and negligible change
in pH was recorded (Δ pH < 0.1). Test conditions are summarized in Table 4.1.
Table 4.1 Summary of test conditions
Parameters

Conditions

Gas (1 atmosphere)

CO2 and N2

Temperature ( C)

30, 40, 60 and 80

NaCl (wt.%)

3

pH

4

o

4.3.3 Electrochemical measurements
Experiments were conducted in a 1 L test cell fitted with a 316L SS specimen mounted in the
polyether ether ketone (PEEK) holder as a working electrode, a platinum mesh as a counter
electrode and a silver/silver chloride (Ag/AgCl) electrode connected to the cell via a Luggin
probe filled with 3 M KCl as a reference electrode. The test cell was also equipped with a
temperature probe, gas inlet, and outlet.
In a separate container, the solution was sparged with the test gas for a minimum of 4 h to
ensure dissolved oxygen had been removed. Subsequently, it was transferred via a peristaltic
pump into the test cell which had already been sparged with the test gas for an equal amount
of time to ensure an oxygen-free environment. The sparging was continued until the test was
completed.
The pitting susceptibility was determined with the cyclic polarization technique in accordance
with ASTM G 61- 2009 [184]. After the steady open circuit potential (OCP) was attained, the
cyclic polarization was performed at a scan rate 0.167 mV/s from OCP and reversed backward
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when the measured current exceeded 25 mA/cm2. For each condition, experiments were
repeated at least twice to ensure reproducibility.
Electrochemical impedance spectroscopy (EIS) and Mott-Schottky (M-S) techniques were
employed to gain an insight into the characteristic of the passive film which was prepared at
30 °C for all experiments. Firstly, the working electrode immersed in deoxygenated 3 % NaCl
solution sparged with the test gas at 30 °C was polarized at 200 mV cathodic from OCP for 15
min to remove any air-formed oxide film. Afterward, the working electrode was
potentiostatically polarized at -0.1 VAg/AgCl for 1 h to form the passive film. Once the passive
film was formed, the solution temperature was then raised to the desired values and
electrochemical measurements were commenced.
EIS measurements were carried out over the frequency from 10 kHz to 10 mHz at 10 mV
amplitude.
Subsequently, the M-S technique was employed by scanning a potential range from -0.5
VAg/AgCl to 1 VAg/AgCl with an amplitude signal of 10 mV and the potential step of 20 mV. M-S
experiments were typically conducted at high frequencies to eliminate the influence of
Helmholtz layer capacitance and ensure that the capacitance measured is of the space charge
region [176, 205, 208]. Our previous work showed that the frequency of 3 kHz is suitable for
316L SS in the environment of this study [240]. All the electrochemical measurements were
performed with a potentiostat (Gamry Reference 600) and the results were subsequently
analyzed using Gamry Echem Analyst version 6.24.
4.3.4 Surface characterization
The passive film was electrochemically formed using potentiostatic polarization method at 0.1 VAg/AgCl for 60 min in solutions sparged with test gas (either CO2 or N2) for 4 h and at 2
different temperatures; i.e., 30 °C and 60 °C. Subsequently, the samples were removed from
the solution, rinsed with ultrapure water, dried with N2 gas, and stored in a vacuum desiccator
for transportation. An unexposed sample where potentiostatic polarization was not applied was
also analyzed for comparison.
Ex-situ XPS measurements were performed on a Kratos Axis Ultra DLD spectrometer using a
monochromatic AlKα (1486.6 eV) irradiation source operated at 225 W. The vacuum pressure
of the analysis chamber of the spectrometer was maintained a 9×10-9 Torr or lower throughout
the duration of the analyses. The electron binding energy scale was calibrated for each sample
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by setting the mainline of the C1s spectrum to 284.8 eV. XPS spectra were collected with a pass
energy of 160 eV for the survey spectra and 40 eV for the high-resolution spectra. Depth
profiling was undertaken using an argon gas cluster ion source operating in monoatomic Ar+
mode at 5 keV. A typical depth profile involved 100 survey/sputter cycles, with sputtering
undertaken for 6 seconds per cycle. Data files were processed using CasaXPS software and
interpreted using relative sensitivity factors provided by the instrument manufacturer (Kratos)
as a guide. Shirley background subtraction was applied to all high-resolution spectra. In the
case of the Fe2p, Cr2p, and Ni2p which are known to be complicated by complex multiplet
splitting, fitting was achieved using specified empirical fitting parameters previously derived
from standard samples [241-243]. For each of the fitted species, binding energy differences
and area ratios were constrained for each species, whilst the absolute binding energy values
were allowed to vary by ±0.3 eV to accommodate any error associated with charge referencing.
4.4 Results and dissection
4.4.1 Cyclic polarization technique
After the polarisation, all samples were observed under a microscope and pits were found on
the surface with no evidence of crevice corrosion. Figure 4.1a and 1b show the cyclic
polarization curves for 316L SS obtained at different temperatures in 3 wt.% NaCl solutions
saturated with CO2 and N2, respectively. Hysteresis loops of various extent appear for all
scenarios as denoted by larger current density in the reversed scan as compared to that in the
forward one. The existence of these positive hysteresis loops indicates that the material is
susceptible to passivation breakdown and, consequently, pitting corrosion. This behavior is
expected in the presence of Cl- [187-189, 191]. In both CO2 and N2 environments, the pitting
potential (Epit), the potential at which the sudden increase in current density takes place,
decreases with increasing temperature indicating that the material becomes more prone to the
breakdown of the passive film. Another important feature that can be drawn from the cyclic
polarization curves is the repassivation potential (Erep) which can be determined as the potential
at which the forward and backward scans meet. Erep decreases with increasing temperature
substantiating that susceptibility to pitting corrosion increases with temperature.
In both media, the passive current density is relatively constant with respect to temperature as
illustrated in Figure 4.1 which implies that the ability of the passive film to prevent metal
dissolution is independent of temperature between 30 °C to 80 °C. However, the dissolved gas
plays a role because the passive current density is higher in the presence of CO2 than in the N2,
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i.e., 10 µA cm-2 compared to 3 µA cm-2, respectively. This result demonstrates the enhanced
metal dissolution in the passive region by the dissolved CO2 and, perhaps, its derivative species.
In other words, the passive film in a solution saturated with CO2 is less protective than that in
its absence suggesting CO2 may alter and compromise the reliability of passive film. It should
be recognized, that while observing this general trend in performance, the temperature will
affect the dissolved level of CO2 present in the solutions, causing the concentration to decrease
as the temperature is increased. High pressures experienced in oil and gas field environments
can increase the level of dissolved CO2 to concentrations much higher than those given in this
investigation. The influence of pressure and higher concentrations of dissolved CO2 will be
investigated in future work.
To evaluate the susceptibility to pitting corrosion, the differences between pitting and
repassivation potentials with respect to OCP; i.e. ΔEpit and ΔErep, respectively, were used [161].
It is acknowledged that metastable pitting events occur prior to Epit. Hence, ∆Erep which is
associated with the repassivation tendency has been used to conservatively determine the
pitting susceptibility [161, 244]. In this study, ΔEpit and ΔErep obtained from different
conditions are compared and depicted in Figure 4.2 a and b. It is apparent that both ΔEpit and
ΔErep in the presence of CO2 are lower than that in N2 environment indicating an increased
vulnerability to pitting corrosion of 316L SS. At pH 4, the presence of dissolved CO2 and
undissociated carbonic acid (H2CO3) are the primary difference in the water chemistry of
solutions saturated with CO2 and N2. Because the pH in this study was kept constant at 4, the
influence of pH on the pitting corrosion was eliminated and the observed pitting corrosion
behavior was due solely to the corrosivity of CO2.
The adverse effect of temperature on the pitting susceptibility of 316L SS in CO2 and N2 media
is also shown in Figure 4.2 a and b. In CO2 environment, ΔEpit and ΔErep decrease quite sharply
with increasing temperature from 30 °C to 60 °C. However, increasing the temperature from
60 °C to 80 °C does not show a significant effect on ΔEpit and ΔErep. This is probably related
to the temperature effect on the solubility of CO2 starting to dominate over the kinetics of the
reaction [245].
The cyclic polarization results presented here demonstrate the negative impacts of CO2 and
temperature on pitting corrosion. The adverse effect of temperature on pitting susceptibility of
stainless steel found in this study agrees well with the previous work in oxygenated
environments [246].
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Figure 4.1 Cyclic polarization curves of 316L SS in 3wt.% NaCl, pH 4 saturated with a) CO2 and b) N2 at
different temperatures. Arrows indicate direction of scans
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Figure 4.2 a) ∆Epit, and b) ∆Erep of 316L SS in 3wt.% NaCl, pH 4 saturated with CO2 and N2 at different
temperatures. Error bars indicate standard deviation from multiple repeats

4.4.2 Electrochemical impedance spectroscopy (EIS) technique
Electrochemical impedance measurement data is considered valid when it achieves three
conditions: linearity, stability, and causality which can be independently verified through
Kramers-Kronig (K-K) transforms [247]. The validation of data was performed by
transforming the real axis into the imaginary axis and vice versa. K-K transforms of the data
obtained in this study in both media CO2 and N2 for 316L SS are shown in Figure 4.3 a and b,
respectively. It can be observed that the K-K transforms exactly trace the experimental values
demonstrating and validating that the system was linear, causal, and stable.
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Figure 4.3 Kramer-Kronig transform of EIS data for 316L SS in 3wt.% NaCl, pH 4 saturated with a) CO2 and b)
N2 at a different temperatures

Figure 4.4 and Figure 4.5 show the Nyquist diagrams, Bode phase angle and Bode magnitude
plots of 316L SS measured in 3 wt.% NaCl solution saturated with CO2 and N2, respectively,
at different temperatures. The magnitude of the semicircle illustrated in the Nyquist diagrams
(Figure 4.4 a and Figure 4.5 a) gives a graphical indication of the faradaic impedance values.
Even at the lowest frequency of 10-2 Hz, the impedance is composed of appreciable out of phase
component. In the CO2 environment, an abrupt decrease in the projected semicircle diameter
is observed when the temperature was increased from 40 °C to 60 °C. However, in the N2
environment, the projected diameter remains relatively constant with respect to temperature
suggesting that the passive film remains unchanged and protective. It is also evident that 316L
SS has larger impedance values in N2 media than in CO2 media particularly at higher
temperatures of 60 °C and 80 °C.
In the N2 environment, Bode phase diagrams depict one time constant for all test temperatures
(Figure 4.4 b) while those in the CO2 environment reveal the transformation from one time
constant to two time constants (Figure 4.5 b) which manifests changes in the passive film
structure. The two time constants have been associated with the presence of an inhomogeneous
film consisting of a compact inner layer and a porous outer layer [195, 202, 203].
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Figure 4.4 a) Nyquist, b) Bode phase angle and c) Bode magnitude diagrams of 316L SS in 3wt.% NaCl, pH 4
saturated with CO2 gas at different temperatures. Lines represent the fitting with an equivalent circuit depicted
in Figure 4.6
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Figure 4.5 a) Nyquist diagram, b) Bode phase angle plot and c) Bode magnitude plot of 316L SS in 3wt.%
NaCl, pH 4 saturated with N2 gas at different temperature. Lines represent the fitting with an equivalent circuit
depicted in Figure 4.6.

Hence, different equivalent electrical circuits depicted in Figure 4.6 a and b were used. Firstly,
the Randle equivalent circuit (Figure 4.6 a) represents solution resistance (Rs) in series with the
parallel combination of capacitance constant phase element (CPE) and charge transfer
resistance (Rct). This equivalent circuit represents a system where no porous layer appears on
the sample surface and was used to fit EIS data exhibiting one time constant. Due to the nonideal behavior of capacitors in a corroding environment, a constant phase element (CPE) is
often used to replace the capacitor to improve the fitting [199]. For this particular equivalent
circuit, CPE represents capacitance double layer (Cdl). Thought the physical meaning of CPE
is unclear, and it can be converted into pure capacitance (C) using Equation 4.1 [198, 200, 201].
1

(𝑌𝑌𝑜𝑜 ∗ 𝑅𝑅𝐶𝐶𝐶𝐶 )𝛼𝛼
𝐶𝐶 =
𝑅𝑅𝐶𝐶𝐶𝐶

Equation 4.1

where RCt is charge transfer resistance (Ω.cm2), 𝑌𝑌𝑜𝑜 is CPE constant, (Ω-1.cm-2.sα), and α is the
CPE exponent which represents a resistance if α = 0 and an ideal capacitance if α = 1.

For EIS data exhibiting two time constants, the equivalent circuit proposed for inhomogeneous
passive films as shown in Figure 4.6 b was used. This circuit consists of Rs in series with the
parallel combination of a CPE (CPE1) and ionic paths resistance (Rpo) of the outer porous layer
which is in series with the parallel combination of another CPE and charge transfer resistance
(Rct) of the inner oxide layer. CPE at the outer layer and the inner layer have been associated
with the double layer capacitance and space charge capacitance of passive film, respectively.
This circuit has been used for different kinds of metals and alloys described as having porous
layer; such as titanium alloys in aerated solution at 37 oC [195], three types of SS (304, 446,
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and 308) in 0.1 M Na2SO4 deaerated by pure N2 [202], high nitrogen SS in aerated acidic
solution [172] and austenitic stainless steel containing nitrogen (ASS N25) and 316L SS in
deaerated acid solution by N2 [179].
The validity of the selected equivalent circuits can be seen in Figure 4.4 and Figure 4.5 where
lines representing the predictions from equivalent circuits agree well with markers representing
experimental values. Further, the low value of Chi-square numerically verified the goodness of
fit. Table 4.2 and Table 4.3 report the EIS parameters derived from the fitting described above
in N2 and CO2, respectively. In the N2 environment, an overall decrease in Rct with increasing
temperature was observed due to the enhanced kinetics of metal dissolution. Nonetheless, its
high values are anticipated for materials exhibiting a low uniform corrosion rate particularly
when EIS measurements were performed at OCP without any potential excitation. It can be
concluded from the high projected Rct the passive film prevents metal dissolution and remains
protective against uniform corrosion. Similar behavior can be observed in a CO2 environment
where Rct steadily decreases with an increase in temperature which suggests an enhanced metal
dissolution rate through the passive film with increasing temperature.
In addition to the change observed in Rct in CO2 environment, the passive film became porous
as the temperature reached 60 °C, as observed by the appearance of Rpo. Rpo is significantly
lower than Rct and is strongly influenced by temperature. Therefore, it can be stipulated that
this porous structure does not contribute to corrosion protection. Instead, it was the inner layer
passive film that predominantly controls corrosion activity which is in agreement with a
previous observation [202, 204]. Overall, the weakening of the passive film with temperature
in the CO2 environment is demonstrated by an increase in the porosity of the outer layer and
subsequent thinning of the protective film.

Figure 4.6 Equivalent circuits used for fitting of EIS data exhibiting a) one time constant and b) two time
constant
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Table 4.2 Electrical parameters obtained by fitting the EIS data for 316L SS in 3wt.% NaCl, pH 4
saturated with N2 gas at different temperatures
Rct
(Ω cm2)

C*
(F cm-2)

Chi-square

8.6 x 10-5

𝜶𝜶𝟏𝟏

0.90

3.8 x 105

1.3 x10-4

2.0 x 10-4

13.42

9.0 x 10-5

0.89

2.4 x 105

1.3 x 10-4

3.6 x 10-4

60

10.57

9.5 x 10-5

0.88

3.0 x 105

1.5 x 10-4

2.5 x 10-4

80

7.50

1.3 x 10-4

0.86

2.5 x 105

1.5 x 10-5

3.1 x 10-4

T (°C)

Rs
(Ω cm2)

CPE
(Ω-1cm-2sα)

30

15.20

40

*C was calculated from CPE and Rct values according to Equation 4.1
Table 4.3 Electrical parameters obtained by fitting the EIS data for 316L SS in 3wt.% NaCl, pH 4
saturated with CO2 gas at different temperatures
Rs

CPE1

C1*

Rpo

CPE

T
(°C)

(Ω cm )

(Ω cm s )

30

16.74

7.9 x 10-5

0.90

40

13.27

9.1 x 10-5

0.89

60

10.45

1.1 x 10-4

0.87

1.1 x 104

1.1 x 10-4

3.0 x 10-4

80

7.779

1.2 x 10-4

0.86

1.2 x 103

9.0 x 10-5

5.0 x 10-4

2

-1

-2 α

𝜶𝜶𝟏𝟏

(Ω cm )
2

(F cm )
-2

(Ω cm s )
-1

-2 α

C2*

Rct
(Ω cm )

(F cm-2)

Chisquare

2.2 x 105

1.1 x 10-4

2.3 x 10-4

2.2 x 105

1.3 x 10-4

3.2 x 10-4

0.91

7.4 x 104

4.1 x 10-4

2.4 x 10-4

0.82

5.4 x 104

1.0 x 10-3

1.9 x 10-4

𝜶𝜶𝟐𝟐

2

*C1 was calculated from CPE1and Rpo values whereas C2 was calculated from CPE and Rct values
according to Equation 4.1

4.4.3 Mott – Schottky (M-S) technique
It has been established that passive film formed on austenitic stainless steel such as 316L SS
can be envisaged as a duplex structure having semiconductor properties [230]. Hence, the MottSchottky technique was employed to investigate the effects of temperature, CO2 and N2 gas on
the electronic properties of the passive film and how they correlate with film integrity. The
measured capacitance is a combination of space charge and Helmholtz region, as shown in
Equation 4.2 [174, 205]. Because the Helmholtz layer capacitance is generally larger than that
of the space charge layer for smooth metallic/solution interface, it can be neglected and the
measured capacitance, therefore, corresponds only to that of the passive layer [175].
1
1
1
=
+
𝐶𝐶H
𝐶𝐶 𝐶𝐶SC

Equation 4.2

where CSC and CH are the capacitance of space charge layer and Helmholtz layer, respectively,
(F.cm-2).
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2
The Mott-Schottky behavior exhibits when there is a linear relationship between 1/𝐶𝐶SC
and

applied potential (E). A region showing a positive slope (Equation 4.3) depicts n-type
semiconductor behavior whereas the negative slope (Equation 4.4) indicates p-type [175].
2
𝐾𝐾𝐾𝐾
1
�𝐸𝐸 − 𝐸𝐸FB −
�
=
2
𝜀𝜀𝜀𝜀0 𝑞𝑞𝑁𝑁D
𝑞𝑞
𝐶𝐶

2
𝐾𝐾𝐾𝐾
1
�𝐸𝐸 − 𝐸𝐸FB −
�
=−
2
𝜀𝜀𝜀𝜀0 𝑞𝑞𝑁𝑁A
𝑞𝑞
𝐶𝐶

Equation 4.3
n-type
Equation 4.4
p-type

where C is the capacitance of space charge layer of the passive film, (F/cm2), E is the applied
potential, (V), 𝜀𝜀 is the dielectric constant of the passive film on the stainless steel having a

constant value of (15.6), 𝜀𝜀0 the permittivity of free space, (8.858 x 10-14 F/cm), q is the electron
charge, (1.602 x 10-19 C), ND and NA the charge carrier density for the donor and acceptor

respectively, (cm-3), EFB is the flat band potential, (V), K is the Boltzmann constant, (1.38 x
10-23 J/K), T the absolute temperature (K).
Figure 4.7 a and b shows the Mott-Schottky plots of the passive film formed on 316L SS in 3
wt.% NaCl saturated with CO2 and N2 gas, respectively. In all cases, similar behavior and
responses to the applied potential can be observed; i.e., 3 apparent regions are showing a linear
relationship. In the first region (region 1) covering the potential from -0.5 V to -0.1 V, a positive
slope indicates that the passive film is an n-type semiconductor due to the oxygen vacancies or
metal interstitials acting as electron donors. This layer has been associated with iron oxide and
hydroxide [207, 210]. As potential increases entering region 2 (-0.1 V to 0.4 V), the slope
inverts to negative presenting the p-type semiconductor which displays electron acceptor
behavior due to cation vacancies within the passive film [178]. P-type behavior film has been
associated with chromium oxide [207, 210]. In region 3 (0.4 V to 1.0 V), the Mott-Schottky
relationship returns to the n-type semiconductor which may correspond to the composition and
structure of the passive film [248].
ND and NA density can be derived from the slopes of the linear regions according to Equation
4.3 and Equation 4.4. The results in Table 4.4 reveal that ND and NA in CO2 media increase
with temperature in all 3 potential regions. Slightly different observations can be seen in an N2
environment where ND and NA are slightly affected by temperature up to 60 °C but sharply
rises at 80 °C. It has been widely accepted that ND and NA are related to defect density (namely,
oxygen vacancies, cation vacancies, and cation interstitials) within the passive film and are
associated with the weakening of the passive film and subsequently the pitting susceptibility.
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However, at the same temperature, as can be seen in Table 4.4, there is no appreciable
difference in ND and NA in the CO2 and N2 environments. The main difference, as discussed in
the previous section on EIS was the thinning of the passive film in the presence of CO2
compared to the N2 environment.
Table 4.4 Donor and acceptor densities (ND and NA) of the passive film formed on 316L SS in 3wt.%
NaCl, pH 4 sparged with CO2 and N2 at different temperatures. Region 1(-0.5 V to -0.1 V), region 2 (-0.1
V to 0.4 V), and region 3 (0.4 V to 1.0 V)
ND or NA in CO2 (cm-3)

Temperature

ND or NA in N2 (cm-3)

Region 1

Region 2

Region 3

Region 1

Region 2

Region 3

30 °C

1.14x1018

6.79x1017

1.41x1018

2.50x1018

1.12x1018

2.17x1018

40 °C

2.48x1018

1.04x1018

2.19x1018

3.44x1018

1.32x1018

2.37x1018

60 °C

3.31x1019

3.54x1018

4.49x1018

5.98x1018

3.18x1018

2.43x1018

80 °C

3.22x1019

7.72x1018

7.23x1018

2.41x1019

6.99x1018

5.02x1018

(a)
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Figure 4.7 Mott-Schottky plots for 316L SS in 3wt.% NaCl, pH 4 sparged with a) CO2 and b) N2 at different
temperatures

4.4.4 Surface analysis by XPS
XPS measurements were used to characterize the composition of passive films formed on 316L
stainless steel exposed to air and after film forming in deaerated 3 % NaCl solution with CO2
or N2 at 30 °C and 60 °C. In addition to surveying spectra, high-resolution spectra of the Cr2p,
Fe2p, Mo3d, and O1s regions were collected for the 316L SS passive film.
According to the survey spectra presented in Figure 4.8, the passive film is composed of C1s,
O1s, Cr2p, Fe2p, Mn2p, Ni2p, and Mo3d. The presence of carbon at the surface of the samples has
been attributed to the presence of adventitious carbon due to brief exposure to air during
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transportation [249, 250]. The quantitative results extracted from the survey spectra are
presented in Table 4.5. Aside from carbon, the main component of the passive film
electrochemically formed on 316L SS at both temperatures was Cr. The total amount of Cr was
enriched compared to that exposed to air. It is also noticeable that the Cr concentration in N2
is slightly higher than in CO2 environment at 30 °C. The difference becomes even more
apparent at 60 °C. This could be due to the destabilizing effect that CO2 has on the passive
layer which eventually could lead to the breakdown of the passive layer. Selective dissolution
of Fe from the passive film during immersion could explain the decrease in Fe to Cr ratio
compared to the specimen exposed to air.
Another notable observation from the quantitative results presented in Table 4.5 is that the
concentrations of Ni and Mo in the passive film formed in both experimental conditions were
slightly higher than the specimen exposed to air. Generally, the presence of Ni might effected
on passivation of stainless steel by reducing the current density and increasing the pitting
potential [251]. The presence of Mo tends to improve the passive film resistance to pitting
corrosion by reducing the dissolution rate and decreasing the number of point defects in the
passive film [252]. No apparent distinction between Ni and Mo concentrations among test
conditions was observed. Therefore, the difference in corrosion behavior of 316L with respect
to CO2 and temperature may not be depend on Ni and Mo but more likely on Fe and Cr.
Peak fitting was performed on the high resolution spectra of Cr2p, Fe2p, Mo3d, and O1s regions
and Figure 4.9 a shows representative fittings for spectra obtained in CO2 environment at 60
o

C. The fitting was achieved using specified empirical fitting parameters developed by

Biesinger and Grosvenor. [241-243] as mentioned previously. For Cr2p spectra, the peak
envelope was adequately fitted with peaks corresponding to metallic Cr, Cr2O3 and Cr(OH)3.
Quantitative analysis was performed and the results are reported in Table 4.6 and Table 4.7.
Greater concentration of metallic Cr was founded on 316L surface in N2 environment and the
difference becomes more apparent particularly at 60 °C where metallic Cr concentration
doubled in the presence of N2 as compared to CO2. High Cr content in the passive film leads
to the reduction in metal dissolution and consequently, the passive current density in agreement
with polarization results. A similar trend can be observed for Cr2O3 where its concentration is
comparable in both environments at 30 °C but decreases when the temperature was increased
to 60 °C, particularly in CO2 environment. Hence, the difference becomes obvious as
demonstrated in Table 4.6 and Table 4.7. It can be postulated that the inner Cr2O3 converted
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into outer layer Cr(OH)3 as temperature increased in the CO2 environment forming a porous
layer as depicted by the appearance of two time constants observed in EIS.
The Fe2p spectra in Figure 4.9 b were characterized by the presence of metallic Fe and two
oxide forms, namely FeO and Fe3O4. As can be seen in Table 4.6 and Table 4.7, the
concentration of metallic Fe in the CO2 environment is less than that in the N2 environment at
2 temperatures due to enhanced selective iron dissolution by CO2.
The deconvoluted Mo3d spectra presented in Figure 4.9 c, demonstrate the existence of metallic
Mo, MoO2, and MoO3, respectively [249, 253]. Table 4.6 and Table 4.7 demonstrates that the
concentration of metallic Mo in the passive film formed in the N2 environment is slightly higher
than in CO2. The presence of Mo in the passive film promotes the resistance to the pitting
corrosion susceptibility of stainless steel [254, 255] by reducing dissolution rate [54] and the
number of the point defect of the passive film.
Figure 4.9 d shows that oxygen presents in the passive film in the form of an oxide (O2-),
hydroxide (OH-) and adsorbed H2O. According to Table 4.6 and Table 4.7, the analysis of O1s
spectra confirms that, as temperature increases, hydroxide species dominate the passive film
corresponding with the change in Cr composition.
To provide more comprehensive information on the passive film, Figure 4.10 a to e shows the
XPS depth profile of O, Fe, Cr, Ni, and Mo elements in the passive film formed upon air
exposure and in 3 wt.% NaCl solutions at 30 °C and 60 °C saturated with CO2 and N2 gas,
respectively. The atomic concentration of carbon sharply decreases to a constant concentration
within the etch time, which is a result of the loss of the adventitious carbon contaminant. The
oxygen atomic concentration is the maximum at the start of sputtering and sharply decreased
to a constant value at 30 °C and 60 °C in both environments. Fe, Ni, and Mo atomic
concentrations increase with the increment of etch time and then they reach a constant value.
Cr concentration initially increased during the first 25 to 50 s etch time then decreased to a
steady value. The results also demonstrate that the Cr atomic concentration is higher than Fe
atomic concentration at the commencement of sputtering in all cases, especially in the case of
N2 gas at 60 °C.
The depth profile ratio for Cr and O obtained from XPS in conjunction with EIS and M-S
results suggests the passive film is made up of two layers. The external layer is largely made
up of Cr(OH)3, whereas Cr2O3 mainly resides in the inner part of the passive film. Other oxides
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and hydroxide that are expected to exist within the passive film also include FeO, Cr2O3,
Cr(OH)3, and MoO3 at different atomic concentrations.

Figure 4.8 Survey XPS of the passive film formed on 316L SS a) after exposed to air and in 3wt.% NaCl pH 4
sparged with b) CO2 and c) N2 at 2 temperatures
Table 4.5 Surface concentration (at%) of elements obtained from high-resolution XPS survey on the
passive film formed on 316L SS exposed to air and in 3% NaCl, pH 4 at different temperatures in CO2
and N2 environments
C1s

Cr2p

Fe2p

Mn2p

Mo3d

Ni2p

O1s

Identification
CO2
Exposed to air

N2

21.16

CO2

N2
8.31

CO2

N2

23.82

CO2

N2

1.32

CO2

N2

0.38

CO2

N2

1.31

CO2

N2

43.70

30 °C

10.77

20.55

17.06

17.77

15.91

12.19

0.73

0.86

0.57

0.72

2.11

2.11

52.85

45.80

60 °C

15.93

24.00

15.82

18.10

12.13

8.40

1.45

1.83

0.57

0.81

2.19

1.27

51.91

45.59
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Figure 4.9 Representative high resolution XPS spectra of the passive film formed on 316L SS in CO2
environment at 60 oC for a) Cr2p, b) Fe2p, C) Mo3d, and d) O1s
Table 4.6 The detailed XPS spectra of the passive film formed on 316L SS in CO2 media at 2 different
temperatures
Temperature
(°C)

Cr2p (at %)

Fe2p (at %)

Mo3d (at %)

O1s (at %)

Cr
metal

Cr2O3

Cr(OH)3

Fe
metal

FeO

Fe3O4

Mo

MoO2

MoO3

O2-

OH

H2O

30

13.06

65.16

21.78

43.84

40.77

15.39

29.84

14.84

55.32

45.81

52.84

1.35

60

12.61

28.45

58.94

56.46

36.54

7.00

33.33

18.50

48.17

35.47

62.42

2.11

Table 4.7 The detailed XPS spectra of the passive film formed on 316L SS in N2 media at 2 different
temperatures
Temperature
(°C)

Cr2p (at %)

Fe2p (at %)

Mo3d (at %)

O1s (at %)

Cr
metal

Cr2O3

Cr(OH)3

Fe
metal

FeO

Fe3O4

Mo

MoO2

MoO3

O

30

19.08

67.63

13.29

54.58

26.28

19.14

33.64

14.60

51.76

60

25.64

48.72

25.64

64.95

25.33

9.72

34.62

17.74

47.63

60

OH

H2O

30.98

66.24

2.78

24.67

70.37

4.96
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Figure 4.10 XPS depth profiles of, Cr, Fe, Mo, Ni and O elements in the passive film formed on a) 316L SS
exposed to air at room temperature and that immersed in 3wt.%NaCl at b) 30 °C in CO2, c) 60 °C in CO2, d) 30
°C in N2, and e) 60 °C in N2
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4.5 Conclusions
This study investigated the influences of CO2 and temperature on the pitting susceptibility of
316L in pH 4 3wt% NaCl using electrochemical techniques and surface characterization. Based
on the interpretation of combined results, the following conclusions are drawn.
1. 316L SS becomes more prone to pitting corrosion with increasing temperature. The
temperature effect is magnified in the CO2 environment.
2. Mott-Schottky analysis also confirms the negative impacts of temperature on pitting
susceptibility due to the increase in donor (ND) and acceptor (NA) densities in both
environments.
3. EIS results revealed a possible synergistic effect of temperature and CO2 on the change
in the passive film structure. At high temperatures 60 °C and 80 oC, a porous layer
develops as indicated by the appearance of two-time constants shown in EIS results.
On the other hand, this is absent in N2.
4. XPS analysis indicates that the variation in elemental composition and its speciation
are in agreement with EIS results. The double layer structure is proposed where the
inner layer consists of metal oxides, and the outer layer is hydroxides. A higher
concentration of metal hydroxides (potentially Cr(OH)3) is observed as temperature
increases particularly in the presence of CO2.
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Chapter 5: Study the influence of high temperature and high-pressure
conditions on the 316L stainless steel in CO2 environment
5.1 Abstract
This study investigated the effects of temperature (30 oC, 100 oC, and 140 oC), partial pressure
of CO2, and NaCl concentrations (0.05 wt.%, 3 wt.%, and 8 wt.%) on pitting corrosion behavior
of UNS S31603 using cyclic polarization (CP), electrochemical impedance spectroscopy (EIS)
and Mott-Schottky (MS) techniques. The CP results indicated that the pitting susceptibility of
UNS S31600 increases with increasing temperature and NaCl concentration. The properties of
the passive film were influenced by the temperature and NaCl concentration as identified by
EIS techniques. Capacitance measurements based on the Mott-Schottky relationship revealed
that the donor and acceptor densities are unaffected by increasing temperatures to the same
extent as to the effect of NaCl concentration at different temperatures where the passive film
has become more vulnerable with increased chloride concentrations.
Keywords: UNS S31603, localized corrosion, CO2 environment, cyclic polarization,

electrochemical impedance spectroscopy, Mott-Schottky
5.2 Introduction
Stainless steels are widely used in many industries including the oil and gas industry owing to
their superior corrosion resistance to general corrosion compared to mild or carbon steel [152,
213, 214]. The high corrosion resistance of stainless steel relies on the integrity of the passive
film formed on its surface [256, 257]. Studies showed that the passive film of stainless steel is
comprised of p-type and n-type layers, whereas the p-type represents the inner region while ntype semiconducting properties are associated with the outer region of the protective oxide film
[174, 258].
Albeit the presence of such passive film, localized corrosion including pitting corrosion can
occur on stainless steels in certain environments [259]. Pitting corrosion is considered a
complex phenomenon and one of the important problems that are at the root of many corrosion
failures. Three mechanisms, i.e., the penetration, the film breaking, and the adsorption
mechanisms, have been proposed to explain the loss of passivity that leads to the initiation of
localized corrosion in the form of pitting corrosion of stainless steels [118, 174, 257]. These
mechanisms provided unique opportunities for understanding pitting corrosion
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Environmental conditions such as water chemistry, chloride (Cl-) ion concentration,
temperature, and pH [257] influence the passivation breakdown following which pitting
corrosion can initiate and propagate. Moreira et al. noticed that the corrosion rate increased
with increasing temperature from 125 oC to 175 oC under dynamic and static conditions for the
13Cr and 13Cr5Ni2Mo stainless steel [236]. Zhang et al. showed that the passive film formed
on 13Cr stainless steel at 90 oC has a higher degree of protectiveness than that at 150 oC based
on electrochemical measurements and surface analyses [235].
Furthermore, it has been reported that the pitting susceptibility of stainless steel in sodium
chloride solution depends on the solution temperature. Manning et al. noticed that the change
in the semiconductivity of the passive film formed on 304L stainless steel was related to the
effect of temperature on the pitting susceptibility [260]. Carranza et al. found that the passive
film formed on alloy 800 became more porous and less protective as the temperature was
increased above 150 oC, leading to the change in the pitting morphologies based on
observations and using scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) technique [261].
There is a lack of information on the influences of high-temperature high pressure and NaCl
concentrations on the pitting corrosion of UNS S31603 in the CO2 environment until now.
Thus, this study investigated the influences of temperature and NaCl concentrations on pitting
corrosion of UNS S31603 in a constant dissolved CO2 concentration using electrochemical
measurements: cyclic polarization (CP), electrochemical impedance spectroscopy (EIS), and
Mott-Schottky (M-S). The environment simulated that typically encountered in oil and gas
production systems.
5.3 Experimental works
5.3.1 Materials and specimen preparation
The test specimens used in this study were machined into tube shape from UNS S31603 with
the nominal chemical composition shown in Table 5.1. The specimens with an exposed ring
surface of 0.22 cm2 were pressed into polyether ether ketone (PEEK) to isolate them from any
other electrical connections as shown in Figure 5.1. The specimens were wet ground with SiC
papers from 120 to 600 grit, rinsed with ethanol (ethanol undenatured 100%, Chem-Supply
Australia) and deionized (DI) water (Ibis Technology), and then dried with ultra-high purity
N2 gas (99.999% BOC Australia).
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Table 5.1. Chemical composition of UNS S31600 used in this study
Element

C

Si

Mn

P

S

Ni

Cr

Mo

Fe

(wt. %)

0.02

0.36

1.36

0.03

0.006

10.02

16.92

2.02

Bal.

Figure 5.1 Schematic diagram to the working electrode

5.3.2 Test solutions
The test solutions were prepared from deionized water (Ibis Technology) and NaCl (analytical
grade, Chem-Supply Australia) at various concentrations as shown in Table 5.2. Prior to a test,
1 L of the test solution was sparged with CO2 (99.995%, Coregas Australia) for 4 h to remove
dissolved oxygen and to saturate the solution with the test gas. The pH of the test solutions at
25 °C was adjusted to 4 with 1 M NaHCO3.
Table 5.2. Summary of test conditions
Variable
Temperature (°C)
Sodium chloride
concentration (wt.%)

Conditions
30, 100, and 140

pH

4 @ 25 °C, 1 bar CO2

0.05, 3, and 8
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Note
The concentration of
dissolved CO2 was kept
constant at
0.029 kmol/m3 by adjusting
partial pressure of CO2.

5.3.3 Experimental setups
Two experimental setups were used in this study, i.e., a glass cell equipped with conventional
3-electrode for experiments at 30 °C and a high pressure/high temperature (HT/HP) test vessel
for experiments at 100 and 140 °C.
The glass cell setup consisted of the platinum coated titanium mesh counter electrode (CE), the
silver/silver chloride (Ag/AgCl) reference electrode (RE) in a Luggin capillary filled with 3 M
KCl and a UNS S31603 specimen as the working electrode (WE). In addition to the inlet and
outlet gas tube. The test cell was then placed on an electrical hot plate to maintain the test
temperature at 30 °C.
The HT/HP test vessel was machined from UNS N10276. The lid of the vessel has pre-drilled
ports for WE, a thermocouple for temperature control, gas inlet and outlet, a pressure gauge,
the HT/HP RE (external pressure balanced reference probe Ag/AgCl electrode, 3 M KCl
solution, Corr Instruments, LLC, USA), and the HT/HP pH electrode (ZrO2-based pH probe,
Corr Instruments, LLC, USA). The body of the vessel was used as a counter electrode. A band
heater was wrapped around the external body of the test vessel to increase the solution
temperatures to 100 and 140 °C.
5.3.4 Experimental procedure
One litre (L) of the prepared solution was transferred using a peristaltic pump to the test vessel
pre-sparged with CO2. The CO2 sparging was continued until the test completion to minimise
oxygen ingress and to maintain CO2 saturation. The solution was then heated to the test
temperature.
The cyclic polarization (CP) technique was used to determine the pitting susceptibility of UNS
S31603. CP tests were performed by anodically polarizing the WE at a scan rate of 0.167 mV/s
from open circuit potential (EOCP). The scan was reversed to an EOCP when the measured current
reached 10 mA/cm2. Tests were duplicated to verify the reproducibility of the experiments.
Prior to EIS and MS experiments at any conditions, it was important that the WE had developed
reproducible passive film. This was achieved by cathodically polarizing the WE to - 0.2 V vs.
EOCP in the test solutions; i.e. 0.05 wt.%, 3 wt.%, and 8 wt.% NaCl at 30 °C for 15 min to
remove an air formed oxide film on the surface. Subsequently, the WE was anodically
polarized to - 0.1 V vs. EAg/AgCl for 1 h allowing the film to form in a controlled manner. Lastly,
the solution temperature was raised to the test temperature.
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EIS was then performed at EOCP from 10 kHz to 10 mHz with an amplitude of 10 mV. M-S
technique was then carried out by sweeping the potential from -0.5 V vs. EAg /AgCl to 1 V vs.
EAg /AgCl at a frequency of 3 kHz using an amplitude signal of 10 mV and a step rate of 20 mV.
All the electrochemical measurements of the corrosion process were performed using the
Gamry reference 600.
5.4 Results and discussion
5.4.1 In-situ pH measurement
It has been reported that the pH value had a clear influence on the structure and the electronic
property of the passive film on 316L SS [262]. Therefore, it was necessary to maintain the pH
value constant during the HT/HP test.
The pH of the test solution was measured at 100 °C and 140 °C to check the change in pH by
using the HT/HP pH electrode (ZrO2-based pH probe, Corr Instruments, LLC, USA). The
difference in the pH (∆pH) was found 0.5 pH unit at 100 °C and 0.3 pH unit at 140 °C.
The amount of difference in the pH value at HT/HP is added to the required pH value which is
4 at 25 °C i.e. 4.5 pH test solution was prepared at 25 °C to conduct test at 100 °C and the pH
was adjusted to 4.3 at 25 °C for test at 140 °C.
5.4.2 Cyclic polarization technique
The effect of temperatures on the pitting susceptibility of UNS S31603 samples immersed in
0.05 wt.%, 3 wt.%, and 8 wt.% are illustrated in Figure 5.2 a to c, respectively. The same results
were rearranged and shown in Figure 5.3 a to c to demonstrate the effects of NaCl concentration
at different temperatures.
EOCP decreased with either increasing temperature or NaCl concentration suggesting that UNS
S31603 became more active.
Pitting potential (Epit) and repassivation potential (Erep) provide information on the pitting
susceptibility of metals. Materials with high Epit and Erep are associated with greater resistance
to pitting corrosion [161]. Figure 5.2a shows that Epit of 316L was not affected by temperature
(up to 140 °C) when immersed in low NaCl concentration (0.05 wt.%). However, as NaCl
concentration was increased to 3 and 8 wt.%, Epit decreased by up to 200 and 250 mV when
the temperature was increased to 100 and 140 °C, respectively. The general trend of Erep also
demonstrated that high temperature and chloride concentration led to decreased Erep. At 140
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°C, Erep was lower than EOCP regardless of chloride concentrations indicating pitting corrosion
initiated and propagated instantaneously on the 316L surface at 140 °C [193].
Even though ΔEpit (Epit - EOCP) can be influenced by EOCP, it is commonly used as another
criterion to quantify the tendency for pitting corrosion. High ∆Epit is usually associated with
greater resistance to pitting corrosion [161]. In addition to Epit and ΔEpit, the pitting corrosion
susceptibility may be visually estimated by the appearance of metastable pitting events and the
magnitude of hysteresis loop from CP scans. A large hysteresis loop suggested the possibility
of pitting corrosion [185, 186]. In this study, the magnitude of hysteresis loops is the greatest
at 140 °C regardless of NaCl concentrations. Metastable pitting events are characterized by the
current fluctuation in the passive region during the forward scan signaling the constant
depassivation and passivation of the passive oxide film [263]. As 316L was polarized beyond
Epit, the passive film could not repassivate leading to a permanent increase in current density
sustaining pit propagation. The results obtained in this study showed that at 0.05 wt.% and 3
wt.% NaCl, metastable pitting events were observed as the temperature was increased from 30
°C to 100 and 140 °C.
On the contrary, at high NaCl (8 wt.%), no metastable pitting event was observed at any
temperatures tested in this study. Kim and Young reported that the chloride ion is aggressive
and promotes the passive film breakdown of stainless steel [191]. Therefore, it is possible that
the passive film could not repassivate at 8 wt.% NaCl; hence, the absence of metastable pitting
events. These results are in good agreement with previous work [190, 264].
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Figure 5.2 Cyclic polarization curves of UNS S31603 in a) 0.05 wt.% NaCl, b) 3 wt.% NaCl and c) 8 wt.%
NaCl, pH 4 at different temperatures

To demonstrate the effects of chloride ions, the CP scans were rearranged as shown in Figure
5.3 a to c. Epit decreased with increasing NaCl concentrations.
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Figure 5.3 Cyclic polarization curves for UNS S31603 in different NaCl concentrations, pH 4 at a) 30 oC, b)
100 oC and c) 140 oC

5.4.3 Electrochemical impedance spectroscopy (EIS) technique
Figure 5.4 a to c presents the Nyquist plots and the Bode diagrams obtained on UNS S31603
at different temperatures in 0.5 wt.%, 3 wt.%, and 8 wt.% NaCl, respectively. An incomplete
semicircle is a typical appearance of the Nyquist plots observed in this study. The diameter of
the semicircle decreases with the increase of temperatures in every NaCl concentration
suggesting an increased corrosion attack. At high temperature 140 oC in 0.05 wt.% NaCl and
3 wt.% NaCl as well as at 30 oC in 8 wt.% NaCl the shape of Nyquist plot comprises of the
depressed semicircle and a diffusion tail caused by the diffusion of iron ion, which is produced
by the anodic reaction. In addition, the depressed semicircle implied that the surface does not
behave as an ideal capacitor due to the microscopic surface roughness and the presence of a
porous corrosion product film [194].
Three equivalent circuits were used to fit EIS spectra. Spectra obtained at 30 oC and 100 oC in
0.05 wt.% NaCl and 3 wt.% NaCl (Figure 5.4 and Figure 5.5) depicts one-time constant and
these spectra were fitted with the equivalent circuit shown in Figure 5.6 a. This equivalent
circuit consists of the solution resistance (Rs) between the working and reference electrodes,
the double layer capacitance (Cdl), and the charge transfer resistance (Rct). For account the
dispersion effect caused by the roughness of the electrode interface, the constant phase element
(CPE) is used to replace the capacitance double layer (Cdl) to reflect the capacitance behavior.
The impedance of the CPE is defined as shown in Equation 5.1 [199].

𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 =

1
𝑌𝑌𝑜𝑜 (𝑗𝑗𝑗𝑗)𝛼𝛼

Equation 5.1

where 𝑌𝑌𝑜𝑜 is CPE constant (Ω-1cm-2 sα), 𝜔𝜔 is the angular frequency (rad /s), j2 = -1 is the

imaginary number and α is the CPE exponent, so CPE can represent resistance if α = 0, ideal
capacitance if α = 1 and Warburg element if α = 0.5 [265] .

The impedance spectra were obtained at 140 oC in 0.05 wt.% NaCl and 3 wt.% NaCl and 30
o

C in 8 wt.% NaCl were fitted with the equivalent circuit model shown in Figure 5.6 b where

the Warburg impedance (Ws) relating to ions diffusion connected in series with Rct. This
equivalent circuit was selected to correlate with the shape of the Nyquist plot, i.e., a depressed
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semicircle and a diffusion tail caused by the diffusion of iron ion produced by the anodic
reaction. The two time constants observed at 100 oC and 140 oC in 8 wt.% NaCl were often
considered as the response of an inhomogeneous film, which is similar to that reported for
passive alloys in other environments [195, 202, 203]. The equivalent circuit model in Figure
5.6 c [172, 179, 195, 202] was adopted to fit this behavior. In this equivalent circuit model,
outer porous layer resistance (Rpo), the constant phase element of the porous layer (C), the
charge transfer resistance of the inner layer Rct and the constant phase element (C1) are
introduced to the existing Figure 5.6 a model.
After the values of 𝑌𝑌o , R and α are deduced from the equivalent circuit, the pure capacitance

(C) can be calculated using the correlation shown in Equation 5.2 previously proposed in the
literature [198, 200, 201]

𝟏𝟏

(𝒀𝒀𝒐𝒐 𝑹𝑹)𝜶𝜶
𝑪𝑪 =
𝑹𝑹

Equation 5.2

where R is resistance, (Ω cm-2).
Table 5.3 reports the EIS parameters from the fitting data described above. Rct decreased with
the increasing temperatures and NaCl concentrations suggesting an enhanced corrosion attack
on the electrode surface due to accelerated metal dissolution and the rate of chloride adsorption
into the passive film. Rpo values have a small magnitude compared with Rct. The probable
reason is that the corrosion protection was provided by the inner layer passive film [202, 204].
In addition, Rs values decrease with increasing temperature and NaCl concentration due to
increased dissolution and ionic transport which is improved by the decrease of solution
viscosity and by greater diffusion [183]. As the temperature was increased in high NaCl
solution, the second time constant appears which corresponds to the porous layer as previously
discussed.
As a result, increasing temperatures lead to increase in the susceptibility to film breakdown,
which was shown previously using the cyclic polarization technique.

72

(a)

(a)

140000

-90

120000

-80

0.05% NaCl 30 oC
0.05% NaCl 100 oC
0.05% NaCl 140 oC
Fitting

80000

Phase angle (degree)

Zim (Ω.cm2)

100000

0.05% NaCl 30 oC
0.05% NaCl 100 oC
0.05% NaCl140 oC
Fitting

-70

60000
40000
20000

-60
-50
-40
-30
-20
-10

0
0

20000

40000

60000

80000

100000

120000

0

14000

10-2

10-1

100

101

102

Zre (Ω.cm )
(b)

105

-90

3% NaCl 30 oC
3% NaCl 100 oC
3% NaCl 140 oC
Fitting

-80

80000

-70

3% NaCl 30 oC
3% NaCl 100 oC
3% NaCl 140 oC
Fitting

60000

Phase angle (degree)

Zim (Ω.cm2)

104

(b)

100000

40000

20000

-60
-50
-40
-30
-20
-10

0
0

20000

40000

60000

80000

0

100000

10-2

10-1

100

Zre (Ω.cm2)

(c)
-90

8% NaCl 30 oC
8% NaCl 100 oC
8% NaCl 140 oC
Fitting

4000

102

103

104

105

103

104

105

(c)
8% NaCl 30 oC
8% NaCl 100 oC
8% NaCl 140 oC
Fitting

-80
-70

Phase angle (degree)

5000

101

Frequency (Hz)

6000

Zim (Ω.cm2)

103

Frequency (Hz)

2

3000
2000

-60
-50
-40
-30
-20

1000

-10

0
0

1000

2000

3000

4000

5000

600

0

10-2

10-1

100

101

102

Frequency (Hz)

2

Zre (Ω.cm )

Figure 5.4 Nyquist plots (left) and Bode phase diagrams (right) of UNS S31603 in a) 0.05 wt.% NaCl, b) 3
wt.% NaCl and c) 8 wt.% NaCl, pH 4 at different temperatures
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Figure 5.5 Nyquist plots (left) and Bode phase diagrams (right) of UNS S31603 in different NaCl
concentrations, at a) 30 oC, b) 100 oC and c) 140 oC, pH 4
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Table 5.3. Electrical parameters obtained by fitting the EIS data for 316L SS in a) 0.05 wt.% NaCl, b) 3
wt.% NaCl and c) 8 wt.% NaCl, pH 4 at different temperatures
(a)
T (oC)
30
100
140
(b)
T (oC)
30
100
140

(c)
T (oC)
30
100
140

Rs
(Ω cm2)
1.41
8.22 x10-1
4.50 x10-1

Rs
(Ω cm2)
175.10
59.51
46.11

Rs
(Ω cm2)
16.74
1.81
1.77

CPE1
(Ω-1cm-2sα)
1.26 x10-4
1.63 x10-4
4.52 x10-4

CPE
(Ω-1cm-2sα)
5.51 x10-5
1.24 x10-4
1.87 x10-4

CPE
(Ω-1cm-2sα)
7.86 x10-5
1.89 x10-4
4.11 x10-4

NaCl Concentration 0.05 wt.%
Rct
α
(Ω cm2)
0.81
5.26 x105
0.75
1.19 x104
0.81
1.14 x104

NaCl Concentration 3 wt.%
Rct
C
α
(Ω cm2)
(F cm-2)
0.90
2.23 x105
1.07 x10-4
4
0.85
1.18 x10
3.22 x10-4
0.78
981.10
3.19 x10-4

NaCl Concentration 8 wt.%

α1
0.83
0.83
0.73

C
(F cm-2)
1.19 x10-4
3.11 x10-4
2.22 x10-4

Rpo
(Ω cm2)
5.70 x10-1
4.40 x101

C
(F cm-2)
9.13 x10-5
2.43 x10-5
1.08 x10-4

CPE
(Ω-1cm-2sα)
2.35 x10-4
4.80 x10-3

α2
0.40
0.61

Rct
(Ω cm2)
1.61 x103
9.80 x103
2.59 x103

*C and C1 were calculated from CPE and R values according to Equation 3.2
75

Wd
(Ω-1cm-2s0.5)
4.34 x10-4

Wd
(Ω-1cm-2s0.5)
2.06 x10-3

C1
(F cm-2)
8.30 x10-4
2.37 x10-2

Wd
(Ω-1cm-2s0.5)
1.28 x10-3
-

5.4.4 Mott – Schottky
Before discussing the effect of different conditions (temperatures and NaCl concentrations) on
the semiconducting properties of the passive film formed on 316L SS, it is important to select
a suitable frequency to measure the Mott-Schottky plot. It is known that the capacitances are
frequency dependent [176, 205, 208]. Therefore, the frequency of 3 kHz is used as the applied
frequency in this study to eliminate the capacitance dependence on the frequency [240].
For Mott–Schottky analysis, the imaginary part of the impedance (𝑍𝑍 " ) was measured as a
function of applied potential, and then the capacitance of the passive film (C) was calculated
from the measured impedance using Equation 5.3.

𝑪𝑪 = (−𝒁𝒁" 𝟐𝟐𝟐𝟐𝟐𝟐)−𝟏𝟏

Equation 5.3

Where 𝑍𝑍 " is the imaginary part of the impedance, and 𝑓𝑓 is the frequency, (Hz).

Depending on Mott–Schottky theory [174, 205], the measured capacitance of the
film/electrolyte interface consists of the capacitance of the space charge layer (𝐶𝐶𝑆𝑆𝑆𝑆 )and

capacitance of Helmholtz layer (𝐶𝐶𝐻𝐻 ). It can be written by Equation 5.4
𝟏𝟏
𝟏𝟏
𝟏𝟏
=
+
𝑪𝑪 𝑪𝑪𝑺𝑺𝑺𝑺
𝑪𝑪𝑯𝑯

Equation 5.4

where CSC and CH are the capacitance of the space charge layer and capacitance of the
Helmholtz layer, respectively, (F/cm2).
Assuming that the capacitance of the space charge layer is smaller than the Helmholtz layer
capacitance [175]. Therefore, the capacitance determined reflects the space charge capacitance
Csc of the passive film.
The Mott–Schottky relations for n-type and p-type semiconductors are expressed by Equation
5.5 and Equation 5.6 respectively [174, 175].
𝟏𝟏
𝟐𝟐
𝑲𝑲𝑲𝑲
�𝑬𝑬 − 𝑬𝑬𝑭𝑭𝑭𝑭 −
�
=
𝑪𝑪𝟐𝟐 𝜺𝜺𝜺𝜺𝟎𝟎 𝒒𝒒𝑵𝑵𝑫𝑫
𝒒𝒒

Equation 5.5
For n- type

𝟏𝟏
𝟐𝟐
𝑲𝑲𝑲𝑲
�𝑬𝑬 − 𝑬𝑬𝑭𝑭𝑭𝑭 −
�
=−
𝑪𝑪𝟐𝟐
𝜺𝜺𝜺𝜺𝟎𝟎 𝒒𝒒𝑵𝑵𝑨𝑨
𝒒𝒒

Equation 5.6
For p- type
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where C is the capacitance of the space charge layer of the passive film (F/cm2), ε is the
dielectric constant of the passive film (15.6) for stainless steel, ε0 is the vacuum permittivity
(8.854×10-14 F/cm), q is the electron charge (1.602×10-19 C), K is the Boltzmann constant
(1.38×10-23 J/K), E is the applied potential (V), EFB is the flat band potential, NA is the acceptor
density, and ND is the donor density, T is the absolute temperature (K).
Figure 5.7 and Figure 5.8 shows Mott–Schottky plots of the passive film formed on UNS
S31603at different temperatures and different NaCl concentrations, respectively. It can be seen
as temperatures increased the slopes of the linear region decreased indicating an increment of
a defect in the passive film (Figure 5.7). M-S plots reveal 3 regions showing a linear
relationship between 1/C2 and E in 0.05 wt.% NaCl at different temperatures and in 3 wt.%
NaCl at 30 oC. While it shows 2 regions in 3 wt.% NaCl at high temperatures 100 oC and 140
o

C and in 8 wt.% NaCl at different temperatures, it should be noted that the change of the slope

shape with potential is related to the structure and composition of the passive film formed on
UNS S31603 [191]. It is important to focus on the potential range of around between -0.35V
to 0.2V, which exhibits the passive range according to the cyclic polarization technique.
Generally, the positive slopes indicate that the passive film formed on UNS S31603 is n-type
semiconductor results from anion diffusion towards the metal acting as an electron donor. It
has been reported that this type of layer is enriched with iron oxide and hydroxide [207, 210].
While the passive film with an excess of cation vacancies or shortage of metal ion behaves as
p-type semiconductor showing electron acceptor [178]. The donor density ND and the acceptor
density NA of the passive film formed on UNS S31603 were calculated from Equation 5.5 and
Equation 5.6. The results show that the donor and acceptor densities increased with temperature
and NaCl concentration suggesting a highly disordered character of the passive film [181].
These results are in good agreement with EIS measurements and cyclic polarization.
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Figure 5.7 Mott-Schottky plots for UNS S31603 in a) 0.05 wt.% NaCl, b) 3 wt.% NaCl and c) 8 wt.% NaCl,
pH 4 at different temperature, 3 kHz, with AC 10 mV
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Figure 5.8 Mott-Schottky plots for UNS S31603 in different NaCl concentrations, at a) 30 oC, b) 100 oC and
c) 140 oC, pH 4, 3 kHz, with AC 10 mV
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5.5 Conclusions
1- The increased temperature and NaCl concentration can enhance the pitting
susceptibility of UNS S31603 as determined by the parameters that were obtained
from the cyclic polarization.
2- The electrochemical impedance spectroscopy results have revealed the change in
the passive film formed on UNS S31603 at different temperatures and NaCl
concentrations. The high temperatures increase the defects on the passive film and
make it more heterogeneous. In addition, this harmful effect is intensified at higher
NaCl concentrations. Therefore, the combined effect of these two factors
decreases the protectiveness of the passive film formed on UNS S31603.
3- Mott-Schottky analysis results have shown that the donor and acceptor densities
(ND and NA) appear to be unaffected by the increasing temperatures to the same
extent as increased NaCl concentration indicating the weakening of the passive
film with increased solution concentration.
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Chapter 6: Effect of CO2 partial pressure on the pitting susceptibility of
UNS S31603 at different temperatures
6.1 Abstract
The influence of CO2 partial pressure on the corrosion behaviour of UNS S31603 stainless
steels (SS316L) in 3wt.% NaCl at various temperatures were investigated by open circuit

potential (OCP), cyclic polarization techniques (CP). Electrochemical impedance spectroscopy
technique (EIS). CO2 , NaCl, and temperatures were found to decrease the corrosion resistance

of SS316L. The results showed that OCP was shifted to more negative values when the CO2

partial pressure was increased from 2.6 to 10.3 bar at 100 °C as well as from 6.7 to 10.1 at 140
°C. Results from CP technique confirm greater pitting susceptibility of SS316 with increasing
CO2 partial pressure at different temperatures.
Keywords: CO2 partial pressure, UNS S31603 stainless steel, open circuit potential, cyclic

polarization techniques, electrochemical impedance spectroscopy technique
6.2 Introduction

Carbon dioxide corrosion (CO2 corrosion) is a very serious problem in the oil and gas industry
and often results in severe damage by affecting the materials used in production and processing

facilities [5, 266-271]. The crude oil and natural gas from the oil reservoir/gas wells usually
contains some level of CO2 . CO2 corrosion was reported as early as 1940 [272]. The mechanism

of corrosion of ferrous alloys in media containing CO2 is complex, and depending on the

prevailing conditions, it may lead to general or localized corrosion and corrosion cracking.
Therefore, a better understanding of CO2 corrosion will help identify measures to mitigate

corrosion and avoid unexpected damage and production loss.

The possible CO2 corrosion mechanisms and the various steps in the CO2 corrosion process are
widely discussed in the literature [46, 50, 273, 274]. The overall corrosion process can be

divided into four major steps. The first step is the dissolution of CO2 in the aqueous solution to
form the various reactive species which take part in the CO2 corrosion reaction. The second
step is the transportation of these reactants to the surface of the metal. The third step involves

the electrochemical reactions (cathodic and anodic) taking place at the metal surface. The
fourth step involves the transportation of the products of the corrosion reaction to the solution.
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It was proposed that three species present in a CO2 containing aqueous solution,

+
namely H2 CO3 ,HCO−
3 , and H , take part in the electrochemical cathodic reduction reactions in

the CO2 corrosion process. The contributions to corrosion by the individual cathodic reactions

of H2 CO3 , HCO3− , and H + and their kinetics are very important. These three species have
different mass transfer and reaction kinetics and contribute to different corrosivity. The direct

reduction of H2 CO3 as an additional cathodic reaction was proposed in early literature [275,

276]. However, a recent study suggested another mechanism called “buffering effect”
illustrating that dissolved CO2 and their derivative species including H2 CO3 act as a buffer

source for the reduction of H + [277]. Tran et al. [278] found that the presence of H2 CO3 only

affects the cathodic limiting current due to the ability of carbonic acid to provide H + by
dissociation which are the dominant cathodic reactants reduced at the surface of the metal.

Iron alloys in the presence of solutions containing dissolved carbon dioxide present higher
corrosion rates than in the presence of strong acid solutions at the same pH [275, 279]. CO2

corrosion is sensitively dependent on alloy composition, environmental conditions such as
temperature, CO2 partial pressure, flow conditions, and protective corrosion scales [280-284].
CO2 partial pressure and protective scale considerably affect corrosion rate. Many studies

demonstrated that the CO2 corrosion rate of steel increases with increasing CO2 pressure [285-

287]. The concentration of carbonic acid increases as CO2 partial pressure increases, which

accelerates the cathodic reactions and increases the corrosion rate [288-291]. CO2 partial

pressure affects the protective properties and components of the corrosion product layer by
changing the pH of the system. Many studies [290-295] indicated that FeCO3 is the main

composition in the corrosion product layer that is formed on corroded carbon steel surface
exposed to CO2 environment. Mustafa et al. showed that the corrosion product film of X52
steel is inhomogeneous and porous in CO2 formation water at different CO2 pressures (10, 40,

and 60 bar) and 60 oC, and the corrosion product layer is mainly composed of FeCO3 and Fe3C
[292]. However, increasing CO2 partial pressure does not often accelerate corrosion. Choi et

al. reported that the corrosion rates of carbon steel measured in CO2 saturated water show no
significant difference (19.5-20.1 mm/y) with pressure (40, 60, and 80 bar) at 50 oC [294].

Lim et al. [296] found that the corrosion rates of SS316L and 310S stainless steels depend
significantly on the partial pressure of CO2 but very little on the partial pressure of O2 .

Combined temperature and the presence of dissolved CO2 are reported to have an important

effect on the chloride pitting corrosion behavior and mechanism, leading to increased attack
82

with temperature [297]. Numerous studies mainly focused on the influences of CO2 partial

pressure on the corrosion of carbon steel. However, information about the influence of

CO2 partial pressure on corrosion of stainless steel is rather scarce. Thus, understanding the
effect of CO2 partial pressure on the corrosion behavior of SS316L in 3wt.% NaCl at various
temperatures is important.

In this study, the effects of CO2 partial pressures on the corrosion properties of UNS S31603
stainless steels in 3wt.% NaCl at various temperatures were investigated by using

electrochemical techniques such as OCP, CP, and EIS techniques in order to gain a better

understanding of the material behaviour.
6.3 Experimental procedure
6.3.1 Materials and specimen preparation
SS316L with the chemical composition shown in Table 6.1 was in the present study. The
specimens were tube-shaped, with an exposed ring surface of 0.22 cm2 pressed into polyether
ether ketone (PEEK) to isolate them from any other electrical connections. The specimens were
wet ground with a series of SiC papers to 600 grit, then rinsed with ethanol (AR 100%, ChemSupply Australia) and deionized (DI) water (Ibis Technology), and then dried with ultrahigh
purity N2 gas (99.999%, BOC Australia).

Table 6.1. Chemical composition of UNS S31603 stainless steel

Element

C

Si

Mn

P

S

Ni

Cr

Mo

Fe

(wt. %)

0.02

0.36

1.36

0.03

0.006

10.02

16.92

2.02

Bal.

6.3.2 In-situ pH measurement
The solution pH is an important factor which may influence the structure and the electronic
property of the passive film on UNS S31603 stainless steels [262]. It is also widely known that
the presence of CO2 can affect the solution pH. Therefore, in this work, a high temperature and

high pressure (HT/HP) pH electrode (ZrO2 -based pH probe, Corr Instruments, USA) connected
with a HT/HP Ag/AgCl external reference electrode (external pressure balanced reference
probe Ag/AgCl electrode, 3M KCl solution, Corr Instruments, USA), was used.
6.3.3 Test solutions
The effect of CO2 partial pressure was studied in 3 wt.% NaCl solutions at 2 different

temperatures: 100 °C, and 140 °C. The solution was prepared with DI water and NaCl (AR,
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Chem-Supply Australia). The pH of the test solutions was adjusted at room temperatures by
adding 1 M NaHCO3 . Table 6.2 shows the summary of the test conditions. Prior to a test, 1 L
of the test solution was sparged with CO2 (99.995%, Coregas Australia) for 4 h to remove

dissolved oxygen and to saturate the solution with the test gas. The prepared deaerated solution
was then transferred into the HT/HP test vessel via a peristaltic pump. The solution was heated
to and maintained at the desired temperature with a band heater attached to the body of the test
vessel, external temperature controller, and an in-situ thermocouple.
Table 6.2. Summary of test conditions
Variables
Conditions
Units
100 oC
2.1
5.1
7.7
10.3
CO2 partial
bar
pressure (𝑃𝑃CO2 )
140 oC
6.7
10.1
100 oC
0.029 0.058
0.087 0.116
Dissolved CO2
kmol/m3
Concentration*
140 oC
0.058
0.087
Temperature
100, and140
°C
NaCl concentration
3
Wt.%
pH at the test temperature
4
Note*: The dissolved CO2 concentration was calculated as outlined in [298].

6.3.4 Experimental setup
All experiments were carried out in the HT/HP test vessel constructed from UNS N10276. The
lid of the vessel has pre-drilled ports for a working electrode (WE), a thermocouple for
temperature control, gas inlet and outlet, a pressure gauge, the HT/HP reference electrode (RE),
and the HT/HP pH electrode. The body of the vessel was used as a counter electrode (CE). A
band heater was wrapped around the external body of the test vessel to increase the solution
temperatures to 100 and 140 °C. All the electrochemical measurements of the corrosion process
were performed using a computer controlled potentiostat (Gamry reference 600).
6.3.5 Electrochemical measurements
The corrosion behavior of UNS S31603 stainless steels was evaluated using electrochemical
techniques. Firstly, OCP of the WE immersed in the test solution was recorded for 3 h. The
pitting susceptibility of UNS S31603 stainless steels at different 𝑃𝑃CO2 and different

temperatures were performed using CP technique in accordance with ASTM G61-86 [184].
The potential was scanned from the OCP in a positive direction at a scan rate 0.167 mV/s until
either the resulting current suddenly increased and exceeded 5 mA/cm2 due to the breakdown
of passive film and pitting corrosion occurred or the potential reach the pre-specified value
with no sharp increase in current as no pitting took place. Afterward, the potential scan was
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reversed in the negative direction to OCP to determine the repassivation potential of the
materials. In addition, the passive film properties formed on UNS S31603 stainless steels were
studied by the electrochemical impedance spectroscopy technique (EIS). The EIS technique
was conducted in the frequency range from 10 kHz to 10 mHz with voltage amplitude of 10
mV.
6.4 Results and discussion
6.4.1 Open circuit potential measurements
The open circuit potentials of UNS S31603 stainless steels in 3 wt.% NaCl at different 𝑃𝑃CO2 are

depicted in Figure 6.1, as a function of time. The steady state potential was obtained after 3 h.
At 100 °C and 2.6 bar 𝑃𝑃CO2 , potential oscillation was evident during the first 2 h of immersion.

Subsequently, steady OCP with a final potential of approximately -215 mV vs. Ag/AgCl was
measured at 3 h. Increasing 𝑃𝑃CO2 to 5 and 7 bar resulted in a reduced OCP but no potential

oscillation was observed. At 𝑃𝑃CO2 of 10.3 bar, the starting potential oscillated between -200 to

-250 mV vs. Ag/AgCl which later markedly decreased to a steady value of about - 413 mV vs.
Ag/AgCl. High 𝑃𝑃CO2 at a constant temperature of 100°C appears to decrease the OCP observed
over the periods of 3 h exposure.

At 140 oC, the initial OCP shifted to a more negative value especially at 10.1 bar 𝑃𝑃CO2 (Figure

6.2). OCP gradually rose in the first 1-1.5 h to reach steady values of -270 and -360 mV vs.
Ag/AgCl for 6.7 and10.1 bar 𝑃𝑃CO2 conditions, respectively. Similar to what was observed at
100 °C, increasing 𝑃𝑃CO2 and the corresponding dissolved CO2 led to a reduction in OCP.

The effect of 𝑃𝑃CO2 on OCP in chloride containing solutions is consistent with the results
reported for super-martensitic and duplex stainless steel alloys [299, 300]. Anselmo et al. have

reported that the changes in corrosion potential of stainless steel alloys in the presence of CO2 is

related to changes in passive film composition [299]. The destabilizing effect of CO2 on the

passive film has been explained by the dehydroxylation of the outer part of the oxide film by
the carbonic acid and an increase in ionic conductivity of the passive film. X-ray photoelectron
spectroscopy (XPS) analysis of stainless steel passive film exposed to CO2 environment

revealed that the surface film morphology contains many defects which act on blocking the
diffusion process of the corrosive environment [17].
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Figure 6.1 Open circuit potential of UNS S31603 stainless steels in 3wt.% NaCl at different CO2 partial
pressure at 100 °C

Potential vs Ag/AgCl (V)

-0.26
-0.28

6.7bar PCO

-0.30

10.1bar PCO

2

2

-0.32
-0.34
-0.36
-0.38
-0.40
-0.42
-0.44
-0.46
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Time (h)

Figure 6.2 Open circuit potential of UNS S31603 stainless steels in 3wt.% NaCl at different CO2 partial
pressure at 140 oC

6.4.2 Cyclic polarization technique
Figure 6.3 and Figure 6.4 show the cyclic polarization curves for UNS S31603 stainless steels
in 3wt.% NaCl at different CO2 partial pressure at 100 °C and 140 °C, respectively.
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Hysteresis loops of various extents appear for all scenarios as denoted by larger current density
in the reversed scan as compared to that in the forward one. The existence of these positive
hysteresis loops indicates that the material was susceptible to passivation breakdown and,
consequently, pitting corrosion [185].
At 100 °C, the pitting potential (Epit), the potential at which the sudden increase in current
density takes place, decreases with increasing 𝑃𝑃CO2 indicating that the material becomes more

prone to the breakdown of the passive film, as shown in Figure 6.3. Another important feature
that can be drawn from the cyclic polarisation curves is the repassivation potential (Erep) which
can be determined as the potential at which the forward and backward scans meet. It is visible,
particularly at 5.1 and 7.7 bar 𝑃𝑃CO2 , that Erep decreased with increasing 𝑃𝑃CO2 substantiating that

susceptibility to pitting corrosion increases with temperature. In addition, the passive current
density increased with increasing 𝑃𝑃CO2 as illustrated in Figure 6.3. This result demonstrates the
enhanced metal dissolution suggesting that the passive film was less protective when 𝑃𝑃CO2 was
increased. The influence of 𝑃𝑃CO2 on the pitting of SS316L in chloride solution has been related

to the acceleration of cathodic reaction due to the high concentration of carbonic acid which
could cause instability in the passive film [232, 299].

A similar observation was found at 140 °C. Passive current density increased with
increasing𝑃𝑃CO2 . However, the difference in Epit was minimal; i.e., -0.185 mV at 6.7 and -0.207
mV at 10.1 bar 𝑃𝑃CO2 .

At pH 4, the presence of dissolved CO2 and undissociated carbonic acid (H2 CO3 ) are the

primary change in the water chemistry of solutions saturated with CO2 . Because the pH in this

study was kept constant at 4, the influence of pH on the pitting corrosion could be eliminated,
and the observed pitting corrosion behavior was due to the effect of 𝑃𝑃CO2 and temperatures.
The cyclic polarization results presented here demonstrate the negative impacts of CO2 partial
pressure and temperature on pitting susceptibility of stainless steel.
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Figure 6.3 Cyclic polarization curves of UNS S31603 stainless steel in 3wt.% NaCl at different CO2 partial
pressure at 100 oC
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Figure 6.4 Cyclic polarization curves of UNS S31603 stainless steel in 3wt.% NaCl at different CO2 partial
pressure at 140 oC

6.4.3 Electrochemical impedance spectroscopy (EIS) technique
Figure 6.5 and Figure 6.6 shows the effects of 𝑃𝑃CO2 on the Nyquist plots and the Bode plots for
the passive films formed on UNS S31603 stainless steel at 100 and 140 oC, respectively. As
shown in Figure 6.5 a, the Nyquist plots, composed of capacitive arcs with different radius in

all different𝑃𝑃CO2 . As the previous study reported that as for corrosion resistance steel or alloys,
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the radius of the semi-circular arc is related to the polarization resistance of the passive film
[301]. It shows that the diameters of the capacitive loop decreased as the increasing of
𝑃𝑃CO2 values particularly at 10.1 bar𝑃𝑃CO2 , indicating that the corrosion resistance of stainless
steel decreased at high 𝑃𝑃CO2 value. However, this effect is not clearly visible at 140 °C (Figure

6.6 a). The Bode plots clearly demonstrated two time constants and also agreed that modulus
values and phase angles are strongly dependent on the 𝑃𝑃CO2 values.

To quantify the changes in the passive film properties and corrosion behaviour of UNS S31603
stainless steel, the obtained EIS spectra were fitted with the selected electrical equivalent circuit
shown in Figure 6.7. This model consists of a solution resistance (Rs) connected in series with
a parallel combination of ionic path resistance (Rpo) and a constant phase element (ZCPE) in
parallel combination with charge transfer resistance (Rct) and a constant phase element (ZCPE1).
This model considered that the passive film of stainless steel was already formed, and it could
undergo changes in the microstructural and electrical properties [302, 303]. In addition, it
assumed that the passive film was a homogeneous layer but rather as a defective layer.
In this equivalent circuit, the constant phase element (CPE) was used for the description of a
non-ideal capacitance with varying α. The impedance of the CPE is given by Equation 6.1

𝑍𝑍CPE = 𝑌𝑌o . (𝑗𝑗𝑗𝑗)−𝛼𝛼

Equation 6.1

The factor α, which is defined as a CPE power, always lies from 0 to 1. When α = 1, the CPE
describes an ideal capacitance. For 0.5 < α < 1, the CPE represents the distribution of the
dielectric relaxation times in the frequency space, CPE represents a Warburg impedance (α =
0.5) and it also can represent resistance (α = 0). Previous literature reported that the CPE has
been widely used for modeling frequency dispersion behaviour corresponding to different
physical phenomena [304, 305].
After the values of 𝒀𝒀𝐨𝐨 , R and α are deduced from the equivalent circuit, the capacitance (C)

was calculated using the correlation shown in Equation 6.2 [201, 306].
1

where R is resistance, (Ω cm-2).

(𝑌𝑌o 𝑅𝑅)𝛼𝛼
𝐶𝐶 =
𝑅𝑅

Equation 6.2
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The selected model provided good fittings with the experimental data. Table 6.3 and Table 6.4
describe the fitting parameters based on the equivalent circuit showed in Figure 6.7. The value
of CPE at both temperatures decreases when the 𝑷𝑷𝐂𝐂𝐂𝐂𝐂𝐂 value increases, suggesting an increase

of defects in the passive film. The charge transfer resistance Rct also decreased as 𝑷𝑷𝐂𝐂𝐂𝐂𝐂𝐂 changes

from 2.1 to 10.3 bar at 100 °C and from 6.7 to 10.1 bar at 140 °C which reflected the reduction
in the protectiveness of passive film at higher 𝑷𝑷𝐂𝐂𝐂𝐂𝐂𝐂 . The values of Rpo obtained at 100 °C

increased about 3 times when 𝑷𝑷𝐂𝐂𝐂𝐂𝐂𝐂 was increased from 2.1 to 10.3 bar. However, the values
of Rpo obtained at different temperatures are significantly smaller than Rct values suggesting

that the corrosion protection was predominantly provided by the inner layer passive film [204,
307]. As a result, increasing 𝑷𝑷𝐂𝐂𝐂𝐂𝐂𝐂 led to an increased susceptibility to film breakdown, which
was shown previously using the cyclic polarization technique.
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Figure 6.5 a) Nyquist plots and Bode diagrams b) variation of the impedance, and c) variation of the phase
angle with the frequency of UNS S31603 stainless steel in 3wt.% NaCl and different PCO2 at 100 oC.

90

105

(a)

2400

(b)
105

6.7bar PCO

2100

2

Fitting

1500
1200
900
600
300
0
0

300

600

10.1bar PCO

104

2

Impedance (Ohm.cm2)

1800

Zim (Ohm.cm2)

6.7bar PCO

2

10.1bar PCO

900

1200

1500

1800

2100

Fitting
103

102

101

100

2400

2

10-2

10-1

100

101

102

103

104

105

Frequency (Hz)

2

Zre (Ohm.cm )
(C)
-90

6.7bar PCO

-80

2

10.1bar PCO

Phase angle (degree)

-70

Fitting

2

-60
-50
-40
-30
-20
-10
0

10-2

10-1

100

101

102

103

104

105

Frequency (Hz)

Figure 6.6 a) Nyquist plots and Bode diagrams b) variation of the impedance, and c) variation of the phase
angle with the frequency of UNS S31603 stainless steel in 3wt.% NaCl and different PCO2 at 140 oC.

Figure 6.7 Two-time constant equivalent circuit for the fitting of EIS data
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Table 6.3 Electrical parameters obtained by fitting the EIS data for UNS S31603 stainless steel in 3wt.%
NaCl and different PCO2 at 100 °C.
Pco2

Rs

CPE
2

-1

-2 α

(bar)

(Ω cm )

(Ω cm s )

2.1

1.13

3.37 x10-4

5.1

1.09

7.7
10.3

α1

C

Rpo
2

CPE1
-2

-1

-2 α

α2

C1

Rct
(Ω cm )

(F cm-2)

0.59

6.67 x103

1.10 x10-2

4.09 x10-3

0.64

6.01 x103

2.56 x10-2

7.31x10-5

1.58 x10-3

0.65

5.13 x103

4.85 x10-3

9.34x10-5

1.27 x10-3

0.51

4.05 x103

6.32 x10-3

(Ω cm )

(F cm )

(Ω cm s )

0.73

95.76

9.46 x10-5

1.87 x10-3

3.03 x10-4

0.70

122.50

7.09 x10-5

1.19

2.76 x10-4

0.70

160.70

1.45

1.93 x10-4

0.78

348.60

2

Table 6.4 Electrical parameters obtained by fitting the EIS data for UNS S31603 stainless steel in 3wt.%
NaCl and different PCO2 at 140 °C.
Pco2

Rs

CPE

(bar)

(Ω
cm2)

(Ω cm s )

6.7

1.36

3.36 x10-4

10.3

1.20

3.33 x10-4

-1

-2 α

α1

C

Rpo

CPE1

(Ω cm )

(F cm )

(Ω cm s )

0.70

136.50

9.08 x10-5

4.78 x10-3

0.73

138.50

1.04 x10-4

1.57 x10-3

2

-2

-1

-2 α

α2

C1

Rct
(Ω cm )

(F cm-2)

0.66

8.74 x103

3.21 x10-2

0.60

7.51 x103

2.6 x10-2

2

*C and C1 were calculated from CPE and R values according to Equation 6.2

6.5 Conclusions
The influences of 𝑃𝑃CO2 on the corrosion properties of UNS S31603 stainless steel in 3wt.%

NaCl at various temperatures were investigated by OCP, CP, and EIS. The main conclusions
can be drawn below.

1- Increasing 𝑃𝑃CO2 decreased the corrosion potential of UNS S31603 stainless steel at 100
and 140 °C.

2- UNS S31603 stainless steel became more prone to pitting corrosion and passive film
breakdown with increasing 𝑃𝑃CO2 as determined by the decrease in Epit particularly at
100 °C.

3- The electrochemical impedance spectroscopy results revealed the change in the passive
film formed on UNS S31603 stainless steel at different 𝑃𝑃CO2 and temperatures. In
addition, this harmful effect is intensified at higher temperatures. Therefore, the
combined effect of these two factors decreased the protectiveness of the passive film
formed on UNS S31603 stainless steel.
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Chapter 7: Electrochemical investigation of nitrite ions as a corrosion
inhibitor at elevated temperature
7.1 Abstract
The ability of nitrite (NO−
2 ) corrosion inhibitors to protect carbon steel against corrosion in
aerated conditions at high temperatures was investigated using weight loss measurements,
cyclic polarization, and electrochemical impedance spectroscopy. The effects of chloride ions
on nitrite inhibition were also investigated. The pH of the inhibited solutions was measured insitu at high temperatures. The results showed that the corrosion resistance of carbon steel was
improved by the addition of NO−
2 as evident by the reduction in weight loss corrosion rate and

the combined results from electrochemical measurements. Further, the presence of 500 ppm
chloride ion increased the susceptibility to localized corrosion in the form of pits, which was
mitigated by the addition of 500 ppm NO−
2.

Keywords: corrosion inhibitors, nitrite, carbon steel, Weight loss, cyclic polarization,
electrochemical impedance spectroscopy

7.2 Introduction
In the oil and gas industry, corrosion represents a large portion of the total costs for companies
every year worldwide [1]. In some cases, it can lead to recurrent partial and even total process
shutdown. General and localized corrosion are the most common types of corrosion. The
appropriate approach to corrosion control can avoid many potential disasters that can cause
serious issues. Corrosion inhibitors are widely implemented as a corrosion prevention
approach, and significant research activities have been conducted in this area [66, 308, 309].
Corrosion inhibitors are substances that, when introduced into a corrosive environment, reduce
the corrosion rate of a metallic substrate [310].
Nitrite (NO−
2 ) is part of many commercially available inhibitor formulations used for corrosion

protection of carbon steels in industrial applications [310, 311]. NO−
2 has been widely applied

to inhibit the localized corrosion of carbon steels [312]. The mechanism of the corrosion
protection of NO−
2 is based on the formation of a protective (passive) surface film [313-315]. It

is known that NO−
2 is equally effective in both aerated and deaerated aqueous environments
[313]. The main effect of nitrite ions is to oxidize Fe2+ into Fe3+. Its oxidizing action upon Fe2+

cations promotes the formation of maghemite (γ − Fe2 O3 ). Passivation of steel originates from
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the oxidation of Fe2+ ions adsorbed on the surface. This leads to Fe3+cations bound to the
surface.
A variety of studies have been published addressing the inhibition effects of nitrite in chloridefree or in low chloride neutral or alkaline aqueous media conditions [315-319]. Dong et al.
studied the effect of nitrite concentration on the corrosion behaviour of carbon steel pipelines
in synthetic tap water and reported that the corrosion resistance was improved by adding nitrite
as evidenced an increase in the corrosion potential (ECorr) and a decreased in the corrosion rate
from 0.171 to 0.00171 mm/y. The authors suggested that nitrites improved corrosion resistance
by forming a protective passive film [320]. Tosun mentioned that a 95% inhibition efficiency
was achieved with 50 ppm nitrite in natural aqueous media containing 100 ppm NaCl [321].
Vazquez et al. studied the effects of NO−
2 on the passivation behaviour of steel in solutions

containing Cl- and reported that NO−
2 could inhibit the initiation and growth of pitting corrosion

and accelerate repassivation of the steel surface [322]. Cohen suggested that in the presence of

sodium chloride and sodium nitrite, corrosion products formed consisted of γ − FeOOH rather

than γ − Fe2 O3 [323]. Competitive adsorption between chloride and hydroxyl ions was
associated with poorly protective films.

Although nitrite ions are well known to be an effective corrosion inhibitor in a wide range of
applications, the understanding of their inhibition behaviour at high temperatures and elevated
pressures is still limited. The objectives of this study were, thus, to evaluate the protection of
carbon steel by NO−
2 at different concentrations at high temperature conditions in the absence

and presence of chloride. The effect of chloride ions on inhibition efficacy was evaluated using
cyclic polarization (CP) and electrochemical impedance spectroscopy (EIS).
7.3 Experimental
7.3.1 Materials and specimen preparation
Two types of carbon steels were used in this study; UNS G101800 obtained from the field in a
limited quantity and UNS G10300. The nominal compositions of both materials are shown in
Table 7.1. As seen in Table 1, both materials differ mainly in their carbon content, but they
were in a similar metallurgical condition.
7.3.1.1 Weight loss experiments
Test specimens were prepared from a UNS G101800 cylinder shape (15 mm diameter by 3 mm

thickness) with an exposed surface area of 1.7 cm2. The samples wet ground with sequentially
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finer SiC papers from 120 to 600 grit, rinsed with ethanol (ethanol undenatured 100%, ChemSupply Australia) and deionized (DI) water (Ibis Technology), and then dried with ultra-high
purity N2 gas (99.999% BOC Australia).
7.3.1.2 Electrochemical experiments
To perform the electrochemical experiments at 115 °C, a UNS G10300 tube-shape with an
exposed ring surface of 0.22 cm2 was pressed into polyether ether ketone (PEEK) to isolate
them from any other electrical connections. All specimens were wet ground from 120 to 600
SiC grit and finally cleaned with ethanol, rinsed with DI water, and dried with high purity N2.
Table 7.1. Nominal composition of UNS G101800 and UNS G10300 carbon steel used in this study
Element

C

Si

Mn

P

S

Fe

UNS G101800 (wt. %)

0.17

0.23

0.85

0.01

0.02

Bal.

UNS G10300 (wt. %)

0.30

0.25

0.75

0.04

0.04

Bal.

7.3.2 Test solutions
The test solutions for both the weight loss experiments and electrochemical experiments were
prepared from deionized (DI) water (Ibis solution resistivity 18 MΩ) and a nitrite based
commercial corrosion inhibitor, which also contained a pH buffering agent. Zero grade
compressed air (both supplied by BOC Australia). Table 7.2 summarizes all test conditions.
Table 7.2. Summary of the test conditions
Parameter
Temperature (°C)
NO−
2 concentration (ppm)
NaCl concentration (ppm)
Total pressure (bar)

Weight loss corrosion tests
115
0, and 700
0
3.4 at 115 °C

Electrochemical tests
115
0, 500, and 1100
0 and 500
3.4 at 115 °C

7.3.3 In-situ pH measurement
Figure 7.1 shows the UNS N10276 high pressure/ high temperature (HP/HT) Ag/AgCl
reference electrode and the HP/HT ZrO2 based pH electrode (Corr Instruments) used to
measure the solution pH in-situ. A heating band connected to a controller and a thermocouple
were used to heat and maintain the solution temperature in the vessel. 1 L of test solutions with
varying concentrations of NO−
2 was transferred to the pressure vessel. After the pressure vessel

was sealed, the temperature of the solution was gradually raised the test temperature, after
which the solution pH was checked and recorded.
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a
b
Figure 7.1 a) High-Pressure Ag/AgCl reference electrode and b) High-Temperature and High- pressure
ZrO2 based pH electrodes

7.3.4 Experimental setups
Figure 7.2 shows the two types of pressure vessels used in this study; i.e., Figure 7.2 a
illustrates the autoclaves used for immersion testing (Parr Instrument) for the weight loss
analysis and Figure 7.2 b HP/HT electrochemical test cell. The Parr autoclave setup consisted
of a thermocouple for temperature control, gas inlet, and outlet, a pressure gauge, and a rotating
shaft with an internal volume of 2 L. The HT/HP cell used for electrochemical measurements
was made of UNS N10276. The lid of the vessel had pre-set ports for the working electrode
(WE), the HT/HP reference electrode (RE) (external pressure balanced reference probe
Ag/AgCl electrode, 3 M KCl solution, Corr Instruments, LLC, USA) a thermocouple for
temperature control, gas inlet and outlet, a pressure gauge, and the HT/HP pH electrode (ZrO2based pH probe, Corr Instruments, LLC, USA). The body of the vessel was used as a counter
electrode (CE). A band heater was wrapped around the external body of the test vessel to raise
the solution temperatures to 115 °C.
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a

b

Figure 7.2 The experimental setup for a) immersion tests and b) electrochemical tests

7.3.5 Experimental procedure
For the weight loss measurements, three samples were weighed in an analytical balance and
placed in the inert dish and, then, immersed in each solution of interest for 30 days. Right
before testing, 1.5 L of the prepared solution was transferred using a peristaltic pump to the
autoclave pre-sparged with the test gas for 6 h, and the pH recorded. The autoclaves were
pressurized with the test gas to reach 3.4 bar at 115 °C. An impeller connected to the magnetic
drive was rotated at 300 rpm for all tests.
After 30 days, the autoclaves were let cool down to room temperature before removing the
samples. To determine the weight loss corrosion rate, Clarke’s solution was used to remove
adherent corrosion products according to the procedure described in ASTM G1[324].
Corrosion rates were calculated from the average weight loss of the samples in each solution.
The samples were inspected using a surface profilometer (Alicona G4) for evidence of
localized corrosion.
For the electrochemical study, experiments were conducted at 115 °C in the HT/HP
electrochemical cell. Immediately before testing, 1.5 L of the prepared solution was transferred
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using a peristaltic pump to the pressure vessel pre-sparged with air. The solution was, then,
heated to the test temperature of 115 °C with a total pressure 3.4 bar. After the test temperature
was attained, ECorr was monitored for 24 h. EIS was, then, performed from 10 kHz to 10 mHz
with an amplitude of 10 mV. Finally, cyclic potentiodynamic polarization (CPP) was
performed to determine the pitting susceptibility of UNS G10300 carbon steel under the test
conditions using ASTM G61 as a guide [184]. CPP tests were performed by anodically
polarizing the WE at a scan rate of 0.167 mV/s from ECorr. The scan was reversed when the
current density reached 10 mA/cm2 and the test stopped at the cross-over potential or when
attaining a new ECorr. A computer-controlled potentiostat (Gamry reference 600) was used to
acquire all the electrochemical data. All experiments were performed in duplicate.
7.4 Results and discussion
7.4.1 HP/HT pH measurements
Table 7.3 summarizes the variation of in-situ solution pH with NO−
) at
2 concentration (𝑐𝑐NO−
2
115 °C. The solution pH increased with increasing corrosion inhibitor concentrations but
decreased with increasing temperature. At 115 °C, the addition of 500 ppm NO−
2 increased the
solution pH from 5.82 to 9.24. Further, increase 𝑐𝑐NO2− to 1100 ppm resulted in a minor increase

in pH to 9.58. At the same 𝑐𝑐NO2− , the solution pH decreased with increasing temperature.
Table 7.3 In-situ pH measurements at 115 °C

𝒄𝒄𝐍𝐍𝐍𝐍−𝟐𝟐 (ppm)

pH at 25 °C

pH at 115 °C

0

6.49

5.82

500

10.96

9.24

700

11.21

9.39

1100

11.76

9.58

1100 + 500 ppm NaCl

11.63

9.50

7.4.2 Weight loss measurements
Table 7.4 shows the effect of 𝑐𝑐NO−2 on the corrosion rate of UNS G101800 carbon steel after 30

days of immersion at 115 oC. The corrosion rate was the highest in the inhibitor-free case,
which was, on average, 2.27 mm/y. Figure 7.3 a shows a photo of a UNS G101800 sample

immersed in the baseline solution (0 ppm NO−
2 ) for 30 days. As seen in Figure 7.3 a, a thick

and darkish-brown deposit covered most of the surface. After cleaning the samples with
Clarke’s solution, severe surface roughening due to metal dissolution was visible, Figure 7.3
b.
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The dominant corrosion products at the current condition (115°C) was suggested to be ferric
hydroxide Fe(OH)3 or Fe2 O3 . nH2 O, which was non-protective [325]. Bornak also indicated

that the transition from hydroxide to a protective form of oxide (magnetite,Fe3 O4 ) occurred at

121 °C (250 °F). Several studies have shown that magnetite (Fe3 O4 ) is a thermodynamically
stable corrosion product at a temperature range greater than the current study [325-327].

In the presence of the corrosion inhibitor, the weight loss corrosion rate was greatly reduced to
0.002 mm/y. Figure 7.4 show optical microscopic images of the samples immersed in 700 ppm
𝑐𝑐NO−2 at 115 °C. It was clear from the appearance of the surface after exposure that NO−
2

effectively inhibited uniform and localized corrosion of carbon steel at the high temperature of
the tests. This behaviour was attributed to the tendency of NO−
2 to promote surface passivation
which is a characteristic of an anodic inhibition [310, 313].

Table 7.4 the effect of different nitrite concentrations on the corrosion rate of UNS G101800 carbon steel
after 30 days immersion at 115 oC

Temperatures
(°C)
115

𝒄𝒄𝐍𝐍𝐍𝐍−𝟐𝟐
(ppm)
0
700

a

Weight loss
corrosion rate (mm/y)
2.27
0.002

b

Figure 7.3 UNS G101800 (a) before and (b) after corrosion product removal. The samples were immersed in
the baseline solution (0 ppm NO2-) at 115 °C for 30 days
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Figure 7.4 Microscope image of a sample UNS G101800 immersed in 700 ppm NO2- solution at 115 °C for
30 days after cleaning with Clarke solution

7.4.3 Electrochemical measurements
7.4.3.1 Chloride-free solutions
The effects of 𝑐𝑐NO−2 on the inhibition performance were further evaluated using CPP testing

performed on UNS G10300 samples after 24 h immersion. Figure 7.5 a shows cyclic
potentiodynamic polarization curves at three NO−
2 concentrations (i.e., 0, 500, and 1100 ppm)

at 115 °C. In the absence of NO−
2 , a negative hysteresis loop was obtained, suggesting the
absence of localized corrosion, in agreement with the uniform corrosion observed in the 4-

week immersion experiments (Figure 7.4). The in-situ pH was measured to be 5.82. In the

presence of a nitrite-based corrosion inhibitor equivalent to 500 and 1100 ppm NO−
2 , a negative

hysteresis loop was also obtained, but there was a sharp increase in current density at a potential
range between 0 to 0.2 VAg/AgCl. The greater current density was measured in the case with NO−
2

present. The appearance of active/passive region may imply the electrochemical reaction of
passive film formation,[314] which could be associated with the action by NO−
2 or by a rise in
pH. The resistance to pitting attack as determined from the CPP curves is supported by the lack
of localised corrosion evidenced from the optical images shown in Figure 7.5 b to d.
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Figure 7.5 a) Cyclic polarization curves and b) to d) optical microscopic images of UNS G10300 samples in
solutions with varying concentrations of NO2- after cyclic polarisation experiments at 115 °C.

7.4.3.2 Chloride-containing solutions
7.4.3.2.1 Corrosion potential measurements

Figure 7.6 shows the time evolution of ECorr of UNS G10300 samples in solutions containing
0, 500, and 1100 ppm NO−
2 and 500 ppm NaCl at 115 °C. ECorr initially increased with time and

reached steady values after approximately 5 h. In the absence of NO−
2 , the steady-state ECorr
was -58 mVAg/AgCl. The addition of 500 ppm NO−
2 shifted ECorr to -8 mVAg/AgCl. However, ECorr
decreased to -78 mVAg/AgCl when increasing 𝑐𝑐NO−2 to 1100 ppm.

The reduction in ECorr appears to be contradictory to previously published studies. Khani

measured approximately 100 mV and 200 mV increase in ECorr following a 1 mM (46 ppm)
and 9 mM (414 ppm) NO−
2 addition at 25 °C [328]. Mohana et al. also observed a gradual

increase in ECorr with respect to NO−
2 at 30 to 55 °C. The authors associated this behaviour with
the formation of passive film promoted by NO−
2 [329].
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The lack of OCP trend with respect to 𝑐𝑐NO−2 observed in this study might be associated with

high temperature conditions and at high pH that could also promote the formation of the surface
film [330, 331].

0.1

Potential vs Ag/AgCl (V)

0.0

-0.1

-0.2

0 ppm NO2-

500 ppm NO2-

-0.3

1100 ppm NO2-0.4
0

5

10

15

20

25

Time (h)

Figure 7.6 Open circuit potential of UNS G10300 samples in solutions containing 0, 500, and 1100 ppm
NO2- and 500 ppm NaCl at 115 °C
7.4.3.2.2 Cyclic polarization

It has been discussed in the previous section that the addition of NO−
2 corrosion inhibitor led to
an increase in pH and passive film formation. Both of which affected the corrosion behaviour

of UNS G10300. Therefore, it was necessary to distinguish between these effects. Figure 7.7 a

shows cyclic potentiodynamic polarization curves of UNS G10300 in inhibitor-free solutions
containing 500 ppm NaCl at 115 °C with and without pH adjustments, as indicated. 1 M NaOH
was used to adjust the solution pH to 11 at room temperature. It can be seen that the polarization
curves exhibited a positive hysteresis loop in both pH values. Nonetheless, without the pH
adjustment, the anodic scan did not exhibit an active/passive transition. Current density
abruptly increased marking the pitting potential to be +0.6 VAg/AgCl. At pH 11, the
active/passive transition was visible. The drop in current density observed between 0.2 to 0.6
VAg/AgCl could be attributed to the electrochemical reaction associated with the oxide formation
at high temperatures. The positive hysteresis evident in the reverse scan indicated that the oxide
film formed at high pH conditions but in the absence of NO−
2 was not protective. Localized

corrosion (pitting and crevice) attack can be seen from the optical micrographs shown in Figure
7.7 b and c.
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Figure 7.7 UNS G103000 a) Cyclic polarization curves and b) & c) light optical micrographs in a solution
containing 500 ppm NaCl at 115 °C at different pH values.

Figure 7.8 a shows the CP curves of UNS G10300 samples in solutions containing 0, 500, and
1100 ppm NO−
2 and 500 ppm NaCl at 115 °C. In the case of the uninhibited solution (0 ppm
NO−
2 with 500 ppm NaCl, pH adjusted 11 with NaOH), it can be seen that the curve exhibited

a positive hysteresis loop. The pitting potential was +0.92 VAg/AgCl and the repassivation
potential was lower than the initial ECorr, indicating that UNS G10300 was prone to localized

corrosion at 115 °C. The large hysteresis loop indicated that the formed pits could not
repassivates after scan reversal [332]. When 500 ppm and 1100 ppm nitrite ions were added,
the curves showed negative hysteresis loops, which can be attributed to the propensity of nitrite
ions to promote a protective oxide film that suppressed pitting attack. Therefore, the results
showed that the passive film formed on UNS G10300 promoted by NO−
2 became more resistant

to localized corrosion when nitrite ions were added to the solution. The critical inhibitor
concentration was 500 ppm.
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The ratio between NO−
2 and chloride concentration investigated in this study was 1:1 and 2.2:1
by ppm or 0.77:1 and 1.70:1 by mol/L. The inhibition against pitting corrosion could be
−
achieved at the [NO−
2 ]/ [Cl ] of 1:1 by ppm.
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Figure 7.8 a) Cyclic polarization curves and b) to d) optical microscopic images of UNS G10300 samples in a
solution containing different NO2- concentrations with 500 ppm NaCl at 115 °C.
7.4.3.2.3 Electrochemical impedance spectroscopy

Figure 7.9 presents the Nyquist and Bode plots obtained on UNS G10300 at 115 °C in
different 𝑐𝑐NO−2 , as indicated. The Nyquist plots in Figure 7.9a showed incomplete semicircles

with their magnitudes graphically indicate the faradaic impedance values [333]. The depression
observed in the Nyquist plots was associated with the non-ideal behavior of capacitors in a
corroding environment [334].
In Bode plots, electrochemical behavior with respect to frequency could be revealed. The Bode
phase plots shown in Figure 7.9 c showed two time constants. The high frequency time constant
was associated with the defects in the oxide film while that at low frequency was attributed to
the electrochemical processes occurring at the metal/electrolyte interface [334].
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The equivalent circuit consisting of two-time constants as shown in Figure 7.10 was used to fit
EIS spectra obtained in this study. This equivalent circuit consists of solution resistance (Rs) is
in series with the parallel combination of the dielectric strength of the oxide film and the
adsorbed water (C) and ionic paths resistance (Rpo) of the oxide film which is in series with the
parallel combination of the capacitance developed by the electrical double layer at the
metal/electrolyte interface (C1) and charge transfer resistance (Rct) of the. Due to the non-ideal
behavior of capacitors resulted in the depressed semicircles, a constant phase element (CPE) is
often used to replace the capacitor to improve the fitting. The impedance of this element is
defined as shown in Equation 7.1 [335-337].
𝑍𝑍CPE =

1
𝑌𝑌𝑜𝑜 (𝑗𝑗𝑗𝑗)𝛼𝛼

Equation 7.1

where 𝑌𝑌𝑜𝑜 is CPE constant (Ω-1cm-2 sα), 𝜔𝜔 is the angular frequency (rad /s), j2 = -1 is the

imaginary number and α is the CPE exponent, so CPE can represent resistance if α = 0, ideal
capacitance if α = 1 [265] .

The CPE was converted into capacitance (C) using the correlation shown in Equation 7.2
previously proposed in the literature [201].
𝟏𝟏

where R is resistance (Ω cm-2).

(𝒀𝒀𝒐𝒐 𝑹𝑹)𝜶𝜶
𝑪𝑪 =
𝑹𝑹

Equation 7.2

The validity of the selected equivalent circuits can be seen in Figure 7.9 where lines
representing the predictions from equivalent circuits agree well with markers representing
experimental values. Table 7.5 reports the EIS parameters from the fitting data described
above. Rs values decreased with the increase 𝑐𝑐𝑁𝑁𝑁𝑁2− due to increased concentration of ionic

species and consequently, solution conductivity. Rpo increased by an order of magnitude (102
to 103 ohm.cm2) when NO−
2 was present indicating that protectiveness of the oxide film induced

by NO−
2 was superior to the native oxide formed naturally at high temperature and high pH.

This could explain the localized corrosion behaviour observed in the cyclic polarization tests.
Rct values have the same order of magnitude regardless of 𝑐𝑐NO−2 suggesting the passive film

remains protective. Rpo values have a small magnitude compared with Rct implying that the
corrosion protection was provided by the inner layer passive film.
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Figure 7.9 a) Nyquist, b) Bode impedance, and c) Bode phase angle plots of UNS G10300 samples in 500
ppm NaCl and different NO2- concentrations at 115 °C. Initial solution pH was 11.

Figure 7.10 Two-time constant equivalent circuit for the fitting of EIS data
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Table 7.5. Electrical parameters obtained by fitting the EIS data for UNS G10300 samples in 500 ppm NaCl
and different NO2- concentrations at 115 oC, pH 11

Rs

CPE1

𝒄𝒄𝐍𝐍𝐍𝐍−𝟐𝟐 (𝐩𝐩𝐩𝐩𝐩𝐩)

(Ω
cm2)

(Ω-1cm2 α
s)

α1

0, pH 11

47.16

2.09 x10-5

500

19.27

1100

11.17

Rpo

CPE

C

(Ω cm )

(F cm )

(Ω-1cm2 α
s)

0.96

617

1.74 x10-5

2.68 x10-5

2.76 x10-5

0.92

5.87 x103

2.36 x10-5

2.84 x10-5

0.92

1.19 x103

2.12x10-5

2

-2

α2

Rct

C1

(Ω cm )

(F cm-2)

0.65

1.32 x105

5.29 x10-5

2.62 x10-5

0.60

1.67 x105

7.01x10-5

2.90x10-5

0.42

1.77 x105

2.78 x10-4

2

*C and C1 were calculated from CPE and R values according to Equation 7.2

7.5 Conclusions
The present study investigated the effects of nitrite ions on the corrosion inhibition of carbon
steel in the absence and presence of chloride solution at high temperature; i.e. 115 °C. The
conclusions below were drawn from results obtained from weight loss measurements and
electrochemical methods.
1- In the absence of NO−
2 , carbon steel suffered severe uniform corrosion. The
average weight loss corrosion rate was 2.27 mm/y, which is excessively high.

2- Corrosion rates of carbon steel significantly decreased from 2.27 to 0.005 mm/y
with the presence of NO−
2 concentrations.

3- Negative hysteresis loops indicated that passive film formed on UNS G10300
became more resistant to localised corrosion when nitrite ions were added to the
solution as determined by the cyclic polarization.
4- In the absence of chloride ions and both in the presence and the absence of nitrite,
corrosion proceeded uniformly. However, the tendency for localized corrosion
increased with the presence of 500 ppm chloride ions as determined from cyclic
polarization tests and visual inspection.
5- Pitting corrosion was mitigated by the addition of 500 ppm NO−
2.
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Chapter 8: Conclusions and Recommendations
8.1 Conclusion
Based on the experimental results reporting in this thesis, the following conclusions were made;
regarding the study of the relationship between the passive film properties formed on UNS
S31600 Stainless steel in relatively mild CO2 environments and the susceptibility to pitting
corrosion at different temperatures (30 ◦C - 80 ◦C) as well as different NaCl concentrations (3
wt.% - 8 wt.%) at 30 ◦C, the results revealed that the pitting susceptibility of UNS S31600
stainless steel increases with increasing temperature and NaCl concentration. In addition, the
passive film properties are influenced by temperature as well as NaCl concentration as
identified by EIS technique. Inhomogeneity in the passive film was shown by the presence of
2 time constant at a temperature greater than 40 °C and charge carrier density determined by
Mott-Schottky analysis which increases with increasing temperature and NaCl concentrations
indicating the weakening of the passive film.
To compare the corrosion behavior and passive film properties formed on UNS S31600
Stainless steel in CO2 and N2 environments and how it influences the susceptibility to pitting
corrosion. The results have shown that the passive film formed on UNS S31600 consists of 2
layers in both environments. The outer passive layer becomes porous as temperature increases
in the presence of CO2. No porous layer was found on the passive film formed in N2
environment for the temperatures tested. CO2 and temperature synergistically increase the
pitting susceptibility of UNS S31600 stainless steel. In addition, x-ray photoelectron
spectroscopy analysis indicates that the variation in the elemental composition of the passive
films, and a higher concentration of metal hydroxides (potentially Cr(OH)3) is observed as
temperature increases particularly in the presence of CO2.
To elucidate the influence of high-temperature high pressure and NaCl concentrations on
pitting corrosion of UNS S31600 stainless steel in a CO2 environment simulating to the oil and
gas production systems. Results reveal a synergistic effect of high temperatures and high NaCl
concentration on the change in the passive layer structure. As the temperature increases, the
defects in the passive film formed on the UNS S31600 stainless steel increase and make it more
heterogeneous. In addition, this harmful effect is intensified at higher NaCl concentrations.
Therefore, the combined effect of these factors decreases the protectiveness of the passive film.
Whereas, Mott-Schottky results have shown that the donor and acceptor densities appear to be
unaffected by the increasing temperatures to the same extent as increased NaCl concentrations.
108

To highlight the effect of different CO2 partial pressure on the passive film formed on UNS
S31600 stainless steel at different temperatures. The coexistence of CO2, NaCl, and
temperatures can decrease the corrosion resistance of UNS S31600 stainless steel. Results show
that the CO2 partial pressure significantly decreases the corrosion potential, indicating that CO2
partial pressure plays an indisputably major role in the stability of the metal surfaces in chloride
environments. The cyclic polarization technique confirms greater pitting susceptibility of UNS
S31600 stainless steel with increasing CO2 partial pressure at different temperatures. The
increment of CO2 partial pressure increases the defects on the passive film and makes it more
heterogeneous. In addition, this harmful effect is intensified at higher temperatures. Therefore,
the combined effect of these two factors decreases the protectiveness of the passive film formed
on UNS S31600 stainless steel.
In connection with the investigation of the corrosion behavior and passive film properties
formed on UNS S31600 Stainless steel in different environmental condition and how it
influences the susceptibility to pitting corrosion compared with the effect of temperature on
the corrosion rate and the protective layer formed on carbon steel at different corrosion
inhibitor concentrations. Results reveal that the carbon steel suffered severe uniform corrosion
in the absence of corrosion inhibitor (NO2-). The immersion test results indicate that the
corrosion rate of carbon steel decreases with increasing the inhibitor concentration. In addition,
the inhibition activity increases with the increase of nitrite concentration. The action of nitrite
based corrosion inhibitor is due to the oxidation of iron ion to form Fe2O3 on the carbon steel
surface. In the presence and the absence of nitrite and absence of chloride ions, corrosion
proceeded uniformly. However, the tendency for localized corrosion increased with the
presence of 500 ppm chloride ions as determined from cyclic polarization tests and visual
inspection.
Finally, it can be concluded from the research presented in this thesis that the results of UNS
S31600 Stainless steel in a deoxygenated CO2 environment are not dissimilar in behavior
expected in the oxygen-rich environments. Moreover, there is a synergistic effect of
temperature and CO2 on the change in the passive film structure formed on UNS S31600
Stainless steel especially at high temperatures as well as at high NaCl Concentrations. The
corrosion rates of UNS S31600 Stainless steel depend significantly on the partial pressure of
CO2. Furthermore, the corrosion rates of carbon steel decrease with increasing the inhibitor
concentration due to the oxidation of iron ion to form Fe2O3 on the carbon steel surface.
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8.2 Recommendations for future work
The following suggestions can be considered or to be examined for future work:
1- It is interesting that the results for UNS S31600 stainless steel in a deoxygenated CO2
environment are not dissimilar in behavior expected in oxygen rich environments which
has been the focus on much more research.
2- Studying the localized corrosion behavior of UNS S31600 stainless steel by using
different electrochemical techniques and investigate the best stability of the passive
film that will be formed on UNS S31600 stainless steel for different parameters.
3- Studying the characteristics of the passive film formed on the surface of UNS S31600
stainless steel and carbon steel at different stages of exposure, as well as the repassivation kinetics.
4- Studying the influence of flow rate on the characterization and mechanisms of corrosion
product layers from CO2 corrosion of UNS S31600 stainless steel in simulated oilfield
solution.
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Appendix 1: High temperature corrosion inhibition performance and
thermal stability of nitrite-based corrosion inhibitor
1

Abstract

The thermal stability and performance of a nitrite-based corrosion inhibitor at inhibiting
corrosion of carbon steel UNS G10180 were investigated at high temperature (i.e., up to 230
°C) and high pressure (i.e., 27 barg). Four-week immersion tests were conducted to evaluate
the influences of temperature, inhibitor concentrations, and oxygen partial pressure. The nitrite
corrosion inhibition mechanism and its performance were assessed using gravimetric analysis,
optical microscopy, scanning electron microscopy, and energy X-ray spectroscopy
(SEM/EDS), X-ray diffraction spectroscopy (XRD), and X-ray photoelectron microscopy
(XPS). The inhibition performance was affected by the temperature and the reduction in
residual nitrite concentration associated with thermal degradation. XRD and XPS results
showed that the surface film primarily consisted of Fe3O4 and, to a lesser extent, Fe2O3 and
oxyhydroxide FeOOH.
Keywords: carbon steel, corrosion inhibitor, nitrite, high temperature
2

Introduction

Monoethylene glycol (MEG) is widely used as a thermodynamic hydrate inhibitor for natural
gas production and transportation due to its low toxicity, low flammability, and its ability to be
regenerated, which results in a long-term economic advantage over other hydrate inhibitors
[308, 338]. The regeneration process involves the removal of excess water by means of water
evaporation to achieve MEG concentration in a range of 80-90%. The heat supplied to MEG
recovery units comes from a closed-loop heating medium system, which generally operates at
a temperature between 120–160 °C [339]. The closed-loop heating medium system is
constructed of carbon steel through which deionized water is circulated. Hence, the system can
be prone to corrosion. Corrosion risks of the heating medium loop are managed by suppressing
the concentration of dissolved oxygen and chloride ions together with the addition of a
corrosion inhibitor.
In this case, a nitrite-based corrosion inhibitor was selected for the heating medium system.
Nitrite is an effective inorganic corrosion inhibitor that has a wide range of applications, i.e.,
closed loop water circulation [328, 340, 341], concrete admixture [342-344], etc. It has been
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proposed that nitrite ions convert ferrous to ferric ions which then facilitates the formation of
passive film on carbon steel. In alkaline solutions, nitrites promote the formation of a stable
passive film promoted by the reaction shown in Equation 2.1[328]. This passive film has been
characterized to be a combination of magnetite (Fe3 O4 ) and maghemite (γ − Fe2 O3 ). The
passive film has been shown to be approximately 2 nm thick [345].

Fe2+ + 2OH − + 2NO−
2 → 2NO + γ − Fe2 O3 + H2 O

Equation 2.1

Khani studied the effect of nitrite concentration and temperature [328]. The author found that
at 25 °C, the optimum nitrite concentration was 9 mM (302 mg/L) in a solution containing 5
mM chloride (172.5 mg/L). The performance of nitrite ions is reduced in the presence of
chloride. It was proposed that competitive adsorption between chloride and hydroxyl group at
the metal surface led to the formation of soluble iron (II)chloride. Cohen reported that, in the
presence of chloride, γ − FeOOH is formed rather than magnetite [323].

The efficiency of nitrite at reducing the corrosion rate can be improved by the presence of
coinhibitors such as molybdate ion. Mustafa and Dulal reported that nitrite promoted the
formation of an oxide layer where molybdate can preferentially adsorb. This created a
negatively charged surface which, according to the authors, prevented the deleterious effect by
aggressive anions in the solutions [318]. A synergistic effect between nitrite and borax has also
been reported [329].
Despite their high inhibition efficiency, localized corrosion is the main risk associated with
anodic corrosion inhibitors, which can occur when the inhibitor concentration falls below a
critical value. Lee et al. showed pitting corrosion when the nitrite concentration was reduced
from 200 ppm to 100 ppm at 50 °C [320]. A further reduction in nitrite concentration resulted
in uniform corrosion.
A reduction in the inhibitor concentration could arise due to the thermal oxidation and loss in
the process. The residual nitrite concentration could decrease over time as nitrite is used to
sustain passivity (Equation 2.1). Limited information is available regarding nitrite degradation.
Rey suggested that in the presence of air ingress, nitrite could oxidize to form nitrate [340].
Thermal decomposition of the molten sodium nitrite was studied. No by-product from the
decomposition process could be detected at 260 °C and below [346]. Nitrite was found to be
stable in water at temperatures up to 150 °C [347]. Nitrite degradation was promoted when the
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medium contained monoethylene glycol (MEG). Madera speculated that the glycol degradation
products as those of volatile fatty acids aid nitrite degradation [347].
At present, corrosion studies have focused on temperatures below 100 °C. Information related
to nitrite corrosion inhibition performance and the degradation behavior at high temperatures
is still lacking. Therefore, the purposes of this work were to investigate the corrosion behavior
of carbon steel in the presence and the absence of a nitrite-based corrosion inhibitor at hightemperature and high-pressure conditions simulating a heating medium circuit. The possible
corrosion inhibition mechanisms were evaluated by a combination of immersion tests and
surface characterization techniques. Characterization techniques included scanning electron
microscopy and energy dispersive X-ray spectroscopy (SEM/EDS), X-ray diffraction
spectroscopy (XRD), and X-ray photoelectron spectroscopy (XPS). Finally, laboratory results
were validated with the field data.
3

3.1

Experimental procedure
Materials and solution

UNS G101800 carbon steel rods were machined into 3 mm thick coin-shape specimens with a
15 mm diameter.
Test solutions consisted of deionized (DI) water (Ibis solution resistivity 18 MΩ) and NO−
2
containing a commercial corrosion inhibitor to achieve 0, 500, 700, and 1100 ppm NO−
2

concentrations. Zero grade compressed air (both supplied by BOC Australia) was used in this
study. A 500 ppm aliquot of analytical grade citric acid (C6H8O7) which is used as cleaning in
place solution for the close-loop heating circuit pipes was added into the test solutions to
evaluate its effect on NO−
2 degradation and corrosion inhibition performance.
3.2

Immersion tests

Four-week immersion tests were conducted in 2-L Parr autoclaves fitted with a rotating shaft
and an impeller for agitation, a gas sparging tube, a thermowell (for inserting a thermocouple),
a gas outlet, and a liquid sampling port.
Three carbon steel samples were wet ground with SiC paper to 600 US-grit, rinsed with ethanol,
and dried with high purity N2. Samples were weighed in an analytical balance to a 0.1 mg
readability and subsequently placed in a non-metallic and inert dish (polyether ether ketone –
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PEEK), which was then positioned at the bottom of the autoclave. The test solution (1.5 L) was
purged with the test gas for a minimum of 6 h and subsequently transferred to an autoclave,
which was continuously purged with the test gas, with a peristaltic pump to avoid disturbance
to the samples.
The autoclave was, then, tightened and pressurized with the test gas to a total pressure of
approximately 3 bar prior to heating up to the desired test temperature. The selected test
temperature mimicked 2 heating loops operating at 115 and 230 °C. After the test temperature
was attained, the total pressure at 115 and 230 °C was adjusted to 3.4 bar and 28 bar,
respectively. The dissolved oxygen concentration was calculated to be 9.65 ppm (5.4 μM) at
115 °C, 3.4 bar total pressure and 5.96 ppm (3.35 μM) at 230 °C, 28 bar total pressure [348].
The rotational speed was set to 300 rpm for all tests.
3.3

Post-test analysis

3.3.1 Water analysis
After 2 weeks, an aliquot of approximately 300 mL of the test solution was drawn from each
−
autoclave to measure pH ex-situ and analyze for NO−
2 and NO3 concentration using the

calorimetric method.

3.3.2 Weight loss and localized corrosion
Two carbon steel samples were cleaned using Clarkes solution (20 g Sb2O3, 50 g SnCl2, and 1
L conc. HCl as described in ASTM G1 [349]) and visually inspected using a surface
profilometer and a light optical microscope for evidence of pitting corrosion.
3.3.3 Surface characterization
One carbon steel sample for each condition was kept for the following surface characterization:
Field emission scanning electron microscope (FESEM), Mira-3.
X-ray Diffraction spectroscopy (XRD), Bruker D8 Discover XRD.
X-ray photoelectron spectroscopy (XPS), Kratos AXIS Ultra DLD - system.
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4

4.1

Results and discussion
Immersion tests

Table 6 presents weight loss corrosion rates and photographs of carbon steel samples exposed
to various NO−
2 concentrations at 115 and 230 °C. Maximum pit depths are reported where
localized corrosion was observed.

In the absence of the corrosion inhibitor, the baseline corrosion rates were 2.27 and 0.047 mm/y
at 115 and 230 °C, respectively. The corrosion product layer appeared thicker on the samples
exposed to 115 °C than those formed at 230 °C. However, the corrosion product formed without
the corrosion inhibitor provided no corrosion protection to the underlying steel substrates. At
115 °C, severe uniform corrosion was evident, while at 230 °C pitting corrosion was found
(Figure 11a and b).
In the presence of the corrosion inhibitor, weight loss corrosion rate decreased to below 0.01
mm/y except in the experiment with non-neutralized citric acid where corrosion rate was 0.05
mm/y. No visible oxide film could be detected. The surface discoloration was observed on
samples exposed to 230 °C. Pitting corrosion was not apparent, i.e., pit depth was not
quantifiable by profilometry and light optical microscopy (LOM) (Figure 12). It can be
deduced from the immersion tests that the nitrite-based corrosion inhibitor at the concentrations
used provided effective corrosion protection at both 115 °C and 230 °C.
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Table 6 Weight loss corrosion rates, pit depth (if found and quantifiable), and photographs of carbon
steel samples after immersion tests
Test
No.

Temperature
(°C)

Test
gas

NO−
2
(ppm)

Citric
acid
(ppm)

0

1

Weight loss
corrosion
rate (mm/y)

Pit depth
(µm)

0.047

32

0.005

ND

0
2

700
230 °C

Air

3

700

500(1)

0.003

ND

4

1100

0

0.001

ND

5

0

2.27

ND

0.002

ND

0
6

700
115 °C

Air

7

700

500(1)

0.001

ND

8

700

500(2)

0.05

8

Note 1: neutralized with NaOH.
Note 2: non-neutralized.
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Photographs of carbon
steel samples after
tests.

a)

b)

Figure 11 LOM images of samples exposed to DI water at a) 230 °C and b) 115 °C after cleaning with Clarke
solution
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b)

a)

d)

c)

e)

f)

Figure 12 LOM images of samples exposed to inhibited-DI water at a) 230 °C, 700 ppm NO2-, b) 230 °C, 700 ppm NO2with neutralized citric acid, c) 230 °C, 1100 ppm NO2-, d) 115 °C 700 ppm NO2-, e) 115 °C, 700 ppm NO2-, with nonneutralized citric acid after cleaning with Clarke solution
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4.2

Water analysis

The changes in solution chemistries after the exposure are reported in Table 7. Except Test 8
where non-neutralized citric acid was used, pH decreased after the initial 2-week exposure. The
decrease in pH may be due to the formation of magnetite and maghemite at high temperatures.
Tomlinson proposed a series of electrochemical steps associated with magnetite formation at
the oxide/water interface [350]. The process involved the diffusion of Fe2+ through the oxide
layer to form intermediate species (namely Fe(OH)2 and FeOH + , which then further hydrolyze

to form magnetite and hydrogen ions. In addition, the formation of a passive film induced by
NO−
2 appears to involve the consumption of hydroxyl ions, which could also lead to the
reduction in pH (Equation 2.1).

−
−
NO−
2 , and NO3 concentrations before and after exposure are also reported in Table 7. The NO2

concentration decreased in all test scenarios. The decrease in NO−
2 concentration from 2 to 4
weeks seemed to slow down from its initial drop. The reduction in NO−
2 concentration could

be partly explained by the passive film formation (Equation 2.1) leading to a decrease in the
−
bulk NO−
2 . Cohen detected the reduction in NO2 anions only in the experiments containing

steel, while the NO−
2 concentration remained unchanged in the control experiment without a
steel [351].

−
Additionally, since NO−
3 was detected in the solution, the oxidation of NO2 (Equation 4.1) may

have occurred. The NO−
2 oxidation reaction was found to be a function of the solution pH.
Significant degradation occurred at strong acidic condition (pH 1) whereas in an alkaline

condition (pH 13), no evidence of NO−
2 oxidation was found [344]. In the current study, the pH

of the solutions varied from 8 to 10 (Table 7). Therefore, NO−
2 oxidation might not be
significant in the current conditions.

−
2NO−
2 + O2 ↔ 2NO3

Equation 4.1

Other potential reactions that could take place in the presence of dissolved oxygen are Equation
4.2 and Equation 4.3 [344]. The NO byproduct from the passive film formation (Equation 2.1)

reacts with the dissolved oxygen to form NO2 that further reacts with OH − to form NO−
2 and
NO−
3.
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Equation 4.2
Equation 4.3

2NO + O2 → 2NO2
−
2NO2 + 2OH − → NO−
2 + NO3 + H2 O

Regardless of the reaction pathways, the residual NO−
2 concentration was sufficient to provide
corrosion protection to carbon steel.

Table 7 pH, NO2-, and NO3- concentrations analysis of test solutions before and after exposure
Temp.
Test
Test
NO−
2
No.
gas
(ppm)
(°C)
1
0
2
700
230
Air
3
700
4
1100
5
0
6
700
115
Air
7
700
8
700
Note 1: neutralized with NaOH.
Note 2: non-neutralized.

5

5.1

Citric acid
(ppm)
0
0
500(1)
0
0
0
500(1)
500(2)

Initial
6.66
11.43
11
11.66
6.45
11.35
11
5.25

pH
2 wk
4.32
7.37
8.81
8.81
10.67
9.32
6.95

4 wk
4.51
8.63
9.05
8.6
10.63
9.11
7.15

NO−
2 (ppm)
2 wk 4 wk
395
265
265
175
430
450
660
620
365
435
590
560

NO−
3 (ppm)
2 wk 4 wk
130
160
62
110
250
390
60
30
100
190
100
160

Corrosion product characterization
Scanning Electron Microscopy (SEM)

SEM images from samples exposed to 230 and 115 °C are shown in Figure 13 and Figure 14,
respectively. In the absence of the corrosion inhibitor, surface precipitates were visible. At
230 °C and in the presence of the corrosion inhibitor, surface films were not found and
polishing marks remained visible. A similar surface appearance, i.e., visible polishing marks,
was observed in the presence of 700 ppm NO−
2 with and without citric acid. Increasing the

corrosion inhibitor further to 1100 ppm NO−
2 appeared to facilitate plate-like surface film
formation. At 115 °C, samples exposed to the inhibited solution had similar appearances, i.e.,
no visible corrosion products and clear polishing marks.
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a)

Baseline (0 ppm)

b) 700 ppm NO−
2

c) 700 ppm NO−2 (with citric acid) neutralised

d) 1100 ppm NO−
2

Figure 13 Secondary Electron (SE) SEM images of carbon steel UNS G10180 samples after a 4-week
exposure in DI-water containing various corrosion inhibitor concentrations at 230 °C
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a) 0 ppm NO−
2

b) 700 ppm NO−
2

c) 700 ppm NO−
2 + 500 ppm citric acid (nonneutralised)

d) 700 ppm NO−
2 + 500 ppm citric acid (neutralised).

Figure 14 Secondary Electron (SE) SEM images of carbon steel UNS G10180 samples after 4-week exposure
in deionized water containing various corrosion inhibitor concentrations at 115 °C

5.2

X-ray diffraction

X-ray diffraction patterns of corrosion products formed on carbon steel surfaces exposed to
selected conditions are presented in Figure 15.
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At 230 °C and 115 °C, without the corrosion inhibitor, the surface film primarily consisted of
magnetite (Fe3O4). Corrosion behavior of carbon steel in the temperature range experienced in
high temperature aqueous systems has been reported [325, 331]. Corrosion product mainly
observed is magnetite (Fe3 O4 ).

Bornak proposed that under aerated conditions at high

temperatures ferric hydroxide forms, which further dehydrated to ferric oxide [325]. On the

other hand, magnetite precipitates under deaerated conditions, leading to localized corrosion
where the magnetite layer is locally damaged. In this study, the corrosion products formed at
230 °C were more protective than those formed at 115 °C according to weigh loss corrosion
rates (Table 6). The formation of protective Fe3O4 was facilitated at high temperatures, which
provided corrosion protection against uniform corrosion. However, it is widely accepted that
imperfect passivity often leads to localized corrosion [352]. This correlates well with the
surface profile of samples after the removal of corrosion products.
The addition of 700 ppm NO−
2 at 230 °C yielded similar diffraction patterns, which were
identified as Fe3 O4 (or 𝛾𝛾 − Fe2 O3 ) as the dominant oxide phase. 𝛼𝛼 − Fe2 O3 was detected with
an increased NO−
2 concentration of 1100 ppm.

No oxide film could be detected in the following conditions; 700 ppm with neutralized citric
acid at 230 °C and all conditions at 115 °C, where the only identified phase was metallic iron
(Fe). The absence of oxides/hydroxides peaks could be due to insufficient surface film
thickness. Therefore, XPS, an appropriate technique for thin-film characterization, was used,
and the results are described in the following section.

a

b

Figure 15 Overlaid X-Ray diffraction patterns of samples exposed to a) 230 °C and b) 115 °C
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5.3

X-ray photoelectron spectroscopy

Figure 16 and Figure 17 are high-resolution XPS spectra of Fe and O obtained from the carbon
steel surface exposed to the primary loop (230 °C) and secondary loop (115 °C) conditions,
respectively. In all test conditions, the prominent Fe 2p peaks appeared at approximately 712
eV, which are typically associated with oxide or hydroxide species. This also included those
samples that XRD did not detect oxide layers, confirming that the oxide films formed were
approximately 2-5 nm and below the XRD detection limit. O 1s peaks support the presence of
oxide and hydroxide species.
Examples of XPS curve fittings 1 are presented in Figure 18. Fe3O4 was the dominant corrosion
product film formed on the carbon steel surface in the absence of a corrosion inhibitor. In the
presence of NO−
2 , the corrosion product film appeared to be more complex as not only Fe3O4
but also Fe2O3 and FeOOH were identified.

At low concentrations of nitrite (i.e., at an ineffective concentration range), corrosion products
consisted of goethite and lepidocrocite and magnetite [320].

a

b

The fitting was performed according to fitting parameters (binding energy, FWHM, and multiplet splittings)
outlined in http://www.xpsfitting.com/2012/01/iron.html.

1
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c

d

Figure 16 XPS of Fe 2p (a to c) and of O 1s (d) at the primary loop conditions (230 °C)

a

b

Figure 17 XPS of a) Fe 2p and b) O 1s at the secondary loop conditions (115 °C)
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Figure 18 Examples of X-Ray Photoelectron spectroscopy curve fittings

6

Conclusion

The performance of the NO−
2 containing corrosion inhibitor was evaluated in conditions

simulating heating circuit loops operating at temperatures up to 230 °C. The study consisted of
4-week immersion tests, surface characterization, and a comparison between laboratory and
field coupon exposure. The following conclusions were drawn based on the findings:
1.

In the absence of the corrosion inhibitor, uniform corrosion with a corrosion rate of
2.27 mm/y was observed at 115 °C, whereas pitting corrosion was found at 230 °C.
The maximum pit depth was 32 µm and the weight loss corrosion rate 0.047 mm/y.

2.

Corrosion rates of less than 0.01 mm/y were measured by weight loss in all inhibited
conditions including those with neutralized citric acid—after a 4-week exposure at
both primary and secondary loop conditions.

3.

The presence of citric acid (after neutralization) had no negative effects on the
performance of the nitrite-based corrosion inhibitor, while the non-neutralized citric
acid reduced the inhibition efficiency of nitrite as corrosion rates determined by
weight loss increased from 0.002 to 0.05 mm/y at 115°C.

4.

The decrease in NO−
2 concentration with exposure time is measured. After 30 days, at

−
700 ppm NO−
2 , NO2 concentration was reduced by 62% and 38% at 230 °C and 115

°C, respectively.
5.

The oxide film induced by NO−
2 was detectable by XPS. At 230 °C, the dominant
oxides were Fe2 O3 and Fe3 O4 while at 115 °C FeOOH was also detected.
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