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Abstract

In this research, the corrosion performance of two austenitic stainless steels,
namely 316L and 254SMO, in concentrated acetic acid solutions containing
bromide ions has been investigated. In this research, the influence of two
different electrochemical surface treatments (electropolishing and nitric acid
passivation) on the corrosion behaviour of 316L stainless steel immersed in
15.3M HAc with 18.7mM bromide ions at 90°C was examined. Also, attempts
were made to study the performance of three organic inhibitors in the same

conditions.

Corrosion rates are assessed both by weight loss, and linear polarisation
resistance. Interfacial corrosion chemistry is further characterised by open
circuit potential and potentiodynamic polarization measurements. Substrate
morphology is elucidated with optical microscopy, including 3D surface
profiling, and scanning electron microscopy. Also, X-ray photoelectron
spectroscopy is employed to gain further insight into the quite different
corrosion performances of 316L and 254SMO in 15.3M acetic acid with
18.7mM Br ions.

It was found that 316L and 254SMO steels have good corrosion resistance
and low corrosion rates in 11.9M-HAc-Br-. Increasing acid concentration to
153 M led to a dramatic increase in corrosion rate of 316L with clear
evidence of uniform and pitting corrosion proceeding simultaneously.
Notably, the step increase in OCP for 316L steel and 254SMO during
immersion in 15.3M-HAc-Br- solution indicates sudden changes in corrosion
activity of the steels. The step seen for the 2545MO in 15.3M-HAc-Br- is
indicative of passivation which is also supported by the XPS results, as a
stable passive film was observed on the surface of alloy over the immersion
time. However, the step increase in the OCP observed for 316L in 15.3M-

HAc-Br- is not associated with a significant decrease in corrosion rate. An
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alternative explanation is that the step coincides with an increase in the

importance of pitting due to the evolving surface structure.

From the attempts which were made to improve the corrosion resistance of
the 316L stainless steel in 15.3M-HAc-Br-, both electropolishing and nitric
acid passivation treatments were not sufficient to give any noticeable
protection from the aggressive solution. Also, no corrosion inhibition was

achieved when the three organic inhibitors, BTA, TU and 2MBI were utilised.
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1 INTRODUCTION

Terephthalic acid (TA) is an organic compound that used in a variety of
industrial applications and chemical processes such as manufacturing of
polyester films which used to produce audio films, moulded resins used to
make polyethylene terephthalate (PET) bottles and polyester textile fibers [1,
2]. This acid is commercially produced by purifying crude terephthalic acid
which is produced by catalytic, liquid phase air oxidation of para-xylene
(PX). In this production processes acetic acid is used as a solvent coupled
with heavy metal based on cobalt and manganese compounds and with
presence of bromide as assistant catalysts as shown in Equation 1-1 [3-5].

Subsequently, acetic acid containing bromide ions is considered as the main
corrosive electrolyte in the TA production process that may introduce
serious corrosion problems into the process equipment. Type 316L stainless
steel is the alloy most commonly used in equipment processing acetic acid,
even glacial acid at temperatures above the atmospheric boiling point can be
handled if the impurities are held within proper levels [6]. However, their
corrosion resistance will be affected by the presence of halide ions and/or
uncontrolled incursion of impurities into the process that caused by a

temporary system upset[4, 5, 7].

Motivated by the aggressive environment encountered in the industrial

synthesis of the TA and the limited literature available on the corrosion



behaviour of stainless steel materials under these conditions, the corrosion
behaviour of 316L stainless steel in concentrated acetic acid solution (11.9M -
15.3M) at 90°C containing 18.7mM bromide ions has been studied. In
addition, to study the effect of alloy composition on corrosion resistance,
254SMO austenitic stainless steel was also examined in the same
environments. The 254SMO stainless steel was developed by using alloying
elements, especially molybdenum (6.0 wt %), to stabilize the passive film in
high corrosive media and thus reduce susceptibility to pitting and crevice
corrosion [1, 2]. In this research, an attempt was also done to evaluate the
possible impact of the addition of three organic corrosion inhibitors, namely
Benzotriazole (BTA), Thiourea (TU) and 2-mercaptobenzimidazole (2MBI),
on the corrosion behaviour of the 316L stainless steel in the 15.3M acetic acid

at 90°C.

A number of techniques have been employed in this study. Corrosion rates
are assessed both by linear polarisation resistance (LPR) and weight loss
methods. The electrochemical behaviour of the two alloys is further
characterised by open circuit potential (OCP) and potentiodynamic
polarisation measurements (PDP). Substrate characterisation techniques,
including optical microscopy and scanning electron microscopy (SEM) are
used to evaluate the surface of the alloys. Also, X-ray photoelectron
spectroscopy (XPS) is employed to gain further insight into the quite

different corrosion performances of 316L and 254SMO in test solutions,
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especially in 15.3M HAc. Finally, white light inteferometry is used in the
current study to estimate the amount of material removed from the pits
formed on the surface of 316L steel that undergoes uniform corrosion and

pitting during immersion in 15.3MHAc.

This thesis consists of number of chapters. Chapter two provides
background information about corrosion in general and specifically
corrosion types and corrosion behaviour of stainless steel alloys. Chapter
three outlines the various experimental techniques and instrumentation
employed in the current study. Chapter four focuses on assessing the
corrosion resistance of the alloys, 316L and 254SMO, under the prevailing
experimental conditions, using mainly weight loss and electrochemical
measurement techniques. Chapter five elucidates the composition and
structure of the surface films that are gained by XPS. Chapter six details
work concerning the surface treatments that may improve the corrosion
resistant of the 316L alloy and the results of employing the organic corrosion
inhibitors. Finally, general conclusions and possible future work are given in

chapter seven.

C H3 COOH
43 02 Co(Ac), TMn(Ac), +C,H,Br, > +2H 20
C'H3 COOH
Para-xylene TA
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2 Corrosion Fundamentals and Stainless Steel Corrosno

2.1 Introduction

This chapter is divided into four main sections. The goal of the first section is
to provide a fundamental understanding of the processes involved in
corrosion phenomena. The second section of this chapter briefly introduces
the concepts behind passivity of engineering materials to corrosion. Then,
stainless steel alloys especially the austenitic group and their corrosion will
be discussed in section three. In this section, pitting corrosion and factors
influencing the pitting corrosion are detailed. Corrosion behaviours of
stainless steel particularly the 316 grade in acetic acid environments will be
covered in the fourth section. The final section will outline some of earlier
studies and research efforts of interest to characterize the composition of the

passive film formed on the surface of stainless steel.

2.2 Basic Aspects of Corrosion

2.2.1 Definition

Corrosion is a process created by the reaction (chemical or electrochemical)
between a material, often a metal or alloy, and its environment that results in
destruction or deterioration of that material [4]. Corrosion has been classified
in many different ways. One method classifies corrosion into low and high
temperature corrosion. Wet corrosion and dry corrosion is the preferred
classification method. The wet corrosion involves liquid solutions, such as

corrosion of steel by water whereas dry corrosion is most often associated

-14 -



with high temperatures and occurs in absence of a liquid phase, by
mechanisms such as carburization, metal dusting [5]. Some principles and
basic aspects of corrosion processes will be discussed in the following sub-

sections.

2.2.2 Principles of Electrochemical Corrosion

Corrosion in aqueous environments occurs by an electrochemical mechanism.
The phenomenon involves electrons and ions and can be separated into two
partial reactions, anodic (oxidation) and cathodic (reduction) [6]. At anodic
sites an oxidation reaction occurs which is the loss of electrons. For this
reaction to take place a simultaneous reduction process — a net gain of
electrons — will occur at cathodic sites [7, 8]. The anodic reaction of the metal
is of the form:

M — M®* + ne- *(2-1)

Depending on the corroded metals, examples of some anodic reaction are:

7n - Zn%* 4+ 2e- Zinc corrosion (2-2)
Fe — Fe2+ + 2e- Iron corrosion (2-3)
Al - Al + 3e Aluminium corrosion (2-4)
Fe2+ - Fed3+ + e Ferrous ion oxidation (2-5)
H»> - 2H* + 2e- Hydrogen oxidation  (2-6)

2H,O - O2+4H*+4e-  Oxygen evolution (2-7)

On the other hand, cathodic reaction of the metal is of the form:

-15-



X+ xew - X (2-8)

The reduction of dissolved oxygen and release of hydrogen gas by the
reduction of hydrogen ions are the most common reactions during aqueous
corrosion of metals [7]. However, there are other cathodic reactions

encountered during the corrosion process, examples of these are:

O2+2H0 +4e- - 40H- Oxygen reduction (neutral solution) (2-9)

2H* + 2e -~ H>  Hydrogen evolution (in acid solution)  (2-10)
Cu?* + 2e - Cu  Copper plating (metal deposition) (2-11)
Fe3+ + e — Fe?* Ferric ion reduction (2-12)

The two reactions, anodic and cathodic, are complementary events and must
proceed at the same rate. Anodic and cathodic sites can form on the surface
of the metal for many reasons: composition or grain size differences,
discontinuities on the surface, impurities or inclusions in the metal, local
differences in the environment (e.g.,, temperature, oxygen, or salt
concentration), localized stresses. The basic corrosion process is shown in

Figure 2-1.

For electrochemical corrosion to take place, there are four fundamental
requirements [9]: An anode, A cathode, A conducting environment for ionic

movement (electrolyte), and An electrical connection between the anode and

-16 -



cathode for the flow of (electron) current. If any of these elements is missing

or disabled, electrochemical corrosion cannot occur.

. : Electrun q;
' Flow

2H' + 2e—H,1

Metal

Figure 2-1 Example of basic corrosion process [1].

2.2.3 Corrosion Thermodynamics and Kinetics

When considering a metal in a specific environment a number of questions
need to be addressed, including: will the metal corrode in this environment,
and if yes how fast will it corrode? These questions can be answered by

studying the thermodynamics and kinetics of corrosion.

2.2.3.1Thermodynamics of Electrochemical Corrosion
Thermodynamics gives an understanding of the energy changes involved in
the electrochemical reactions of corrosion. These energy changes provide the

driving force and control the direction for a chemical reaction. Therefore,
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thermodynamics shows how conditions may be adjusted to make the
corrosion impossible, when corrosion is possible, thermodynamics cannot

predict the rate; corrosion may range from fast to very slow [3].

A metal will exhibit a potential with respect to its environment. This
potential is dependent on the ionic strength and composition of the
electrolyte, the temperature, the metal or the alloy itself, and other subsidiary
factors. The potential of a galvanic cell is the sum of the potentials of the
anodic and cathodic half cells in the environment surrounding it. From
thermodynamic considerations, the potential of an electrochemical reaction
can be related to the change in Gibbs free energy , AG= G (products) - G

(reactants), as shown in the below equation [5]:

AG= -nFE (2-13)

where n is the number of electrons participating in the reaction, F is
Faraday’s constant (96,500 Coulomb/mole), and E is the electrode potential.
The potential of the galvanic cell will depend on the concentrations of the
reactants and products of the respective partial reactions, and on the pH of

the aqueous solutions in contact with the metal.

Corrosion will not occur unless the spontaneous direction of the reaction

(that is, AG < 0) indicates metal oxidation. A negative free energy change
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(AG) indicates that the stability of the products is greater than that of the

reactants.

The change in electrode potential as a function of concentration is given by

the Nernst equation [3, 5]:

E =E° +2.3(RT / nF) log (ox)*/ (red)* (2-14)

Where E° is the standard electrode potential, (ox) is the activity of an
oxidized species, (red) is the activity of the reduced species, and x and r are

stoichiometric coefficients involved in the respective half cell reactions.

The application of thermodynamics to corrosion phenomena has been
generalized by use of potential-pH plots (Pourbaix diagrams). Such
diagrams are constructed from calculations based on the Nernst equation,
above, and solubility data for various metal compounds. From these
diagrams, it is possible to differentiate regions of potential as a function of
pH in which metal is either immune (no corrosion) or will be passivated by a
thin film [10, 11]. Example of such diagrams is shown in Figure 2-2 which
represents iron in an aqueous solution. The diagram gives regions of
existence: iron is inert and stable (region A), actively dissolve (region B) or

the oxide layer can form (region C).
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Region B:
-1 Dissolution

Fe*

Electrode Potential (V NHE)
(o= ]
(=]
1
7

Region C:
Oxide Formation

FE203

— HFeO4"

Figure 2-2 Simplified E/pH diagram (Pourbaix diagram)
for Iron-water system at 25°C. the potentials are given vs.
normal hydrogen electrode (NHE) [2].

2.2.3.2Kinetics of Electrochemical Corrosion

Corroding systems are not in equilibrium, the oxidation and reduction

reactions in the corroding metal each occur at a potential displaced from its

equilibrium value [12]. Thus, kinetic studies of the processes are necessary.

A system is out of equilibrium when the potential is displaced from the

equilibrium potential by the application of an external voltage or by the

spontaneous production of a voltage away from equilibrium. This deviation

in potential is defined as polarization (n) [5].
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n=| E-Ee| (2-15)

where Eeqis the equilibrium potential.

There are mainly three types of polarisation in any electrochemical cell: (1)
Activation polarization, (2) Concentration polarization, and/or (3) Resistance

polarization [13, 14].

2.2.3.3Activation Polarization

A system is referred to be as activation controlled when the rate of the
electrochemical process is controlled by the charge transfer across the metal
solution interface. For anodic and cathodic polarization on activation
controlled system, the activation polarization for the anodic reaction (na (A))

can be expressed as:

Na (A) =Palogia / io (2-16)
Where,
i o = Anodic current density (A/cm?)
io = Exchange current density (A/cm?)

Ba = Tafel slope for the anodic reaction

An identical expression can be written for the cathodic reaction.

-21-



2.2.3.4Concentration Polarization

When the transport of ions or molecules to or away from the metal surface
determines the rate of the electrochemical process, the system is said to be
under concentration polarization (n¢), or transport control. For example,
when the cathodic process in corroded system depends on the reduction of
dissolved oxygen, the diffusion of oxygen to the metal surface will often

limit the rate of corrosion.

The concentration polarization can be expressed as:

Ne=2.3RT/nF *log (1- i/1ilim) (2-17)

Where, ilim = Limiting current density

2.2.3.5Resistance Polarization
Resistance polarization (1) is a consequence of the ohmic resistance in the
system. It is the sum of the resistance in the electrolyte (Rso1) and the

resistance of any apparent scale on the surface (Rscale):

n=i¥ R (2-18)

Where, Z R= Rsol. + Rscale (2'19)
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High-resistivity solutions and insulating films deposited at either the
cathode or anode restrict or completely block contact between the metal and

the solution and will promote a high-resistance polarization.

The total polarization (Wtal) across an electrochemical cell is the sum of the

above individual polarizations:

Ntotal = MNa + MNc + Nr (2-20)

2.2.3.6Rate of Corrosion and Faraday’s law

The rate of electron flow to or from a reacting interface is a measurement of
the reaction rate [3]. The electron flow is conveniently measured as the
magnitude of a current; therefore, the current can be used to determine the
reaction rate of the process through Faraday’s law. If we consider the anodic

metal oxidation reaction in equation 2-1 (M — M+ +ne"):

Q =nFm/M (2-21)
Where,
Q = the electrical charge (coulomb)
F= Faraday’s constant (96500 coulombs/mole)
n= Number of electrons transferred
m = Mass of metal oxidised (g)

M= Atomic weight of metal (g/mole)
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Also, this can be expressed in terms of the rate of the reaction:

[ = nFK/M (2-22)
Where,
I = Corrosion current (A)

K = Rate of corrosion (g/s)

2.2.4 Mixed Potential Theory

Kinetic information of corroded surface is usually presented in a graphical
forms called Evans or polarization diagrams that represent the relation
between the electrode potential and current density [15]. These diagrams are

developed based on the principles of mixed potential theory.

The theory of mixed potential was developed by Wagner and Traud in 1938
[16]. The theory proposes that the electron released during oxidation process
(anodic) is consumed by a corresponding reduction process (cathodic).
Therefore the total rate of the oxidation reaction will equal the total rate of
the reduction [17]. The cause of the entire process is based on two factors.
The oxidation and reduction reactions each have a unique half-cell electrode

potential and exchange current density (i ). The second factor is that, the

half-cell potentials cannot coexist separately in the same conductive
environment. There must be a polarization in potential to a common

intermediate value referred to as the mixed potential.
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Figure 2-3 illustrates the two half-cell reactions occurring when zinc is placed
in an acid solution. The two half-cell potentials are plotted with respect to

the corresponding current density of the half-cell reactions (i ). The corrosion

potential (Ecorr) and the corrosion current density (icorr) values are located

where hydrogen reduction line and zinc oxidation line converge.
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Figure 2-3 Schematic Evans diagram for zinc in acid solution shows
the corrosion potential (Ecorr) and corrosion current density (icorr) [3].
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2.3 Passivity to Corrosion

2.3.1 Introduction

All metals and alloys (commonly, gold is exception) have a thin protective
corrosion product film present on their surface due to the reaction with the
environment [18]. Some of these films are passive and on some metals and
alloys have certain characteristics that enable them to provide more
corrosion resistant metal surfaces. These protective surface films are
responsible for the phenomenon of passivity [4, 19] which is the reason a

metal does not corrode when it would be expected to.

2.3.2 Definition of passivity
Two generally accepted definitions of the passivity were reported [18, 20]:

1. A metal is passive if, on increasing its potential to more positive
values, the rate of dissolution decreases (low corrosion rate , noble
potentials)

2. A metal is passive if it substantially resists corrosion in an
environment where there is a large thermodynamic tendency to react

(low corrosion rate, active potential).

Also, an additional definition has been provided by NACE/ASTM [21], the
passive is the state of a metal surface characterized by low corrosion rates in

potential region that is strongly oxidizing for the metal.
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2.3.3 Active-passive Behaviour

During anodic polarization, metals and alloys with a passivated surface will
typically display a polarisation curve of the shape shown in Figure 2-4 [18].
At relatively low potential within the active region, when the potential value
is plotted against log current density the behaviour is linear for normal
metals. With the beginning of the formation of a passive layer the measured
current begins to decrease. The turning point on the curve marking the
beginning of this decrease is known as the active-passive transition and the
corresponding value of the applied potential is the primary passivation
potential (Epp). Also, in Figure 2-4, the current density decreases rapidly to a
very low value called the passive current density (ip) due to the formation of

quite a passive layer.

With the presence of a stable uniform non-conducting layer (passive oxide)
on the surface of the metal the system enters a region where further increase
in potential causes no noticeable increase in current density, this is the
passive region. This current density remains relatively independent of

potential because it is controlled by the rate of dissolution of the passive film.

In environments without aggressive species such as Cl-, with further increase
in potential to more positive value, most of the metal passive oxides can be
further oxidized to a more soluble state. Therefore, the effectiveness of the

passivation layer is reduced and/or removed so corrosion can re-occur. This
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region where the current density begins to increase again is called the
transpassive region [22, 23]. For example, the protective layer of stainless
steel containing chromium as Cr (III), when the potential is raised to the
transpassive region, Cr (III) is oxidized to Cr (VI). However, for metals such
as aluminum and tantalum, that can form electronically insulating passive
oxide films the passive region extends to very positive potentials and neither

transpassive metal dissolution nor oxygen evolution will occur [24].

Hoar [25] stated that four conditions, are usually, but not always, required

for the passivity breakdown that initiates localized attack:

1) Critical potential: a certain critical potential must be exceeded.

2) Damaging species: such as chloride or higher atomic weight halides, are
needed in the environment to initiate breakdown and propagate localized
corrosion processes like pitting.

3) Induction time: an induction time exists, which starts with the initiation
of the breakdown process (introduction of breakdown conditions) and
ends when the localized corrosion density begins to rise.

4) Local sites: the presence of highly localized sites such as inclusions and

second-phase precipitates.

Whatever the causes of the breakdown of the passive film, the result will be a

fresh metal surface exposed to the environment leading to localized attack
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such as pitting, crevice, inter-granular corrosion or stress corrosion cracking

[19, 26]. Further details will be discussed in the later section on pitting

corrosion.
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Figure 2-4 Schematic diagram showing current density vs. potential curve
(anodic polarization curve) for metal with active, passive and transpassive

potential range.

2.4 Corrosion of Stainless Steel

2.4.1 Introduction

Harry Brearley of the Brown-Firth research laboratory in Sheffield, England
is credited as inventing stainless steel in 1913, [27]. Stainless steel alloys are
commonly used as construction materials for key rust-resistant components
in most of the major industries: chemical, construction, petroleum, power,

process, etc.
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Stainless steel is a general term for a large group of corrosion resistant alloy
steels. These stainless steels are iron-based alloys containing at least 11wt%
chromium [16]. This amount of chromium gives the stainless steel the ability
to form a protective or passive film that resists corrosion. This protective film
is self-forming and self-healing and is what makes stainless steel resistant to

corrosion[28].

The stability of the passive film is enhanced by increasing the chromium
content [29]. At about 10.5% chromium, a weak film is formed and will
provide mild atmospheric protection. By increasing the chromium to 17-20%,
which is typical concentration in the type 300 series of austenitic stainless
steels, the stability of the passive film is much increased and therefore more
corrosion resistant is gained. However, stainless steels cannot be considered
to be 100% corrosion resistant. The passive state can be broken down under

certain conditions and corrosion can result [30].

As stated above, stainless steel has a good corrosion resistance, but is not
resistant to corrosion in all environments and might suffer from certain types
of corrosion in some media. Corrosion of stainless steels can be categorised
as one of: crevice corrosion, general corrosion, inter-granular corrosion,
pitting corrosion, stress corrosion cracking and/or galvanic corrosion [48].

General and pitting corrosion are the most likely types of corrosion and most
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relevant to our present study, so further information about these two types

of corrosion will be provided in this thesis.

The general corrosion is a uniform attack and is the most commonly
encountered type of corrosion. It is characterized by a chemical or
electrochemical reaction which proceeds uniformly over the entire surface of
the exposed material. This general corrosion happens where none of the
alloying elements in the material could form a protective layer and normally
this is the case during the active and transpassive dissolution of materials

[49]. Thus, the metal becomes thinner and eventually fails.

The general corrosion of stainless steels normally occurs in acids and hot
caustic solutions, and corrosion resistance of the stainless steel usually
increases with increasing levels of chromium, nickel and molybdenum.
Moreover, other alloying elements are added to the stainless steel alloys to
modify their structure and enhance properties such as formability, strength
and cryogenic toughness. Further information about the effects of alloying

elements will be covered in the next section.

2.4.2 Effects of Alloying Elements

The properties of metals can be modified by adding alloying elements. In

this way the properties of stainless steel can be adapted so it can be usefully
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used in specific environments. Below is brief information about the benefits
of each ingredient added to stainless steel [31]:

Chromium: is the main element that improves the corrosion resistance of the
alloy by forming the passive film on the surface. Chromium provides
resistance to oxidizing environments and also provides resistance to pitting
and crevice attack. Other elements in the alloy can influence the effectiveness
of chromium in forming or maintaining the surface film.

Nickel: is added to stabilize the austenitic structure of the stainless steel and
enhance the mechanical properties and fabrication characteristics. Nickel
also promotes re-passivation if the film is damaged.

Molybdenum: next to chromium, molybdenum provides the largest increase
in corrosion resistance in stainless steel. Molybdenum, in combination with
chromium, is very effective in stabilizing the passive film in the presence of
chlorides. It is effective in preventing crevice or pitting corrosion.
Manganese: also stabilizes the austenite. In association with nickel it
performs many of the functions attributed to nickel but by substituting
manganese for nickel, and then combining it with nitrogen, strength is also
increased.

Nitrogen: is used to stabilize the austenitic structure of stainless steel. It
enhances the resistance of stainless steel to pitting and crevice corrosion
especially in presence of molybdenum [32].

Carbon: it increases the strength of steel and is considered as a very strong

austenitizer. In low carbon grades stainless steels, carbon is kept in 0.005% to
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0.03% level to maintain desired properties and mechanical characteristics.
Carbon can combine with chromium forming chromium carbide
precipitation usually at grain boundaries. This may have a negative effect on
corrosion resistance by removing some of the chromium from solid solution
in the alloy and, as a result, reducing the amount of chromium available to
ensure corrosion resistance [31].

Titanium and Niobium: are used to reduce the sensitization of stainless steel
to reduce the possibility of inter-granular corrosion when the stainless steel
in welded or heat treated. Titanium and niobium interact with carbon to
form carbides, leaving the chromium in solution so a passive film can form.
Copper and Aluminum: along with titanium, can be added to stainless steel
to precipitate its hardening. These elements form a hard intermetallic
microstructure during the soaking process at an elevated temperature.

Silicon: is added to some alloys for high temperature oxidation resistance.

Figure 2-5 summarized how these elements can influence the corrosion

behaviour of stainless steel [33].
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Figure 2-5 Schematic summary of the effects of alloying elements
on the anodic polarization curve of stainless steel [33].

2.4.3 Stainless Steel Classifications
Stainless steels can be classified into five main groups according to their
metallurgical structure [19, 33, 34]:

* Austenitic

e Ferritic

* Martensitic

* Duplex (austenite/ferrite) and
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* Precipitation-hardening alloy

Schaeffler diagram as shown in Figure 2-6 is useful way to determine the
likely structure of a stainless steel. This diagram is based on the presence of
ferrite or austenite in the stainless steel in terms of nickel and chromium

equivalents [35].

The chromium equivalent (Cr eq) has been determined using the most

common ferrite forming elements [35]:

Cr eq = (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) + 0.75(W)
(2-23)

While the nickel equivalent (Nieq.) has likewise been determined with the

familiar austenite forming elements:

Ni ¢q. = (Ni) + (Co) + 0.5(Mn) + 0.3(Cu) + 25(N)) + 30(C) (2-24)

In this research, the two stainless steel alloys, 316L and 254SMO, which are
considered as austenitic type, were used. Thus, this group, austenitic, of the

stainless steels will be further described.

-35-



W
o

Austenite

Martensite

Increasing Nigg

0 . 40
Increasing Creq

Figure 2-6 Schaeffler diagram, effect of alloying elements on the basic
structure of Cr- Ni stainless steels [35].
2.4.4 Austenitic Stainless Steels
Austenitic stainless steels are the most widely used group of stainless steels.
They are alloys containing iron (Fe) with 16-30% chromium (Cr), 8-25%
nickel (Ni) and less than 0.15% carbon (C). These alloys have face-centred
cubic (fcc) structures and they are nonmagnetic materials [36]. These

stainless steels cannot be hardened by heat treatment [31].

Austenitic stainless steels appear to have significantly greater potential for
aqueous corrosion resistance than their ferritic counterparts. This is because
the three most commonly used austenite stabilizers, nickel, manganese and

nitrogen all contribute to the passivity [37].
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The alloys of this group of stainless steel have an excellent resistance to
general corrosion. However in specific environments, they are highly
susceptible to localized corrosion such as pitting, crevice corrosion and stress

corrosion cracking.

The 300 series of austenitic stainless steels is widely used and accounts for
about 50% of all stainless steel production[38]. Type 304 stainless steel is the
basic (18Cr, 8Ni) austenitic stainless steel and grade 316 is the second most

popular grade in the stainless steel family.

The 316 stainless steel has excellent corrosion resistance in a wide range of
media. It offers much better resistance to pitting and crevice corrosion in
environments having halide ions than the 304 stainless steel and this is due
to the addition of = 2.5wt% of molybdenum to the 316 alloy. The 316L
stainless steel is mostly chosen to give better resistance to sensitisation in
welding [39] where the letter “L” after the stainless steel type indicates low

carbon (<0.03 wt %).

Other grades of austenitic stainless steel have different preferred
applications. For example, in severe conditions, when the 316 stainless steel
cannot resist the corrosivity of the environment, super austenitic stainless
steels can be used. The super austenitic alloys have the same structure as the

general austenitic alloys, though the superior strength and corrosion
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resistance of these alloys are further improved by increasing the level of

specific elements such as chromium, nickel, molybdenum, nitrogen and

copper.

An example of these super austenitic alloys is 254SMO (elemental
compositions is shown in Chapter 4) which contains higher quantities of
chromium, nickel, molybdenum and nitrogen than common stainless steels,
such as 316 [40]. The effect of these elements promotes a higher corrosion
resistance of the alloy, especially in media containing halide ions [40-43].
Studies performed by De Micheli et al. [44, 45] showed that the corrosion
resistance of 2545MO alloy in hydrochloric and phosphoric acid media with
and without chloride ions is better than 316L stainless steel and almost the

same as nickel-molybdenum-chromium alloy ( Hastelloy-C276).

Also, Qvarfort [46] determined the critical pitting temperature of 254SMO to
be about 89°C in 5 molar sodium chloride (NaCl) solution. Also, in 4%NaCl,
the alloy critical pitting temperature and critical protection temperature been
reported by Abd El Meguid et al. [47] to be 89 and 64°C respectively and

these values decreased with increase of chloride concentration.
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2.4.5 Pitting Corrosion

2.4.5.1Introduction

Pitting corrosion is the most common form of localized corrosion that occurs
in passive metals such as stainless steel alloys. Similar to other localized
corrosion processes, pitting is also a multiple step process and is generally
aggravated when the materials is exposed to halide solutions or to slightly
acidic solutions that contain halide ions such as chloride and bromide [49].
The passive material can be perforated by pitting corrosion while most of its
surface remains unaffected by corrosion. These pits can provide sites for

crack initiation.

2.4.5.2Mechanism and Stages of Pitting Corrosion

The mechanism of pitting corrosion had been widely studied in the literature.
Almost all pits initiate at some chemical or physical heterogeneity at the
surface such as an inclusion, second phase particles, mechanical damage,
solute-segregated grain boundary or dislocation [50-52]. As the passive film
or any another protective surface layer breaks down locally, pitting corrosion
normally takes place. An anode forms where the film has broken, while the
unbroken surface film acts as a cathode. In this case the localized attack will
be accelerated and pits will develop at the anodic spot. The environment
within the pit may become very aggressive which will further accelerate
corrosion. A typical schematic for pitting corrosion process is presented by

Figure 2-7 [53].
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With pitting corrosion, shapes of pits vary widely and depend on the alloy
and the environmental conditions, see Figure 2-8. They can be narrow and
deep, wide and shallow, elliptical, collections of vertical or horizontal attack
sites, subsurface or undercutting [29]. The pitting corrosion process can be
divided into two main stages [54, 55]:

1. Pit initiation stage (passive film breakdown) and

2. Pit propagation stage.
Based on various experimental studies of the pitting process a number of
theories have been developed to explain the first step of the pitting corrosion
process (initiation stage). The most commonly used pit initiation theories are
divided according to one of three main mechanisms: (1) film penetration, (2)
adsorption mechanism or (3) film breaking mechanism [52, 56, 57].
Principally, pits in engineering alloys are most often associated with
inclusions or second phase particles; however, the theories mentioned in this
section were suggested based on pure metal systems. These mechanisms are

schematically represented in Figure 2-9 [52, 56].

In the penetration mechanism, the aggressive anions migrate from the

electrolyte into the passive film under the influence of the high electric field
in the passive film. Thus, the film is contaminated by this anion. As a result
of changes of the properties of the film, high current could start to circulate

through the contaminated area and pitting would start [58]. Pit initiation by
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film-breaking mechanisms considers that the thin passive film is in a

continual state of breakdown and repair. Mechanical stresses at weak sites or
flaws resulting from electrostriction and surface tension effects may cause
local breakdown events, which rapidly heal in nonaggressive environments.
However, according to this model, breakdown will only lead to pitting

under conditions where pit growth is possible. However, in adsorption

mechanism of pit initiation, aggressive anion adsorption at the outer side of
the film and this will result in formation of cationic vacancies. The excess of
vacancies at the metal/film interfaces will lead to the formation of voids

exposing the bare metal surface to the electrolyte and pitting will initiate[59].

The second stage of the pitting process is the continued propagation of the
resulting defect, in which an extreme local electrolyte composition and an
extreme local rate of dissolution are coupled. Acidification and aggressive
anions concentration within the pit are important factors to sustain the pit
growth; the pH of the local pit environments is decreased due to the
hydrolysis of the dissolving metal cation. Whereas, anions such as chloride
are concentrated into the pit from the external solution by electromigration
due to the potential gradient that develops as result of the ohmic potential
drop along the current path between the inside of the pit and the cathodic
sites on the outside surface. In the presence of halide inions, the solubility of
the metal cations, which are produced by dissolution, in the pit is higher

which is further enhancing pit growth. In the propagation stage, a pit may
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propagate and grow for a short period before repassivating and die (this
type of pit is called a metastable pit), or it may continue to propagate
indefinitely (called stable pitting) [54, 60]. Metastable and stable pits, when
monitored by electrochemical polarization measurement are demonstrated

in Figure 2-10 [61].

Pitting corrosion

Stainless steel

Figure 2-7 Schematic diagram illustrates the pitting corrosion [53].

Narrow , Deep Elliptical Wide, Shallow

Subsurface Undercutting

Horizontal Vertical

Figure 2-8 Schematic representation of different pitting corrosion
shapes [29].
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Figure 2-9 Schematic diagram demonstrating the three
mechanisms leading to the breakdown of passivity and pit
nucleation:(1) penetration mechanism, (2) film-breaking
mechanism and (3) adsorption mechanism [52].
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Figure 2-10 Polarisation curve of 316 stainless steel tested in 0.1M NaCl
solution showing the metastable and stable pits in the process of pitting
corrosion [61].

2.4.5.3Factors influencing pitting corrosion:

Influences of the main environmental variables on pitting corrosion of 300
series stainless steels have been discussed by Uhlig et al. [62]. It was
concluded that pitting potential (the lowest potential where the pitting
corrosion can start but below this value, no pitting corrosion will initiate) is
increased with decreasing chloride concentration, decreasing temperature

and increasing pH or concentration of non-chloride anions such as sulphate.

As well, investigations carried out on the effect of the chloride ion (Cl-)
concentration, pH, dissolved oxygen and temperature on the pitting

behaviour of 316L stainless steel in aqueous solutions [63] found that the
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number and depth of pits increase with increasing Cl- concentration. Also it
was established that low pH, high Cl- content and stagnancy are the
conditions most suitable for initiation and propagation of pitting in 316L

stainless steel.

Chloride ions are considered as the most common cause of pitting with
stainless steel [64, 65]. Abd Elaal [66] studied the aggressiveness of pitting
caused by halide ions in terms of pitting potentials and found at a constant
aggressive anion concentration, the aggressiveness to be in the order of
chloride > bromide > iodide for stainless steels under different experimental

conditions and alloy compositions.

One of the most critical factors in pitting corrosion is the temperature. Some
materials will not undergo pitting corrosion at a temperature below a certain
value called the critical pitting temperature (CPT) [46, 67]. The effect of
temperature on pitting corrosion of a specific material can be determined
either by changing the temperature at a range of constant applied potentials
(potentiostatic test) or varying the potential for a range of constant
temperature experiments [68-70] At low temperatures, a very high
breakdown potential is observed and this potential corresponds to
transpassive dissolution not to pitting corrosion [71]. However, above the
critical pitting temperature, the pitting corrosion occurs at a potential that is

far less than the transpassive breakdown potential [72, 73].
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Generally, the pitting potential becomes less noble, decreasing with
increasing temperature and aggressive ion concentration such Cl-or Br- [71,
72,74-77], as seen in Figure 2-11, where the pitting potential of 304 stainless
steel alloy decreases as the temperature increases [78]. Such behaviour occurs
because with increase in temperature, the number of locally limited defects
in the film will increase and there will also be an increased tendency for the

oxide film to incorporate the aggressive ions [79, 80].

Similar to pitting potential, the CPT can be used as a means for ranking
susceptibility of the material to pitting corrosion and the alloy with higher

CPT is considered more resistant to pitting corrosion [81, 82].

Another important parameter to be considered when determining
susceptibility of stainless steel to localized, pitting, attack especially in
chloride environments is the solution (electrolyte) velocity. Generally,
slightly slow velocity of the solution tends to make conditions more uniform
on surface of the metal and this will tend to make corrosion uniform and
prevent the local attack [83]. Austenitic stainless steels, such as 304 and 316,
will suffer less pitting corrosion when the velocity of the solution is
increased. An approximate velocity of greater than 1.5 m/s is recommended
to avoid pitting corrosion, this is called the critical velocity and it is

supposed that, a velocity above 1.5m/s discourages accumulation of non
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protecting corrosion product in the system and thus the occurrence of
localised corrosion such as pitting or crevice corrosion will reduced[84-86]. It
should be emphasis, the high velocities that may cause a mechanical damage
to the protective films and accelerates attack by erosion corrosion and

cavitation erosion is excluded in this discussion.
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Figure 2-11 Effect of temperature on the pitting potential of 304
stainless steel (with different sulphur content) in 0.1M NaCl [78].
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2.4 .5.4Effects of MnS Inclusion

In order to prevent the formation of iron sulphide (FeS) along grain
boundaries which is a problem that occurs in the steel production process,
manganese (Mn) is added to steels to segregate sulphur as manganese
sulphide (MnS). This MnS is thermo-dynamically much more stable than FeS
and has a much higher melting temperature [55]. However, the control of the
density and size of the inclusions has a critical effect on pitting corrosion
initiation in most commercial engineering alloys, especially stainless steel

[87, 88].

The role of MnS inclusions in promoting passivity breakdown and localized
corrosion of stainless steels has been well known and documented for some
time [89, 90]. Pitting was observed to occur at or adjacent to MnS inclusions
and explanations have focused on dissolution products of the sulphides. It
has been suggested that sulphides oxidize to form sulphate and acid [89],
elemental sulphur or thiosulfate [90] and that these inclusions may also

chemically dissolve to form hydrogen sulphide, HS [88, 89].

Figure 2-12 shows schematic diagram originally presented by Ryan et al.
[91]. Tt provides an illustration of a possible pitting corrosion process of
stainless steel in the presence of inclusions. This diagram is divided to two
possible cases, (a) dissolution of the inclusion (MnS) or (b) chromium (Cr)

depletion. For case a, at the first step (1), high rate electrochemical
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dissolution of MnS inclusions has taken place as described by Williams et al.
[92]. This dissolution will give rise to sulphur capped occluded zone at step
(2) within which sulphide and chloride rich acidic solution could develop
through further dissolution of the inclusion. In such solution, the stainless
steel is unstable [88] and thus, the parent metal dissolves and the pit

develops by undercutting the metal surface as shown in step (3).

However, for case b, in the same diagram, it is shown that chromium (Cr)
depletion of the parent metal around the inclusion, as shown in (4), that can
be related to the thermodynamics of interaction between sulphide and metal
during the steel manufacturing process as supported by Williams et al. [93].
They found pits initiated by dissolution of the chromium depleted area
around the MnS inclusions. This dissolution can create an acidic
environment by hydrolysis of the dissolving metal cations, within which the
inclusion is unstable resulting in high rate electrochemical dissolution of the
inclusion, and the subsequent breakdown of the steel beyond the chromium
depleted zone. Webb et al. [94] had shown that narrow trenches were formed
at the edge of sulphide inclusions prompted by the pitting corrosion. Hence
the high rate of the inclusion dissolution, which triggers the final

breakdown, is started.
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Figure 2-12 Schematic diagram that illustrates the start of pitting corrosion
process of stainless steel in presence of inclusions [91].

2.4.5.5Pitting Resistance Equivalent Number (PREN):

To quantify the effect of alloying elements on the pitting resistance of the
stainless steels alloys, Pitting Resistance Equivalent Number (PREN) can be
used and this number can give a good indication of the pitting resistance of
stainless steels based on their compositions. However, the PREN cannot be
used to predict whether a particular grade of materials will be suitable for a
given application where pitting corrosion may be a hazard. The most

commonly used formula to calculate the PRE value is [95-98].

PRE = %Cr + 3.3 x %Mo + 16 x %N (2-25)
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Other formulas give greater weight to nitrogen, with factor of 27 or 30. But
because nitrogen level is relatively modest in most of stainless steels alloys
this factor does not have a dramatic effect on ranking. From the formula, it is
clear that grades with high chromium, molybdenum and nitrogen content

are more resistant to pitting corrosion.

2.5 Corrosion by Acetic Acid

2.5.1 Introduction

Acetic acid (CH3COOH) is one of the most important intermediates and the
most frequently used carboxylic acid. When pure, acetic acid is a clear,
colourless liquid with the smell of vinegar. At ambient temperature, 25°C,
the pure acetic acid boils at 118°C and its freezing point is only slightly

below room temperature at 16.7°C [99].

Acetic acid is classified as a weak acid, because it does not completely
dissociate into its component ions when dissolved in aqueous solution [100].
Acid dissociation constant (Ka) is a quantitative measure of the strength of
the acid in solution. It is equal to the concentration of the products divided

by the concentration of reactants. For the acetic acid it can be written as:

CH;COOH (aq) ——» CH3COOH-(aq) + H* (aq)

Ka = [CH3COO] * [H*] / [CH3COOH] (2-26)
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The acid dissociation constant (Ka) value for acetic acid is 1.8 x 10> (mol/L)

at 25°C.

2.5.2 Corrosivity
In general terms, carboxylic acid aggressiveness increases with decreasing

number of carbon atoms in the alkyl chain [101, 102]:

C4HyCOOH < C3H7COOH < C:HsCOOH < CH3COOH < HCOOH

Usually, acetic acid is not considered to be a highly aggressive medium,
however it can severely attack most materials at higher temperatures, near
its boiling point, upon aeration and if it contains impurities, for example

oxidizing agents, chlorides, formic acid or acetic anhydride [33].

In acetic acid systems, steel is attacked quite rapidly at all concentrations and
temperatures and is normally unacceptable for use in acetic acid
environment. Also, field experience with the 400 series stainless steel group
indicates high rates of corrosion and pitting attack [103]. However, the 304
stainless steel alloy can be used to handle glacial acetic acid to a temperature
of about 80°C and it has been satisfactory for lower concentrations up to the

boiling point of the acid.
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The 316 stainless steel alloy is most commonly used in equipment processing
acetic acid. However, the behaviour of this alloy is greatly affected by
impurities in the acid. Contamination with chloride ions can cause pitting,
rapid stress corrosion cracking and accelerated corrosion of 316 stainless
steel [104]. Similar to chloride, also presence of other halides such as bromide
(Br) in the acetic acid environment may lead to corrosion problems for

stainless steel alloys [105].

A number of field failure investigations and laboratory studies carried out
on 316 stainless steel type in acetic acid environments have been reported in
the open literature. Some of those studies were dealing with corrosion
problems in terephthalic acid production plant where acetic acid solution is

used as solvent.

Sekine et al. [106, 107] worked extensively on the corrosion behaviour of
stainless steels in different concentrations of acetic acid. They concluded that
the corrosion rate depends markedly on concentration, temperature, solution
conductivity, water and oxygen content. It was found that 316 stainless steel
had sufficient corrosion resistance at room temperature in each acid
concentration. At boiling acetic acid, a maximum corrosion rate of 0.09
mm/year was measured for the 316 stainless steel and that was in 90 vol. %
acid concentration. Also, they concluded that chromium and molybdenum

mainly contribute to corrosion resistance in aqueous solution, while nitrogen
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contributes only slightly. With the presence of aggressive ions such as
chloride and bromide in the acetic acid environments Ashiru et al. reported
severe pitting corrosion problems occurred in terephthalic acid production
plant[108]. The materials of construction were 316L stainless steel and 2205
duplex stainless steel. It was concluded that the pitting corrosion was caused
by process upset and the presence of aggressive chloride contaminant in the
acetic acid media. Also, Li et al. [109] reported relatively serious
intergranular corrosion and pitting in 316L stainless steel packing of a
solvent recovery tower in a terephthalic acid plant. Inter-granular corrosion
attack was due to the lack (depletion) of chromium in the grain boundaries
while the pitting problem was caused by the damage to the local passivation

film due to the presence of bromide ions in the acetic acid solution.

Turnbull et al. [110] investigated corrosion and electrochemical behaviour of
316L stainless steel in conditions typical of the process environments in
terephthalic acid plant (aerated 70% and 90% acetic acid containing 1500
ppm Brions at 90°C). A step increase in potential was noticed after about 30
hours of exposure in 70% acetic acid, indicative of formation of a protective
film and passivation. No passivation was observed in the aerated 90% acetic
acid base solution or when chloride was present in the 70% acetic acid base
solution. Moreover, pitting corrosion and uniform corrosion behaviour of
austenitic stainless steel (316L type) and duplex stainless steel (SAF 2205

type) in bromide containing acetic acid at various temperatures and bromide
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concentrations were investigated by Bin et al. [111]. With increasing
temperature and bromide concentration, the corrosion rate of 316L and SAF
2205 increased, and the pitting corrosion became more severe. The corrosion
rate of 316L rapidly decreased with increasing exposure time, while the
corrosion rate of SAF 2205 slowly increased. Also, it was noticed that the
corrosion rate of 316L and SAF 2205 stainless steels slightly reduced after 72
hours. As well, the author concluded that, Cl-was more aggressive than Br-

in 80% acetic acid solution at 80°C.

Furthermore, results of a study conducted on different stainless steels and
nickel-based alloys in 50% acetic acid solutions containing 0.29M bromide
ions showed that materials suffered serious general corrosion, and some
alloys with very low molybdenum content rapidly suffered pitting attack
[112]. However, the alloys with higher molybdenum content showed
excellent pitting resistance. It was concluded that chromium and
molybdenum could form a passive film that can protect the materials from
the aggressive ions. Additionally, stainless steel corrosion behaviour in acetic
acid environments containing halides other than chloride and bromide was
considered in some of the literature. The corrosion behaviour of 316 stainless
steel has been investigated in dilute acetic acid solutions (0.1M) containing
fluoride ions (F-) at 25°C [113]. The results showed that low concentrations
of F~ion (less or equal to 0.001M NaF) have no significant influence on the

passivity of the 316 stainless steel. However, the passivity was reduced by
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high concentrations of F- ions (0.1M NaF). During the anodic polarisation,
the iron (Fe) component was selectively dissolved from the stainless steel
into the solution and oxide films containing fluoride ions, F-, formed on the

surface.

2.6 Passive Films of Stainless Steels

Excellent corrosion resistance of the stainless steels alloys is due to the
protective passive film with thickness of few nanometres that forms on the
surface of the alloy [114, 115]. This film acts as a barrier separating the alloys
surface from the corrosive environments however, the film changes with the

surrounding environment thus, it can grow or dissolve, and may

absorb/adsorb anions [116].

One of the important factors controlling the properties (composition,
protectiveness, thickness) of the passive film is the composition of the alloy.
Various studies attempting to characterise: (1) the film structure, layers (2)
composition (3) chemical states of the elements (4) distribution of the species
in the film and (5) thickness of the passive films formed on different types of
stainless steel have already been reported. A general agreement in the
previously studies is that chromium and molybdenum have a more
significant influence on the stainless steel passive film formation than the

other alloying elements.
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The passive surface films described in this part of the thesis were evaluated
by means of the X-ray photoelectron spectroscopy (XPS) and/or Auger
electron spectroscopy (AES). Some observations and findings of these

studies will be briefly described below.

Basically, the passive film formed on the stainless steel consists of chromium
oxide and/or hydroxide[117-120]. Also, there is significant evidence
suggesting a dual structure consisting of an inner oxide and an outer

hydroxide layer[121-123].

The passive films formed on pure chromium and Fe-Cr alloy in sulphuric
acid (0.5M HSOs) were described by a bilayer structure model[117, 118]. The
authors postulated that the passive films consisted of a mixed chromium Cr
(IlI) and Fe (III) oxide inner layer enriched with Cr.Os; and a chromium
hydroxide, Cr (OH) 3, outer layer. Similar findings were observed by Keller
and Strehblow [119] for electrochemically formed passive layers on Fe-Cr
stainless steel alloy in 0.5M H2SOs solution. However, in the transpassive
potential range a change in the layer composition was observed, the outer
part of the transpassive layer is formed predominantly by Fe (III) species
whereas the inner part still contains a strong enrichment of Cr2Os. In a study
by Marcus et al. [120] for similar alloys in the same environment (0.5M
H>SOs4) the analyses clearly showed chromium enrichment in the passive

films formed on the surface of these alloys.

-57 -



It is well known that molybdenum in stainless steels has a strong beneficial
influence on the corrosion resistance especially for pitting corrosion [116,
124]. Though, Mo did not always show beneficially effects in lessening the
pitting corrosion in Br containing solutions. Previous study by H. Isaacs et al.
[65] comparing the effects of Mo on the pitting in the chloride and bromide
solutions suggested that, Mo is dramatically increase the pitting resistance in
solution containing chloride but to a much smaller extent in solution

containing bromide.

Studies have attempted to determine the role of molybdenum in improving
the properties of the surface passive film that leads to higher corrosion
resistance of stainless steels in different media[123-127]. A number of these
studies have verified the presence of molybdenum (VI), particularly in the
outer regions of the passive film [124, 126], and molybdenum (IV) has been

identified in the inner parts of the film in some of these studies[123].

It was noticed that the main difference in the corrosion behaviours of the Fe-
Cr and the Fe-Cr-Mo alloys examined in 0.5M HxSO4 was the decrease in
dissolution rate in the active region of the alloy with molybdenum and that
was confirmed by the electrochemical behaviour [120]. Furthermore, it has
been concluded that additions of 2.5 wt% molybdenum to Fe-19Cr-9Ni alloy

in 0.1M hydrochloric acid, resulted in the formation of a passive film with
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interfacial barrier film composed mainly of Cr20Os3 [123]. Molybdenum was
present as molybdenum (IV) and molybdenum (VI). It was proposed that
MoO4?* anions were formed in the solid state along with CrOs>, which
together are responsible for producing a bipolar film consisting of a cation
selective outer layer containing CrOs> and MoOs?> and an intrinsically anion

selective inner layer.

From the study conducted by Olsson et al. [128], an example of the
concentration gradients of molybdenum in a passive film on a stainless steel
is given in Figure 2-13. The figure illustrates the angular dependency of
different oxidation states of molybdenum in the passive film after immersion
the 254SMO alloy (with 6.0wt% Mo) in a ferric chloride solution. An
increment in the molybdenum (VI) concentration on the outer surface of the
passive layer while molybdenum (IV) remained underneath was confirmed
by angles surface analysis. There are two possible hexavalent states: MoOs,
which is soluble in acidic electrolytes and MoOs? which shows a higher

stability.
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Figure 2-13 Concentration gradients in a passive film for

molybdenum, recorded for a 6Mo superaustenitic stainless steel after
immersion in ferric chloride using XPS. For angles close to grazing,
there is a strong contribution of Mo (VI), whereas metallic Mo
dominates for angles close to perpendicular. The IV-valued oxide and
oxy-hydroxide states show less angular dependence [128].

Also, the beneficial effects of molybdenum on the passivation of ferritic
stainless steels in 1M HCI were studied by Hashimoto [125] who suggested
that molybdenum eliminated the active sites, which hindered stable passive
film formation, through the formation of molybdenum oxy-hydroxide or
molybdate (Cr or Fe molybdate) on these active sites and this may have led
to the formation of a homogeneous passive film. In addition, the presence of
molybdenum (VI) in the outer region of the passive layer was demonstrated
when austenitic stainless steels with more than 2 wt% molybdenum were

tested in 30% sulphuric acid solutions [127]. It was concluded that
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molybdenum appears to improve the corrosion resistance of the stainless
steels by modification of passive film composition and modification of active

dissolution by formation of insoluble oxides.

The pH of the environment where the passive film is structured also has an
important influence on the properties of this film. The dissolution rate of the
film is lowered with increasing pH which leads to a thicker passive film and
a larger fraction of iron in the film, as iron oxides are more stable in basic
solutions. Such effects on the passive layer of Fe-Cr alloys have been studied
by Strehblow et al. [129, 130]. The films were found to be thicker in basic
solutions. In addition, there was a marked increase of the amount of Fe (III)
oxide. The cationic fraction of Cr, Fe, Mo and Ni in the passive film formed
on the surface of 2545SMO tested in 3.5% NaCl solution with two different pH
values (pH 5 and 0.8) was evaluated by Liu et al. [131] as demonstrated in
Figure 2-14. The results indicate that the primary component of the
outermost layer of the films in strong acid solutions (pH 0.8) was Cr (OH)3
and the inner layer was Cr203 while in the weak acid (pH 5) iron oxide was
the main constituents of the passive film. Molybdenum oxides exist in the
passive film in the form of a bi-layer with outer molybdenum (VI) rich layer
and inner molybdenum (IV) rich layer. Further, in the weak acid (pH 5)
solution, a small quantity of nickel oxidized species also exists in the passive

film.
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Figure 2-14 XPS cationic fraction (Cx) in the passive film of
254SMO stainless steel after passivation at 0.2V (SCE) in the
3.5%NaCl solaution with pH 0.8 amd 5 [131].

Temperature of the environment also can alter composition and thickness of
the passive film. The effect of temperature on the passive film formed on Fe-
Cr-Mo alloys was studied by Mischler et al. They observed slightly thicker
films at 65°C when compared to room temperature [132]. As well, the
temperature effect on film thickness for a 6.0wt% Mo stainless steel has been
quantified by Wegrelius and Olefjord using XPS [133]. They compared film
formation at 22 and 65°C in an acidic chloride solution. The film was found
to be only 2 A° thicker for the higher temperature. On contrast, Jin et al.
found no differences in composition and thickness between passive films
formed at room temperature and at 90°C in a 0.5 M sodium chloride solution

[134].
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There are relatively few investigations concerning the passive surface film of
stainless steel in acetic acid environments. Sekine et al. [106, 135] worked on
the corrosion behaviour of stainless steels in acetic and formic acids. They
concluded that chromium and molybdenum mainly contributed to corrosion
resistance in aqueous acetic acid solution. Turnbull [110] reported an
increase in the corrosion potential to more noble values after an exposure
time of 30 hours for 316L stainless steel in 70% acetic acid solution containing
bromide ions at 90°C. It was concluded that this was due to the formation of

a protective film and passivation due to local enrichment of Mo.

Liu et al. [124] tested different stainless steels and nickel-based alloys in 50%
acetic acid solutions containing 0.29M bromide ions. Alloys with higher
molybdenum content showed excellent pitting resistance due to a protective
film of Cr oxide (Cr203) and molybdenum dioxide (MoOz) being formed
which protected the materials from the attack of aggressive ions. Cheng [136]
studied the passive film formed on 2205 stainless steel in 60% acetic acid
solution containing chloride ions at 85°C. It was found that about 50% of the
top surface of the passive film was Cr cations when the potential is in the
passive region, while if potential is higher than the transpassive potential,
the molybdenum content accounted about 45% of the metal cations in the

near-surface region.
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3 Experimental Techniques and Instrumentation

3.1 Introduction
The primary motivation of the experimental work was to draw comparisons
and characterise the corrosion behaviour of the two austenitic stainless steel

alloys, 316L and 254SMO, when immersed in different concentrations of

HAc solutions (11.9M and 15.3M) containing bromide ions (18.7mM) at 90°C.

The experimentation and instrumentation that were employed in this
research can be grouped as:
1) Electrochemical measurements (open circuit potential, linear
polarization resistance and potentiodynamic polarization),
2) Weight loss measurements,
3) Scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX spectroscopy), and

4) X-ray photoelectron spectroscopy (XPS).

3.2 Electrochemical Measurements

When a corrosion process proceeds by an electrochemical mechanism,
electrochemical methods can be applied in addition to other methods.
Generally, the aims of electrochemical measurements are numerous and can
be characterized as follows [7, 8]: determination of electrochemical corrosion

rates, assessment of the potential dependence of corrosion reactions,
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determination of critical potentials and evaluation of corrosion mechanisms.
Details of such techniques, their practical applications and limitations have

been presented by many workers [8-10].

The electrochemical measurements that were used in this research consisted
of: (1) open circuit potential (OCP), (2) linear polarization resistance (LPR)
and (3) potentiodynamic polarization (PDP). All of these measurements were
carried out using a three-electrode cell system and a Gill AC Potentiostat

from ACM Instruments.

For these measurements 500mL of acetic acid/Br-solutions of interest were
prepared and placed in a round-bottom flask which heated using a heating
mantle. The solutions temperature was monitored by a thermometer. In
every experiment a water-cooled condenser was connected to the outlet of
the flask to avoid loss through evaporation. Working electrodes used in the
electrochemical measurements were constructed following a design similar
to Stern-Makrides electrode [11]. A schematic diagram of this electrode is
shown in Figure 3-1. The potential of the working electrode was referred to a
Saturated Calomel Electrode (SCE) which was connected via a Luggin
solution bridge to avoid any heating effect. The tip of the luggin probe was
placed as close as possible to the working electrode surface. In our study, the

platinum electrode was used as a counter (auxiliary) electrode.
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Figure 3-1 Working electrode design similar to
Stern-Makrides electrode

The following sub-sections provide more details about the electrochemical

measurements utilised in this study.

3.2.1 OCP:

In this technique one simply records the potential of an electrode (the sample)
that is not subjected to any external current as a function of time [7]. During
such measurements both the anodic and cathodic reactions take place
simultaneously on the electrode surface, and are at equilibrium i.e., the two
reaction rates are equal (no net current). Thus, the sample is considered at
equilibrium potential, which is also known as the free corrosion potential

(Ecorr), or open circuit potential (OCP).
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Generally, a more positive OCP indicates that a metal surface is the less
prone towards electrochemical dissolution. Thus, OCP can be used to
indicate the likely resistance to corrosion of the metal or alloy in any

conductive environment.

3.2.2 LPR:

LPR which was developed by Stern and Geary [12], is one of the most widely
used techniques for determining instantaneous corrosion rates and its
theoretical background is well understood [8, 13, 14].

In LPR, a small potential perturbation, typically the applied range is about
+20mV, in the vicinity of the corrosion potential is applied while the current
is recorded. The voltage range is so small that an approximately linear
current-potential curve is obtained as shown in Figure 3-2.

The gradient of the curve is simply volts/current (AE/AI) and so is
resistance (ohms). For the linear part of the curve this is known as the

polarization resistance [5, 15].

R, = (AE/AI)

Rp (ohm) is the polarisation resistance of the sample surface. If current
density is plotted rather than current, then the unit of Rp is ohm/cm?. The
Stern-Geary equation allows the corrosion current density (icor )

corresponding Rp to be determined [5, 10, 12]:
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icorr = B/ Rp

B is the Stern-Geary coefficient in mV/decade. The B value must be
determined from separate experiments such as from anodic and cathodic
Tafel slopes obtained for PDP curves [16], see the next section. Therefore, the
Stern-Geary coefficient can be related to the Tafel anodic (ba) and cathodic

(bc) constants in V/ decade as:

B =ba.bc / [2.3(ba + bc)]

Potential (+ mV) 20

10 g
4—— Slope=AE/AI
ECOIT
4—— Applied Current (Cathodic) Applied Current (Anodic)  —
- -10

Potential (- mV) 20

Figure 3-2 Theoretical linear polarization plot [5]
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Then, by using Faraday’s law, the corrosion rate can be calculated as follows

[10]:

Corrosion rate (mm/year) = (icorr X Mw)/ (F x n x D)

where F is the Faraday constant (96485 C.mole1.5), D is the density of metal
(g.cm3), n is the number of electrons involved in the reaction (in moles of
electrons per mole of metal corroded), My is the molecular weight (g.mole!)

and icorr is the corrosion current density (A.cm2).

In case of non-linear anodic and/or cathodic regions of the polarization
curve, B is often assumed to have a value of about 26 mV for activation
controlled system or 52mV for a system where the cathodic reaction is
limited by diffusion. However, such estimations will almost certainly give
errors in corrosion rate, which are often claimed to be less than a factor of

about 2-3 of the true value [16, 17].

3.2.3 PDP:
PDP is an electrochemical technique commonly used for corrosion research
and testing. The polarization curve displays the relationship between the

current and the potential over a relatively wide range.
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In a PDP measurement, the electrochemical reactions that occur on the
sample surface can be controlled, i.e. to cause it to act independently as
either an anode or a cathode. Thus, by studying the anodic and the cathodic
processes separately, the corrosion behaviour of the sample can often be

further understood.

Generally, the polarisation curves can be determined either by scanning the
potential and recording the current or vice versa [16]. Therefore, the
corrosion could be predicted by observing the response to a controlled
change from steady state behaviour; which is created by application of

potential (voltage) or current [18].

If the scanned potential method is adopted, a PDP measurement is
performed by slowly scanning the specimen potential through several
hundred millivolts from the OCP in either the anodic or cathodic direction,
and the potentials are plotted versus the log of the measured current to

generate a polarization curve similar to Figure 3-3 [19].

Corrosion current density (icorr) and corrosion potential (Ecorr) can be
estimated from this polarisation curve by Tafel extrapolation (slope of the
linear regions) of the anodic and/or the cathodic lines as demonstrated in
Figure 3-3. Further details may be derived from the polarization curves. For

example, passivity of the metal/alloy due to formation of a thin protective
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film on the surface can be indicated from the polarisation curve (dotted lines)
displaying a passive limiting current (ipassive) With increase in potential at the
anodic region. Also, break-down of passivity due to either pitting attack or
reaching the transpasivity region can be indicated from the polarization
curve when the current density increased sharply. Also, an examination of
Figure 3-3 reveals that other details can be derived concerning the cathodic
processes. For a corroding system under diffusion control, adequate
approximations are sometimes possible with limited Tafel behaviour and,

icorr is always is equal to the limiting current (iv).

Transpassive region

Epassive

Passive region

Active region

Anodic

Ecope [mmmmmm———"277" ST
-

= Cathodic

ICDI.'I' lpa "J‘}i\-’e :
1 (Limiting current)

.
Ll

Log1

Figure 3-3 Schematic diagram of the polarisation curve demonstrating
different anodic and cathodic regions, and showing the Tafel extrapolation
method for estimation of corrosion current density (icorr) and corrosion
potential (Ecorr), [19].
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Additionally, the potential can be scanned in a cyclic manner from the open
circuit potential of the sample to produce a cyclic potentiodynamic
polarization curve. The potential of the sample is scanned at slow rate in the
anodic direction (forward scan) as before and then the scan direction is
reversed when the a pre-determined current or potential is achieved [20].
One important property that can be determined from such cyclic
polarization curves is the repassivation potential (Eg, in Figure 3-4) [21], also
called critical protection potential. It is defined as the potential at which the
current density in the reverse loop equals the current density in the forward
loop, the higher the value of repassivation potential is the more resistant the

alloy to localized corrosion [20, 22].

—_— _
Er €
Metastable %
pitting > F
B

Er

Potential , E

Ecor

log current density

Figure 3-4 Schematic representation of a polarization curve showing
pitting potential (Ep), metastable pitting region, repassivation
potential (Er) and, corrosion potential (Ecorr), [21].
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3.3 Weight Loss Tests

Weight loss tests are a very widely used corrosion measurement and
monitoring technique. They are simple to understand and provide a direct
measure of corrosion rate, allow a direct comparison of the relative
resistance to corrosion of one sample with another under comparable or
standard conditions, and provide a sound basis for estimating the likely
active life of process equipment. There are numerous standard techniques

for weight loss testing [4, 23].

The samples for these tests are called coupons and may have one of a given
number of geometries (usually a small flat rectangular sheet or cylinder). The
samples are surface finished, and the surface area determined. Care should
be taken to avoid cross-contamination and, for example, new polishing
paper should be used to avoid contamination of the metal surface. The
coupon is degreased (washed in a suitable solvent) after which it should not
be touched directly, dried and accurately weighed. The coupon should then
be exposed to the corrosive environment of interest. If the sample is to be

stored it should be kept in a desiccator.

Given that surface preparation can be achieved by any one of a number of
methods, it is very important that comparisons be made only between
coupons that were prepared in a similar manner. Different methods can be

used to support the samples when they are in the corrosive medium. These
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include plastic wire, glass holders and test racks. Once a coupon is immersed
into a corrosive environment, a notable consideration is the length of time
that it is left there. Misleading results may be obtained if an incorrect choice
is made, due in part to the fact that the initial rate of attack is often greater
than the average over a longer period [5]. There are standard procedures that
can be used to plan exposure test time, such as ASTM and NACE Standards

[4, 23].

Following its immersion in the test solution, a sample should be closely
inspected for, e.g. visual signs of localised attacks such as pitting or deposits
which can help identify the causes of corrosion. Next, any corrosion products
adhering to the sample should be removed from the surface to allow

accurate determination of corrosion weight loss.

Cleaning methods are either mechanical (scraping or brushing) or chemical
(using solvents). Chemical cleaning is generally preferable, but the solution
used will be specific to the metal being cleaned. Normally, the sample
undergoes a number of equivalent cleaning cycles with the sample being
weighed after each one [4]. Mass loss is plotted against the number of
cleaning cycles, see Figure 3-5. Two lines are obtained; AB and BC. The
former corresponds to removal of corrosion products, the latter to removal of

base metal. The required corrosion mass loss (W) occurs at point B, the
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intercept of the two lines [4]. More accurate results will be obtained by

testing more than one coupon and averaging the mass lost.

Mass
Loss

Specimen 1

____________________ g

A
Number of Cleaning Cycles

Figure 3-5 Theoretical mass loss of a corroded sample resulting from

repeated cleaning cycles [4]

Corrosion rate can be calculated from the measured weight loss as [4, 24]:

Corrosion Rate (g/cm?.d) = (Kx W)/ (A x T x D).

K is a constant [4], W is the mass lost from sample in g, T is the exposure

time in days, A is the sample exposure area in cm?, and D is the sample

density in g/cm3.
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Corrosion rate can be expressed in millimetres per year (mm/y), mils per
year (mpy) or milligrams per square centimetre per day (mg/cm?d).

Conversion between these units can be seen in Table 3-1, [25].

Table 3-1 Conversion factors between some of the units commonly
used for corrosion rates [25].

Factor for Conversion to
Unit mdd a/m?/d um/yr mm/yr mils/yr in./yr
Milligrams per 1 0.1 36.5/d  0.365/d 1.144/d  0.00144/d
square
decimetre per
day (mdd)
Grams per 10 1 365/d 0.365/d 14.4/d 0.0144/d
square metre
per day
(g/m?/d)
Micrometres per 0.0274d  0.00274d 1 0.001 0.0394  0.0000394
year (pm/yr)
Millimetres per 27.4d 2.74d 1000 1 39.4 0.0394
year (mm/yr)
Mils per year 0.696d 0.0696d 254 0.0254 1 0.001
(mils/yr)
Inches per year 696d 69.6d 25400 254 1000 1
(infyr)
Note: d is metal density in grams per cubic centimetre (g/cm?).

3.4 SEM and EDX

Figure 3-6 shows a schematic diagram of the major components of the SEM.
Generally, a beam of electrons are generated by electron gun (located at the
top of the column of the SEM instrument). This electron beam travels
through a series of electromagnetic fields and lenses, which focus the
electron beam onto the surface of the sample. For stable operation, a high
vacuum is normally essential to the SEM. If the SEM contained a gas, the
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electron beam could react with it, ionising the gas with the possibility it
could react with both the electron beam source causing burn out and

contaminate the sample.

The interaction between the beam and the sample surface will result in
emission of electrons and photons. The emitted electrons include back
scattered electrons (BSE) and secondary electrons (SE), while the emitted
photons include X-rays that can be used for elemental analysis (more details
given below). Various detectors are employed to record these emissions and

the output of these is processed to produce relevant images/data [26, 27].

The backscattered electrons are most valuable for showing variation in
surface composition of the analysed sample [27, 28]. The secondary electron
is an electron which has escaped from the sample with energy of less than 50
eV. These electrons provide information about the morphology and

topography of the sample surface.

If the specimen experiences a net loss or gain of electrons it will gain a
positive or negative charge causing image distortion and loss of resolution.
Such effects can be overcome simply by earthing the specimen and using an
electrically conducting sample or coating the specimen with a gold or carbon

[29].
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X-rays:

Bombardment of a specimen with high energy electrons produces X-rays; the
wavelength of these X-rays depends on the elements that are present in the
sample. An electron in the primary beam with sufficient energy can excite
an electron in an inner shell of one of the atoms of the sample causing it to
leave the atom entirely or move to a higher unoccupied energy level. The
hole as a result of this process can be filled by an outer (higher energy)
electron, an X-ray photon is emitted of energy equal to the energy difference
between the two atomic shells and thus is characteristic of the atom from
which the photon was emitted. This is the basis of Energy Dispersive X-Ray

Spectroscopy (EDX), which is often used together with SEM [27].

EDX is a useful technique for elemental analysis or chemical characterisation
of the sample. EDX can be used for spot analysis in which the electron beam
is positioned carefully onto a point of interest on the sample surface. Also, it

may be employed for analysis of selected area as well as for line scans.
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Figure 3-6 Schematic diagram of major components of SEM [3]

3.5 X-ray photoelectron spectroscopy

3.5.1 Introduction

X-ray photoelectron spectroscopy (XPS) is also known as Electron
Spectroscopy for Chemical Analysis (ESCA). XPS is a surface sensitive

technique that is used for providing element/chemical analysis of the
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topmost layers of sample (= 10nm) [30]. This technique is considered as one
of the most useful surface analytical tools since it has the capability to
provide quantitative, as well as qualitative information on the elements
present in any surface films including the concentration and depth profile of

atoms.

XPS is based upon the photoelectric effect first described by Einstein in 1905
i.e. the emission of electrons from a metal surface subject to electromagnetic
radiation of sufficiently high frequency. Nordling and Siegbahn reported an
experimental spectrometer which measured XPS spectra as long ago as 1957
[31]. Subsequently, Siegbahn’s group observed the chemical shift effect of
core level binding energies [32] and went on to develop the whole field of
XPS during the period 1955-1970. In 1969, the first commercial XPS
instrument was produced by Hewlett-Packard in co-operation with Siegbahn

[31, 33].

Figure 3-7 shows the basic components of an XPS instrument. These are an
X-ray source, electron focusing/collection lenses, and an electron detector/
analyzer [34-36]. A Kratos Axis Ultra X-ray photoelectron spectrometer,

Figure 3-8, was used for the present study.
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Figure 3-7 The basic components of a monochromatic XPS system [2]

Figure 3-8 Photograph of Kratos Axis Ultra XPS [1]
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3.5.2 Principles of XPS

In XPS, a sample is irradiated with a beam of monochromatic X-rays of
energy hv, where v is the frequency of the beam and h is Planck’s constant.
X-ray photons interact with bound electrons (e.g. in core levels) which, if the
energy of the photons is high enough (high enough frequency), will be
ejected from the atom and leave the sample surface. This process is called

photoemission, Figure 3-9.

Ejected photo-electron X-Ray photon

Valence electrons

\ @® »oon
O neutron
. electron

O electron vacancy

Core electrons

Figure 3-9 Schematic diagram showing the photoelectron

The photoemission process is often envisaged as three stages:

Stage 1
Interaction between the incident photon and the bound electron. The
probability of this event is determined by the photoionisation cross section

(0). This parameter is energy dependent and can be defined as the
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probability of photoionisation from a particular core level occurring when

incident photons interact with atoms that constitute the sample.

Stage 2

This stage is transfer of the electron through the specimen surface. During
the movement of the electron, it may have inelastic interactions with
neighbouring atoms/electrons, leading to loss of initial information. This
inelastic interaction is represented by the inelastic mean free path parameter
(A) which is defined as the depth or distance from which photoelectrons can

escape freely without suffering any inelastic collisions.

Stage 3

The final stage is the emission of the photoelectron from the surface with
kinetic energy Ex. The relation between the kinetic energy, Ex, of the
photoelectron and the binding energy (Es) of the core electron is give by [35,

37]:

Ex=hv-Eg-®

hv is photon energy (for the monochromatic Al source hv = 1486.6 eV) and @
is the work function of the analyser. Usually the work function is found by
measurements of well-known standards and then compensated for within

the instrument. Thus, ® may be omitted from above equation.

-92 -



3.5.3 Notation (Nomenclature)

Photoemission peaks are described by means of their quantum numbers,
following the form nlj. n is the principal quantum number and this takes
integer values of 1, 2, 3 etc., [ is the orbital quantum number which describes
the orbital angular momentum of the electron and this takes integer values
0,1,2,3 etc. However, this quantum number is usually given a letter rather

than a number (s,p,d,f), j is the total angular momentum.

3.5.4 Main Spectral feature of XPS

Detecting and recording the number of emitted electrons (photoelectrons) as
a function of their kinetic energy (Ex) will result in a spectrum. Various types
of peaks with different features are observed in XPS spectra. An example of
XPS spectrum is shown in Figure 3-10. The features appearing in XPS spectra

are described below.

3.5.4.1Core level photoemission peaks

In XPS spectra, the core level photoemission peaks appear as intense narrow
peaks similar to those labelled in the Figure 3-10 as O 1s, Cr 2p, Fe 2p, Ni 2p,
Mo 3d and C 1s. Tabulation of core level binding energy (Eb) for each of the
elements allows one to identify composition of the analyzed surface by

simple cross-referencing [19].
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3.5.4.2Auger Peak

In XPS spectra, not all peaks are due to the ejection of electron by a direct
interaction with the incident photon. Therefore, there are other peaks than
the core level peaks; the most notable peak is the Auger peak which occurs

concurrently with photoelectron emission as shown in Figure 3-11.

When an X-ray photon ejects an electron from an inner shell, an electron
from an outer shell will move to fill the gap emitting as it does so a photon of
energy equal to the difference in energies of the two shells. Sometimes this
photon can eject an electron from a shell where the binding energy is less
than that of the photon, this is the Auger effect. These Auger electrons will
be detected, resulting in Auger peaks which differ from the peaks generated
by direct photoelectron emission and whose interpretation is much more
complicated than for the direct photoelectron emission [37-39]. An example

of an Auger peak is labelled as O KLL in Figure 3-10.
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Figure 3-10 Example of an XPS wide scan survey spectrum used in our

current research to determine the elements are present in the 316L
stainless steel surface.
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Figure 3-11 Schematic view of the Auger process: Excitation of

an electron by X-rays, then photoelectron emission, and finally
the auger electron [6]
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3.5.4.3Secondary electron background

The photoelectron and auger peaks sit upon a background of secondary
electrons. In Figure 3-10, the background increases in intensity with
increasing binding energy. These secondary electrons have undergone
energy loss as the result of inelastic collisions with atoms in their path from

the point of excitation to the surface [40, 41].

3.5.5 More details:
e Chemical Shift

A very important feature of XPS is the chemical information that can be
obtained, such as the oxidation states of surface species. The change in the
binding energy produced by a change in the oxidation state of an element is
defined as the chemical shift. The binding energy of the photoelectrons will

increase as the oxidation state increases [42].

» Spin-orbit splitting
Spin-orbit splitting is due to coupling between magnetic fields generated by
spin (s = +1/2) and angular momentum (! = 0, 1, 2...) of the electron. The

quantum number j, | [ + s |, indicates this interaction.

This phenomenon is not observed for s core levels where [ = 0, but it is seen
with p, d and f core levels, which all show characteristic spin-orbit doublets
[42]. The binding energy (Ev) of lower total quantum number (j) value in the
doublet is higher, Eb (2p1/2) > Eb (2p3/2) [37, 42]. An example of such feature is
demonstrated in Figure 3-12, where the high-resolution spectrum for Cr 2p
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shows the Cr 2p1/2and Cr2ps/2 spin-orbit split peaks. The intensity ratio of
the doublet is determined by 2j+1 [19], as shown in Figure 3-13 [43].

2.0+ Cr 2p312
1.8+
n 1.6
O 1.4-
1.2
1.0-

P

| | |
590 580 570
BE (eV)

Figure 3-12 Crzp spectrum acquired during present research, It shows the
Crap1/2 and Craps/2 spin orbit split peaks.

600

I=1 p =2 d I=3 f
Pi 2 P3.-'2 d 32 d 52 fSJ"Z f'?." 2
§=-172 S=+1/2 S§=-1/2 S=+1/2 §=-12 S=+1/2
Area ratio Area ratio Area ratio
1 : 2 2 : 3 3 : 4

Figure 3-13 example of intensity ratios for different electronic orbitals [41].
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» Multiplet Splitting
Multiplet splitting occurs when an atom contains unpaired electrons. In this
case, the unpaired electron left in the core level from where the
photoelectron was ejected interacts with the unpaired outer shell electron.
This can create a number of final states, which will be noticeable in the

photoelectron spectrum [37, 44].

« Satellite peak
Satellite peaks can be present in core level XPS spectra due to some of the
outgoing photoelectron energy exciting the transition/emission of a valence
band electron. As a result, the energy of the outgoing core electron is

reduced giving satellite structure at higher binding energy than the main

core level line [19, 42].

3.5.6 Quantification and depth profiling in XPS

To derive quantitative information from XPS spectra, peak intensities must
be converted to atomic concentrations [36]. These intensities (areas under the
curve) provide information on the amount of each element present. Peak
intensities are determined via an automated peak-fitting procedure. The
most important parameters used in such procedures are peak height, peak
background, width, position and line-shape (e.g. Gaussian, symmetric or

asymmetric, Weibull, etc., and combinations of these). In this project,
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CasaXPS processing software [45] was used to execute all the peak fitting

process.

By determining peak areas (suitably corrected for instrumental factors), the

concentration of each element detected can be calculated. The equation

normally used is [37] :

I = KT (KE) Ljj (y) oij | ni(z)e-z/MKE)cos6 dz

However, in practice, this equation can be modified according to the

application, for example with a homogenous sample it simplifies to [19]:

Iij = KT (KE) Lij (y) Gij i A (KE) cosf

where:

K is the instrumental constant,

T (KE) is the transmission function of the analyser,

Lij (y) is the angular asymmetry factor for orbital j of element i,

Gij is the photo-ionisation cross-section,

ni(z) is the concentration of element i at a distance z below the surface,

A (KE) is the inelastic mean free path length, and
0 is the take-off angle of the photoelectrons measured with respect

to the surface normal.
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= Transmission Function
Transmission function is the detection efficiency of the electron energy
analyzer, which is a function of electron energies. Transmission function also

depends on the parameters of the electron energy analyzer, such as pass

energy [6].

» Inelastic Mean Free Path (IMFP):
The inelastic mean free path (IMFP), A (KE), of electrons describes the depth
or distance from which photoelectrons can escape freely without suffering
any inelastic collisions [46]. The IMFP is dependent on the nature of the
material being travelled through [47, 48]. Also, the value of IMFP is
dependent on the KE of the electron [6]. The good surface sensitivity of XPS
and the other surface techniques happen from the fact that the IMFP is
typically between = 3-50 A for electron energies between about 10 and 2,500

eV [49].
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4 Corrosion of 316L and 254SMO stainless steel alloys

acetic acid solutions containing bromide

4.1 Introduction

Acidic conditions are commonly encountered in chemical production and
processing, necessitating careful material selection to avoid equipment
failure. Stainless steels are often the material of choice for such environments,
and much work has been performed to determine their performance [1-5].
Here, we contribute to this body of knowledge through examining the
corrosion of two austenitic stainless steels, namely 316L and 254SMO, in
concentrated acetic acid (HAc) solutions. More specifically, we assess their
functionality in the presence of a small concentration of added Br- anions,
which are known to significantly increase system corrosivity [3].
Technologically, this work is directly motivated by its relevance to the
industrial synthesis of terephthalic acid, a precursor for polyethylene
terephthalate (PET), where HAc is employed as a solvent and Br- as a

catalytic promoter [6-8].

To date, there have been a number of studies of the corrosion of stainless
steels in HAc solutions [3-5, 8, 9]. Most pertinently, Turnbull et al. have
examined the corrosion behaviour of 316L alloy in HAc solutions (11.9 M -
15.3 M) at 90°C, containing 18.7 mM (1500 ppm) Br-anions [5]. Their study

focused upon the influence of the addition of Cl- anions to such solutions.
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Significant corrosion rates (> 0.1 mm/year) were found for all of the
solutions, both with and without CI-, with the most aggressive comprising
11.9 M acetic acid, 18.7mM Br-, and 42mM CI-. Liang et al. [4] have also
studied the corrosion of 316L stainless steel in acetic acid, probing the impact
of several environmental parameters, including temperature and Br-/Cl-
concentration. Notably, in sharp contrast to Turnbull et al. [5] who observed
no localised corrosion, they demonstrate that surface degradation includes

significant pitting.

In this part of the thesis, we examine the corrosion of 316L and 254SMO
stainless steel alloys in two different concentrations of HAc, namely 11.9 M
and 15.3 M, with both solutions containing 18.7 mM Br-; henceforth these
two solutions will be referred to as 11.9M-HAc-Br- and 15.3M-HAc-Br-,
respectively. Corrosion rates are assessed both by weight loss, and linear
polarisation resistance (LPR). Interfacial corrosion chemistry is further
characterised by open circuit potential (OCP) and potentiodynamic
polarization (PDP) measurements. Substrate morphology is elucidated with
optical microscopy, including 3D surface profiling, and scanning electron

microscopy (SEM).

4.2 Material and Methods

Commercially produced 316L and 254SMO stainless steels were employed

for this study. The nominal elemental compositions of these two alloys are
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listed in Table 4-1. Prior to measurements, all samples were cleaned by
rinsing sequentially in acetone, ethanol and deionised water, and then stored
in a dessicator. 11.9 M and 15.3 M acetic acid solutions were prepared from
glacial acetic acid (99.8% purity) and deionised water. Mimicking Ref.[5], Br-
anions were introduced into these solutions through the addition of NaBr
(8.7 mM) and HBr (10 mM) i.e. a concentration of 18.7 mM of Br- in total. All
of the experiments were carried out with the solutions maintained at 90°C,
under stagnant, aerated conditions. Experiment set up for both weight loss

and electrochemical measurements are shown in Figure 4-1.

Table 4-1 Elemental compositions of 316L and 254SMO alloys (at.%).

Alloy Fe Cr Ni Mo Mn Cu Co Si C P S N
316L 67.95 17.93 9.484 1.157 1.839 0.279 0.104 ®0.70.079 0.054 0.048 0.289

254SMO  56.26 20.18 17.32 3.531 0.514 0.613 0.000040. 0.056 0.036 0.002 0.790

For the weight loss measurements, 25 mm x 12.7 mm x 1.6 mm corrosion
coupons of 316L and 2455MO, which had relatively smooth surface finishes
(600 grit), were used Figure 4-2b. Following determination of their initial
weights (+ 0.0001 g, two coupons were immersed in each solution of interest
(0.5 L in a glass round-bottom flask) for a period of 96 hours. Latterly, for
selected solutions, weight loss measurements were also undertaken
following immersions of 48 and 240 hours. PTFE wire was used to suspend
the coupons. To determine weight loss due to corrosion, a standard
procedure was applied to remove adhered corrosion products [10, 11], which

involves chemical cleaning with 10 vol% nitric acid at 60°C for 20 minutes
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prior to weighing. Corrosion rates and associated errors were calculated

from the average weight loss of the two coupons in each solution.

OCP, LPR, and PDP measurements were carried out in a round-bottom glass
cell, containing 0.5 L of solution. A typical three-electrode arrangement was
employed, comprising the working electrode, platinum counter electrode,
and a saturated calomel electrode (SCE) as reference electrode. Working
electrodes (exposed area 3.93 cm?) were cylindrical rods, polished with SiC
paper to 4000 grit. Following a design outlined in Milton Stern and A.
Makrides work [12], each had a tapped hole in one end to enable attachment
to a threaded steel rod, which was insulated from the cell environment by
means of a PTFE sleeve, Figure 4-2a. A tight seal between the PTFE sleeve
and working electrode was maintained to avoid the occurrence of crevice
corrosion. However, the samples were checked after each test and if any
crevice was notice the test results were excluded. The reference electrode
was located in a separate glass vessel connected to the primary cell through a
salt-bridge containing the acetic acid solution under study; the reference
electrode unit was not explicitly maintained at 90 °C. A computer-controlled
potentiostat (Gill AC 930) was used to acquire the electrochemical data.
OCP and LPR measurements were performed at intervals of one hour, with
the sample being left open-circuit between measurements. PDP data, anodic
branch only, were acquired by scanning to + 700 mV relative to the rest

potential at a rate of 10mV/min, and then reversing the scan direction.
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Given the large resistance of the solutions under investigation, PDP and LPR
data have been IR-drop corrected subsequent to acquisition. Details of
solution resistance (Rs) and examples of IR drop corrections can be seen in

appendix L.

Following weight loss and electrochemical measurements, substrate
morphology was assessed with optical microscopy, including 3D surface
profiling using white light interferometric microscopy (ContourGT, Bruker),
and SEM supported by energy dispersive X-ray spectroscopy (EDX).
Substrates were imaged both parallel to the surface plane and in cross
section. For the optical 3D imaging, TalyMap Platinum software [13] was

used for data processing.

Figure 4-1General view of the experiment setup both
electrochemical measurement and immersion test
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Figure 4-2 Examples of the electrode used in electrochemical
measurements and the coupon samples used in this work.

4.3 Results

Table 4-2 lists corrosion rates derived from weight loss measurements for
both 316L and 254SMO, following immersion in either 11.9M-HAc-Br- or
15.3M-HAc-Br- for 96 hours. These data indicate that, with the exception of
316L exposed to 15.3M-HAc-Br-, corrosion rates were not significant. The 2.3
mm/y corrosion rate exhibited by 316L in 15.3M-HAc-Br- was accompanied
by a change in solution colour, transforming from clear to dark red. There
was also a yellowing of the solution for 254SMO in 15.3M-HAc-Br,
suggesting some dissolution of substrate material. On the basis of previous
work [14, 15], the origin of the colour changes is most probably formation of
ferric acetate. No colour changes were observed for either alloy in 11.9M-
HAc-Br-. The change in the solution colour following each test is shown in

Figure 4-3.
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Table 4-2 @rrosion rats calculéed from the weight loss of 316L and 254SN
following immersion in eithel1.9M-HAc-Br-or 15.3v-HAc-Br- for

96 hour.
Corrosion Rate (mm/y)
11.9M-HAc-Br 15.3M-HAc-Br
316L 0.007 £ 0.001 2.27 £0.02
254SMO 0.005 £ 0.001 0.012 £ 0.001

Figure 4-3 Change in the test solutions colour after the weight loss

experiments A) 316L in 11.9M HAc B) 316L in 15.3M HAc C) 254

SMO in 11.9M HAc D) 254 SMO in 15.3M HAc. All these were with

18.7mM Br-.
Corrosion coupons of 316L and 254SMO, subsequent to immersion in 15.3M-
HAc-Br-for 96 hr, are displayed in Figure 4-4 (a) and (b), respectively. For
316L, exposure to this solution has apparently resulted in significant
localised corrosion in the form of pits. An optical micrograph of this coupon
is shown in Figure 4-4 (c). This image exhibits dark circular features, of the
order of 200 pm in diameter, which can simply be ascribed to pitting. In

addition, the remainder of the surface is apparently roughened, indicating

that substrate degradation is not restricted to pit formation. Cross-sectional
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SEM revealed that these pits are essentially hemispherical in profile, with
some displaying a subsurface lateral extent greater than their entrance
diameter, i.e. there is undercutting of the substrate (Figure 4-4 (e)). The
possibility of intergranular corrosion, initiated at pit walls, was assessed by
etching cross-sectioned samples in oxalic acid solution to reveal the grain

structure surrounding pits. No evidence of such attack was apparent.

In sharp contrast to 316L, no pitting of 254SMO is evident in either the
photograph of the corrosion coupon in Figure 4-4 (b), or the corresponding
optical micrograph (Figure 4-4 (d)), where observed features are simply a
result of surface preparation. However, a higher lateral resolution SEM
image of this surface (Figure 4-4 (f)) does indicate the removal of some
substrate material through the appearance of micron size angular surface
cavities exhibiting apparently well-defined facets. It should be noted that
there was no evidence of surface degradation for either alloy following

immersion in 11.9M-HAc-Br- for 96 hours at 363 K.

Figure 4-5 (a) and (b) display PDP scans acquired from 316L and 254SMO,
respectively, in 11.9M-HAc-Br. To probe the evolution of the substrate
corrosion chemistry with time, data have been collected following
immersion for 0.5 hr, as well as 96 hr. Despite weight loss measurements
and substrate analysis indicating no significant corrosion after 96 hr, it is
clear that there are still differences in the PDP scans both as a function of

alloy and time. For 316L (Figure 4-5 (a)), the OCP (starting point of scan) is -
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240 mV after 0.5 hr of immersion, and increasing anodic polarisation leads
initially to a peak in current density (4 x 102 mA cm? at -200 mV). This
feature is strongly indicative of the substrate undergoing a transition from
the active to passive state within this potential range. Passivity is
maintained until approximately 0 mV, as demonstrated by the relatively low
value of current density that is largely independent of applied polarisation.
Further polarisation leads to a steady rise in current density (3 x 10-* mA cm
to 0.4 mA cm?) until a potential of +200 mV is reached. Here, there is a
sudden step increase in current density, which can be attributed to + 200 mV
being the critical pitting potential (Ec). After 96 hr of immersion, the OCP of
316L has risen to -50 mV, and no active-passive transition feature is apparent
in the PDP curve upon anodic polarisation. Comparison with the PDP data
acquired from 316L after 0.5 hr of immersion suggests that the substrate is
already in a passive state at this value of OCP. Furthermore, both PDP
profiles are rather similar above -40 mV, including the value of Ec and the
degree of hysteresis displayed upon reversing potential scan direction. For
both reverse scans, the protection potential (Ep), where pits become

passivated, is ~ -30 mV.

Figure 4-5 (b) displays the two PDP curves for 254SMO in 11.9M-HAc-Br-.
After 0.5 hr of immersion, in contrast to 316L, the profile of the forward scan,
which quickly becomes near vertical as potential is swept away from OCP (-

70 mV), indicates that the substrate is in a passive state at OCP. Above +390
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mV, the current density increases steadily until Ec (+520 mV) is reached.
After 96 hr of immersion OCP is +180 mV, which is also consistent with the
surface being in a passive state, with Ec being located at +550 mV. For both
curves, there is again a significant hysteresis in the polarisation profile upon

reversal of the scan direction.

The OCP of each alloy in 11.9M-HAc-Br- is plotted as a function of time up
to 96 hr in Figure 4-5 (c). Focussing on 316L, OCP increases from -230 mV to
-130 mV within the first three hours of immersion. From examination of the
PDP data in Figure 4-5 (a), this change in OCP can be assigned to surface
passivation. OCP increases further to -50 mV during the following 23 hr of
immersion, most likely due to thickening of the passive film. Subsequent to
this period of time, OCP remains approximately constant, indicating that the
316L surface has achieved a steady state after 23 hr of immersion. Unlike
316L, the OCP of 254SMO does not plateau, but rather increases
continuously, initially more rapidly, from - 130 mV to +150 mV over the 96
hr of immersion. This range of OCP is consistent with the steel being in a
passive state throughout immersion (see Figure 4-5 (b)). The continuous
increase in potential can simply be interpreted as arising from film

thickening.

Figure 4-5 (d-f) display results equivalent to those in Figure 4-5 (a-c), but for
the two alloys in 15.3M-HAc-Br, which has been shown to be more

aggressive. Figure 4-5 (d) shows PDP data for 316L in 15.3M-HAc-Br- after
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0.5 hr and 96 hr of immersion. Both curves exhibit an immediate steep rise in
current density as the substrates are anodically polarised away from OCP.
These profiles may be interpreted as a lack of surface passivity, i.e. the
surfaces are undergoing active dissolution throughout the anodic sweep.
OCP is -180 mV and -30 mV, after 0.5 hr and 96 hr of immersion, respectively.
This change is consistent with the plot of OCP versus immersion time in

Figure 3 (c), where there is a sudden increase in OCP after 65 hr.

PDP data from 254SMO in 15.3M-HAc-Br- after 0.5hr and 96 hr of immersion
are depicted in Figure 4-5 (e). Beginning with the shorter immersion time,
the PDP curve exhibits a peak in current density (2 x 10! mA cm at - 100
mV) characteristic of a transition from an active to passive surface state. This
passive state is maintained up to +230 mV, at which point the current
density rapidly rises. Notably, reversing the potential sweep direction does
not result in any hysteresis, suggesting that the steep current density
increase above +230 mV is not associated with archetypal pit formation
processes. In contrast, such hysteresis is observed in the PDP data acquired
following immersion for 96 hr, with Ec being +660 mV. However, there is no
evidence of passivity in the forward anodic sweep, rather simply a steady
increase in current density until Ec is attained. Furthermore, OCP has
increased to +310 mV; it was -130 mV after 0.5 hr of immersion. This
variation in OCP agrees with that exhibited Figure 4-5 (f), where OCP is

graphed as a function of time of immersion. In this plot there is a step
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change in OCP after 14 hours of immersion, which can be ascribed to the

onset of surface passivity.

To aid further interpretation of the profiles of the PDP data acquired after 0.5
hr of immersion in 15.3M-HAc-Br, SEM images have been acquired
subsequent to PDP measurements. Figure 4-6 (a) shows a typical image for
316L. As expected on the basis of the PDP curve after 0.5 hr immersion
(Figure 4-5 (d)), the surface has undergone general dissolution as evidenced
by the overall etched appearance. In addition, micron-sized facetted pits are
apparent, indicating localised corrosion is also occurring. EDX data acquired
from these pits (not shown) suggest that MnS inclusions are apparently
nuclei for this pit formation. A SEM image of 254SMO following PDP after
0.5 hr of immersion in 15.3M-HAc-Bris is shown in Figure 4-6 (b). Unlike,
316L, no general dissolution is observed, but facetted pits are again observed.
It should be noted that the lack of general dissolution does not indicate that
the surface is passivated at OCP, but rather is a result of anodic polarisation
inducing passivation. EDX indicates that the near surface alloy composition
within the pits differs significantly from that of the remaining surface.
Specifically, the concentrations of Ni and Mo are reduced, 20.3 at.% to 6.7-
13.0 at.% and 2.5 at.% to 0.3 at.%, respectively, whilst that of Cr is increased,

23 at.% to 37- 41 at.%.
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Given that the PDP and OCP data (e.g. steps in OCP versus time profiles in
Figure 4-5 (f)) suggest that the corrosion exhibited by both 316L and 2545MO
in 15.3M-HAc-Br- may be time dependent, temporal variation has been
further investigated through weight loss measurements. Table 4-3 lists the
corrosion rates of 316L and 254SMO in 15.3M-HAc-Br- obtained from weight
loss after 48, 96, and 240 hours of immersion. As already established
gravimetrically for an immersion period of 96 hours (see Table 4-2), the
corrosion rate of 316L is much greater than that of 254SMO for all three
immersion periods. Furthermore, whereas for 316L the corrosion rate
apparently simply fluctuates with time (£10%); there is a 60% reduction in
the corrosion rate of 254SMO over the same period. This systematic
reduction of the corrosion rate as a function of time for 254SMO is most
likely due to surface passivation after some period of immersion. From the
OCP plot for 254SMO in 15.3M-HAc-Br- (Figure 4-5 (f)), it is most likely that
such passivation coincides with the sudden increase in OCP after 14 hr. We
note that the similar positive step, although smaller in amplitude, in OCP for
316L immersed in 15.3M-HAc-Br- cannot be attributed to achievement of
surface passivity, as there is no corresponding decrease in corrosion rate at

240 hr of immersion.

To confirm that the sudden increase in OCP for 2545MO is coincident with
surface passivation, LPR is employed to determine the variation with time of

the instantaneous corrosion rate. Figure 4-7 shows the OCP plot from Figure
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4-5 (f) for 254SMO in 15.3M-HAc-Br-, together with LPR corrosion rate data
acquired at the same time. Clearly, the sharp increase in OCP corresponds to
a sudden decrease in corrosion rate, verifying the origin of the OCP step. It
should be pointed out the corrosion rates determined from LPR are
significantly higher than those obtained from weight loss. Partially, this may
be attributed to uncertainty in the estimation of the Tafel constants; values of
ba = 120 mV/decade and b. =40 mV /decade were employed. In addition, it
has been reported that for systems where the solution phase displays low
conductivity, as is the case here, application of LPR can result in
overestimation of the corrosion rate, particularly when the real corrosion rate
is very low [16]. Notably, although the reported LPR corrosion rates may be
too high, this systematic error does not detract from the veracity of the

correlation between the steps in the OCP and LPR plots in Figure 4-7.
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Figure 4-4 Images of 316L and 254SMO samples acquired subsequent
to the immersion in 5.3M-HAc-Br-for 96hr. (a) and (b) photograph of
coupons of 316L and 254SMO, respectively. (c¢) and (d) Optical
micrographs for face of the corrosion coupons of the 316L and
254SMO, respectively. (e) Cross-sectional SEM of the pit in 316L. (f)
SEM of the 254SMO sample.
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Figure 4-5 PDP scans after 0.5hr (red) and 96hr (blue) and OCP acquired from
316L and 254SMO immersed in 11.9M-HAc-Br- (a-c) and in 15.3M-HAc-Br- (d-
f)
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Figure 4-6 SEM images for 316L (a) and 254SMO (b) after 0.5
hour of immersion in 15.3M-HAc-Br- and then anodically
polarised as displayed in Figure 2 (d) and (e).
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Table 4-3 Corrosion rates calculated from the weight loss of 316L and
254SMO, following immersion in 15.3M-HAc-Br- for 48, 96, or 240 hr.

Corrosion Rate (mm/y)

Immersion time (hr) 316L 254SMO
48 2.51+0.03 0.020 £ 0.002
96 2.27 £0.02 0.012 £ 0.001
240 2.73+0.04 0.008 £ 0.001
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Figure 4-7 plot showing the variation with the time in
the OCP and corrosion rate (mm/year) calculated by
LPR (after IR correction) for 254SMO stainless steel
immersed in 15.3M-HAc-Br- for 96hours

Finally, as the images of 316L in Figure 4-4 indicate the occurrence of both
pitting and uniform corrosion in 15.3M-HAc-Br-, an attempt has been made
to estimate the relative importance of these two processes in terms of

material loss. For this work 3D surface profiling, using white light
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interferometry, has been employed to get an estimate of the amount of
material lost from within pits compared to the overall gravimetric weight
loss. Effort has focussed on a coupon of 316L immersed in 15.3M-HAc-Br-
for 240 hr. Figure 4-8 shows the 3D profile of the two faces and four sides of

the 316L coupon. Pits are apparent as depressions in the images.

To calculate the total volume of the pits, the material ratio curve (Abbott
Firestone curve) that represents the areal material ratio of the surface as a
function of its depth was employed [13]. Such an approach has been recently
been employed successfully for determining the volume of surface voids on
processed aluminium alloy [13, 17]. Prior to pit volume calculation the
circular hole for coupon suspension and serial number imprinted on one face
were masked to avoid error in pit volume calculation. Table 4-4 shows the
output of this analysis, including the area occupied by pits, volume of pits,
amount of material lost, and pitting corrosion rate. Besides listing values for
the entire coupon (Total), data are also provided for each of the four edges
and the two faces (see labelling in Figure 4-8). Evidently, the highest pitting
corrosion rates, 2.3 - 3.9 mm/y, are observed for the coupon edges. Most
likely, this phenomenon is associated with induced stress during sample
machining. More importantly, the pitting corrosion rate of the entire coupon
(Total) was determined to be 1.7 mm/y, which is a considerable fraction (~
0.6) of the uniform + pitting corrosion rate, 2.73 + 0.04 mm/y, obtained from

weight loss of 316L following immersion for 240 hr. Thus pitting contributes
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significantly to the mass loss of the sample under these conditions. It should
be noted that mass loss due to pitting, determined from 3D surface profiling,
is systematically underestimated to a certain extent due to some pits
undercutting the substrate (e.g. Figure 4-4 (e)), which is not detected by this

technique.

0N
i ﬁ“‘- ¥ . L~

Figure 4-8 3D surface profile of 316L stainless steel coupon sample
immersed in 15.3M HAc-Br- for 240hr. These were acquired by
white light interferometry: a) face 1, b) face 2, c) side 1, d) side 2, e)
side 3 and f) side 4.
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Table 4-4 Area occupied by pits, volume of pits, amount of mass lost, and

pitting corrosion rate obtained from analysis of 3D surface
profiling images (Figure 4-8) of a 316L sample subsequent to
immersion in 15.3M-HAc-Br for 240 hr. Labels in Figure 4-8

provide a key to the relative locations of the faces and edges.

Pittin
Surface Area Surface Volume of .g
. Mass lost Corrosion
of pits Area pits e rate
3 2 (mg/cm?)
(cm?) (cm?) (um®/pm°) (mm/y)
Face 1 0.51 2.99 50 40 1.8
Face 2 0.37 3.16 38 31 1.4
Side 1 0.04 0.14 108 86 3.9
Side 2 0.08 0.30 64 51 2.3
Side 3 0.09 0.30 87 69 3.2
Side 4 0.04 0.13 90 72 3.3
Total 1.13 7.02 49 39 1.7
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4.4 Discussion

On the basis of the above data, it has been demonstrated that the corrosion
performance of austenitic stainless steels, namely 316L and 254SMO, in
concentrated acetic acid solutions containing bromide at 90°C depend upon
length of exposure and alloy identity. It was found that 316L and 254SMO
steels have good corrosion resistance and low corrosion rates, 0.007 mm/y
and 0.005 mm/y, respectively, in 11.9M-HAc-Br.  Increasing acid
concentration to 15.3 M led to a dramatic increase in corrosion rate of 316L to
2.7 mm year! with clear evidence of uniform and pitting corrosion
proceeding simultaneously. The presence of pitting is similar to previously
reported findings where 316L suffered from pitting corrosion in 86% (15.3M)
HAc with 1000ppm Br- ions in a terephthalic acid (TA) production plant [18].
Additionally, presence of Br traces in 87% acetic acid at 124°C significantly
increase the pit depth of the type 300 series stainless steels [18]. Furthermore,
it was reported by both Ashiru et al. [8] and Gon et al. [6], during materials
failure investigations that pitting corrosion of 316 stainless steel equipments
in TA plant failed in an environment of acetic acid and either bromide or

chloride ions.

The open circuit potential (OCP) measurements, supported by
potentiodynamic polarisation and substrate imaging, were particularly
useful in assessing condition of changes with time. Notably, the step increase

in OCP for 316L steel and 254SMO during immersion in 15.3M-HAc-Br-
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solution indicates sudden changes in corrosion activity of the steels. A
similar step increase in potential from -250 mV to 20 mV was observed in the
work by Alan Turnbull et al. [5] for 316L in 11.9 M HAc with Br-, whilst the
same alloy showed no step in 15.3 M HAc with Br ions. Generally, it is
assumed that such a remarkable shift in the OCP toward more noble
potentials is indicative of formation of a film offering some degree of
protection against corrosion. This explanation is appropriate for 316L in
11.9M-HAc-Br, although the OCP is more gradual. It is also the applicable
for OCP step seen for the 254SMO in 15.3M-HAc-Br. However, the step
increase in the OCP observed for 316L in 15.3M-HAc-Br- is not associated
with a signifcant decrease in corrosion rate. An alternative explanation is
that the step coincides with an increase in the importance of pitting due to

the evolving surface structure.

Focusing on the pits on 254SMO, their origin is possibly due to presence of a
small amount of sigma-phase. The composition of this phase is strongly
dependant on annealing temperature. Generally, the most important
alloying elements in the sigma-phase composition are Cr, Ni and Mo [19].
The increased level of chromium in sigma phase results in chromium de-
alloying of the steel in the vicinity of the phase followed by localised attack
of those areas. It is known that some level of sigma phase remains in
properly treated 254SMO steel; additionally, the amount of the sigma-phase

can increased under applied cold deformation and high temperature aging
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during fabrication [19]. The EDX analysis taken within the pits indicates
reduced level of Ni and increased level of Cr compared with analysis taken

from the steel surface and further verifies presence of the phase.

4.5 Summary

» Corrosion behaviour of austenitic 316L and 254SMO stainless steels at
90°C changes significantly with increase in acetic acid concentration in
the presence of bromide. Both steels show excellent corrosion
resistance in 11.9M-HAc-Br-. In contrast, both steels corrode to some
extent in 15.3M-HAc-Br-, with 316L displaying a much greater
corrosion rate.

* During immersion in 15.3M-HAc-Br- 2545MO steel passivates after
approximately 14 hours, whilst 316L continues to dissolve.

» Crystallographic pits are revealed on the surface of both steels after
immersion in 15.3M-HAc-Br-.

* Intensive localised attack is evident on the surface of 316L, and is
associated with presence of manganese sulphide inclusions.

* Localised attack of 254SMO steel is possibly associated with the
presence of a small amount of sigma-phase.

* The correlation between the up/down steps in OCP and corrosion

rate by LPR observed for 254SMO is indicative of passivation.
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* The 316L steel experiences uniform and pitting corrosion in 15.3M-
HAc-Br. The contribution of the pits to the total weight loss was at

least 60 % after 10 days of immersion.
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CHAPTER FIVE

X-RAY PHOTOELECTRON
SPECTROSCOPY OF 3161 AND
254SMO STAINLESS STEEL

ALLOYS: IMPACT OF IMMERSION IN

ACETIC ACID SOLUTIONS
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5 X-Ray Photoelectron spectroscopy of stainless steel

alloys: Impact of immersion in acetic acid solutios

5.1 Introduction

High corrosion resistance of stainless steels is achieved due to the formation
of a thin protective, passive, surface film. However, stainless steel alloys are
not completely inert and do suffer corrosion problems in aggressive
environments. The passive film formed on the surface of steel changes with
the surrounding environment thus , it can grow or dissolve, and may adsorb
anions [1]. One of the important factors controlling the characteristics
(composition, protectiveness, thickness) of the passive film that forms on any

steel surface is the composition of the steel.

Many studies characterising these passive films on different types of
stainless steels exposed to various environments have already been reported
[2-14]. As a general agreement in most of previously done researches,
chromium (Cr) and molybdenum (Mo) play the significant influence on the
stainless steel passive film formation compared to the other alloying
elements. However, there are few numbers of studies concerning the
corrosion behaviours of stainless steels and their surface films in acetic acid
environments. Sekine et al. [15, 16] worked on the corrosion performance of
stainless steels in acetic and formic acids. From these studies, the main

conclusion was that mainly, the Cr and Mo contributed to corrosion
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resistance in aqueous acid solution. Alan Turnbull [17] noticed an increase in
the corrosion potential to more noble value after some time of immersion in
the test solution for 316L stainless steel in 11.9M acetic acid solution
containing bromide ions at 90 °C . It was concluded that, this observation
was due to a formation of a protective film and passivation. Different
stainless steels and nickel-based alloys were tested in 50 % acetic acid
solutions containing 0.29M Br- [18]. Alloys with higher Mo content showed
excellent pitting resistance. In their study, It was found that a protective film
of Cr oxide (Cr203) and Mo dioxide (M0O2) was formed which protecting the
materials from the attack of aggressive ions. Furthermore, in 60% acetic acid
solution containing chloride ions at 85 °C, the passive film formed on 2205
stainless steel was studied by X. Q. Cheng [19]. It was found that , about 50%
of the top surface of the passive film was Cr cations when the potential is in
the passive region while if potential is higher than the trans-passive potential,
the Mo content accounted about 45% of the metal cations in the near-surface

region.

In the present research, the two examined austenitic stainless steel, 316L and
2545MO, showed a satisfactory resistance to any type of corrosion damage in
11.9M HAc-Br- at 90°C while in 15.3M HAc-Br- solution, only alloy 254SMO
showed a sufficient corrosion resistance. These results had been illustrated
in the preceding chapter of this thesis (chapter 4) by corrosion weight loss

and electrochemical measurements. So far, there is no previous studies
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characterized the surface film formed on the 254SMO while, there is only a
limited studies done for 316L alloy in acetic acid environment specifically.
Also, to gain further insight into the quite different corrosion performances
of 316L and 254SMO in concentrated acetic acid, 15.3M, containing bromide
anions, a systematic XPS study has been undertaken. Spectra have been
acquired from both alloys as a function of immersion time to evaluate

surface composition.

5.2 Material and Methods

In this study, rectangular coupon samples (2.5cm x 1.5cm) of 316L and
2545MO stainless steel alloys were used. Chemical compositions of these
alloys are presented in Table 5-1. All the samples surfaces were mechanically
polished using SiC papers up to 4000 grit, Figure 5-1. After that, the samples
were rinsed with acetone, ethanol and washed by deionised water and then
allowed to dried in air. The samples kept in a desiccator for at least 24 hours
before the test. 15.3M acetic acid (HAc) solution with 18.7mM bromide ions
was utilized as the test solution. All reagents chemicals used in this study

were analytical grade.

Initially, XPS analysis was performed for as mechanically polished samples
that had not been exposed to any test solution. Then, in order to prepare an
appropriate range of the alloys substrates for XPS analysis and to investigate
the variations in the surface film composition with the immersion time,

samples were immersed in 15.3M-HAc-Br- solution (1/2 L in a glass beaker)
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for a period of 48 and 96 hours. All of the immersion tests were carried out at
90°C temperature, under stagnant and open to atmosphere conditions. Once
the sample removed from solution, it was gently rinsed by deionised water
to remove any possible salt from the surface and then dried in air prior to

XPS measurements.

The XPS was performed in a Kratos Axis Ultra instrument (base pressure ~ 2
x 10-9 mbar) equipped with a load lock system for sample introduction.
Monochromated Al Ka X-rays (hv = 1486.6 eV, Ahv ~ 0.6 eV) were employed
as the photon source. Emitted photoelectrons were collected using a 165 mm
hemispherical energy analyser incorporating a delay line detection system.
Regions for analysis, not containing any pits within the analysed area ~ 0.3
mm x 0.7 mm, were selected using the optical microscope. Data were
acquired at analyser pass energy of 80 eV for wide energy scan overview
spectra, and 20 eV for short higher energy resolution spectra of single core
levels. Two photoelectron emission angles (8g), namely 0° (emission along
the surface normal) and 60°, were utilised during the measurements. The
angle subtended by the X-ray beam and the entrance lens of the analyser was
60°, and the sample holder’s rotation axis was perpendicular to the plane
containing these two elements. To prevent any vertical differential charging
due to the presence of oxide surface films, samples were mounted using

vacuum compatible double-sided adhesive tape. Charge accumulation
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during data collection was compensated by exposing samples to a flood of

low energy electrons (< 3 eV).

Table 5-1 Elemental compositions of 316L and 254SMO alloys (at.%).

Alloy Fe Cr Ni Mo Mn Cu Co Si C P S N
316L 67.95 17.93 9.484 1.157 1.839 0.279 0.104 ®.70.079 0.054 0.048 0.289

254SMO  56.26 20.18 17.32 3.531 0.514 0.613 0.000040. 0.056 0.036 0.002 0.790

Figure 5-1 Example of the sample used for XPS analysis before and after the
mechanical polishing (4000 grit).

5.3 Results and Discussion

Focusing initially upon surface composition prior to immersion in 15.3M-
HAc-Br-, Figure 5-2 displays overview XPS spectra (8 = 0°) from 316L and
2545MO following polishing. Spectral features are labelled. From this
annotation, it is clear that both samples exhibit prominent peaks due to O,
and C. Features assigned to Fe, Cr, Ni, and Mo, the primary metallic
components of both alloys (see Figure 5-2), are also apparent. In addition,
there are peaks ascribed to Na, Ca, and S. These species presumably
primarily arise through surface contamination during processing, although S

is also a minor component of both alloys. Binding energy (BE) scales were
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calibrated by assigning a BE value of 285 eV to the Cls hydrocarbon
component of adsorbed adventitious carbon [20], and confirming that the

oxide oxygen (O%) O 1s peak is located at 530.1 + 0.2 eV [21, 22].

- Overview
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Figure 5-2 Overview XPS spectra recorded from 316L and 254SMO
stainless steels following polishing. The spectra have been

normalised to have a maximum (minimum) intensity of 1 (0).

Higher resolution XPS spectra (0g = 0°) of selected core levels from Figure
5-2, namely, Ni 2ps3/2, Fe 2ps/2, Cr 2ps3/2, O 1s, and Mo 3d, are displayed in
Figure 5-3. The lower and upper rows of spectra, acquired from 316L and
2545MO, respectively, exhibit very similar profiles. This resemblance is
underlined by the least squares best fits to the experimental data, also shown
in Figure 5-3, which were performed using the CaxaXPS software [23].

Gaussian-Lorentzian (G-L) line shape functions (30 % Lorentzian) were
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employed to model all of the photoelectron peaks, except for zero oxidation
state metal components (e.g. Fe?), where asymmetric Doniach-Sunjic (D-S)
line shapes were used. Inelastically scattered background electrons were
described with Shirley-type functions [24]. Following the approach of
previous work, only the 2p3/2 components of the 2p core level spectra of Fe,
Cr, and Ni were fitted [25, 26]. Table 5-2 lists best fit BEs and full width at
half maximums (FWHMs) for each of the spectra in Figure 5-3. The Ni 2p3/2
profiles were fitted using a procedure previously adopted for oxide-free
nickel metal [27]. A D-S line shape function for Ni‘ along with two G-L
functions to account for satellite features, were employed. Both fits are
satisfactory. On this basis, it is concluded that there is no appreciable amount
of non-metallic nickel at the surface of either alloy subsequent to polishing.
It should be noted that given the non-ideal signal-to-noise ratios, the
presence of a small fraction of nickel in another oxidation state cannot be

entirely ruled out.

Concerning the Fe 2ps/2spectra in Figure 5-3, the leading peak (BE ~ 707 eV)
can be attributed to the Fe 2ps,2 core level of metallic iron (Fe?) [28]. Higher
BE features, in the range 707 < BE < 720 eV, originate from Fe?* and Fe3+ [28,
29]. As regards fitting of these Fe 2ps/» spectra, a single D-S line shape
function has been employed for Fe?. For the features arising from oxidised
iron, two multiplet envelopes consisting of 3 and 4 G-L functions for Fe?*

and Fe3*, respectively, along with two broader G-L functions for satellite
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peaks, have been utilised [28, 30]. From this fitting, it is clear that
photoemission from Fe3+ and Fe?* is similarly significant for both alloys. The

residual intensity at BE ~ 720 eV arises from Fe 2p1/2 states.

To fit the Cr 2p3/2 data in Figure 5-3, contributions from metallic Cr (C19), a
single D-S line shape function (BE = 574.0 eV), and Cr3* species were

considered initially. A broad G-L function was employed for hydroxide (Cr

(OH)3) Cr3+ (Crg;,), and a multiplet envelope of 5 G-L functions for oxide
(Cr03) Cr¥ (Crliy.) [5, 31-35]. Visual inspection indicates that these
components are sufficient to adequately fit both spectra, and that the Crg;,

peak is dominant. It should be noted that in previous work., it was

concluded that one may differentiate chromite (FeCroOs) Cr3+ ( Cliomie),
another potential surface phase [33], from Cr,. However, given the

presence of Cr3;, and the rather similar spectral signatures of Cr3+oyiqe and

Cr3*chromite, NO attempt has been made to consider Cr3*chomite features
explicitly. Nevertheless, the possibility that chromite may be formed at the

surface of these alloys cannot be ruled out.

Addressing the O 1s data (Figure 5-3), both spectra have been fitted with 4
G-L functions, which have been constrained to have identical FWHMs. As
indicated above, the lowest BE peak arises from oxide oxygen (O%) [22, 36,
37]. The precise origins of the rest of the peaks are somewhat less certain. It

is proposed that the feature at BE ~ 531.5 eV corresponds to lattice hydroxyl
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(e.g. OH in Cr (OH) 3), along with surface adsorbed species containing
oxygen bound to carbon (RCxOy) [38, 39]. The other two higher BE peaks,
labelled Oa! and Oa?, are both suggested to be due to the presence of

adsorbates, most likely OH (Oa') and RCxOy (Oa'! and Oa?) [22, 39].

Finally, turning to the Mo 3d data in Figure 5-3, both spin-orbit components
were displayed, i.e. 3ds/2 and 3ds3/2. It should be noted that for both spectra a
contribution from the S 2s core level has been removed prior to plotting; the
intensity and BE of these peaks have been estimated from the S 2p signals in
Figure 5-2 The lowest BE feature (~ 227.7 eV) can be attributed to the 3ds,>
core level of Mo?. Hence, a doublet of D-S line shapes has been employed to
fit this peak and the Mo® 3ds/2 component, with the BE difference and
intensity ratios being fixed at expected values [40, 41]. Remaining intensity is
assigned to Mo in various positive oxidation states. G-L line shape doublets
for Mo#**, Mo°* and Mo have been fitted with keeping the area ratio
between Mo 3ds/2 and 3ds/2 as 1.5 and the spin-orbit pair intervals set at
3.1eV + 0.2 [41-44], although given the rather poor signal-to-noise ratio,
particularly for the 316L data, there is a degree of conjecture associated with

this procedure.
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Figure 5-3 High resolution XPS data of selected core levels from Figure 5-2. All these spectra were acquired following polishing
of both stainless steels: 316L (lower line) and 254SMO (upper line). All the spectra have been normalized to have maximum

(minimum) intensity of 1 (0).
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Table 5-2 Optimal Ni 2ps/2, Fe 2ps/2, Cr 2ps/2, O 1s, and Mo 3ds,2 BEs and
FWHMs resulting from fitting of spectra in Figure 5-3. See main text for

details of fitting procedures. The values given in italics are for satellite peaks.

BE(eV) (FWHM (eV))

Chemical Chemical
316L 2545SMO _ 316L 2545SMO
Species Species

Ni0 852.8 (1.1) 8529 (1.1) Cr0 574.0 (1.3) 574.0 (1.3)
856.5(2.5)  856.6 (2.5) Crltee 575.6 (1.1)  575.6 (1.1)
858.8(2.5) 858.9(2.5) 576.6 (1.1)  576.6 (1.1)
5774 (1.1) 577.4(1.1)
Fel 706.8 (0.8) 707.0 (0.8) 578.4(1.1) 578.4(1.1)
Fe2+ 707.1(1.8) 707.3(1.8) 579.2(1.1) 579.2(1.1)
708.0 (1.8)  708.2(1.8) Crly; 576.8 (2.8) 576.8 (2.8)

708.9 (1.8) 709.1(1.8)
714.8(2.8)  715((2.8) 02y 530.2(1.3)  530.2 (1.3)
Fed+ 710.1(1.8) 7103 (1.8) OH/RCxOy 531.6(1.3) 531.5(1.3)
711.3 (1.8) 711.5(1.8) Oa! 532.6(1.3) 532.4(1.3)
712.5(1.8) 712.7(1.8) 022 533.6(1.3)  533.5(1.3)

713.7 (1.8) 713.9(1.8)
719.4(2.1) 719.5(2.1) Mo 227.6(0.5)  227.7(0.5)
Mo#+ 229.6(1.6)  229.6(1.6)
Mo5+ 231.5(1.6)  231.4(1.6)
Mot+ 232.7(1.1)  232.6(1.1)
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To study how the surface film behave/change when the steels were
immersed in the acetic acid solution, the XPS was also performed for the two
stainless steels surface following immersion in the 15.3M HAc-Br- for
different time. The overview scan, Figure 5-4, for both stainless steels
showed similar futures as the polished surfaces with disappearance of the
contaminations on the surface, Na, Ca. also, it was noticed that the Sulfur
peak (S 2p) is not present for all the spectra after the immersion in the acid.
Thus, the high resolution spectra of Mo 3d are not influenced by S 1s.
However, there was small peak observed at ~ 182eV which is matching the

Br 2p core level binding energy [45].

Overview (after immersion)
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6=0°
Fe 3p

C Br3p
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Figure 5-4 Overview XPS spectra recorded from 316L and 254SMO stainless

steels following immersion in 15.3M HAc-Br- for 48 and 96 hours. The spectra
have been normalised to have a maximum (minimum) intensity of 1 (0).
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Figure 5-5 - Figure 5-9 displayed the higher resolution XPS spectra (6r = 0°)
of Fe 2p3/2, Cr 2p3/2, Ni 2p3/2, O 1s, and Mo 3d core levels acquired from the
two stainless steels, 316L (left column) and 254SMO (right column) with
different treatment: as polished surface (lower row), after 48hours (middle
row) and 96hours (upper row) of immersion in 15.3M HAc-Br. All the
spectra have been normalized to have maximum and minimum intensity of 1
and 0. Also, the spectra were fitted with same procedure/parameters used
for spectra acquired from the polished surfaces and showed satisfactory fits
with only variation in the intensity of the signals. However, for the 316L
stainless steel immersed in the acid, there was a clear shift to a higher
binding energy in the oxide oxygen (O?) from 530.1 + 0.2eV to 530.6eV. As
constraining the position (BEs) of oxide oxygen in O 1s spectrum at 530.1 +
0.2eV, a new peak well fitted in position of 530.65 eV, Figure 5-7. Possibly,
this change in O 1s spectra fitting could be corresponding to the difficulty
faced when fit the Cr 2ps/2 core level spectra. The Cr0 was fitted satisfactorily
at BE of ~ 574eV however, there was a shift in the Cr** envelope, which can
not be fitted by the similar peaks that were fitted in the as polished surface.
Thus, an attempted was made to introduce better spectra fitting for Cr 2ps/2
in the 316L. After constraining the BE and HWFM of the Cr3
(oxide/hydroxide), as shown in Figure 5-6 (left column), there were new
peaks can be fitted in to the spectra, these peaks were at binding energy of

577.4,576.5 and at 579.5 eV. Potentially, these peaks can be assigned as Cr(III)
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acetate [46], CrBrs and Cré* [35], respectively. The intensities of these

considered peaks were summed to the intensity of Cr 2p actions.

Another important difference between the two stainless steels was observed
for the feature of the high resolution spectra of Ni 2ps/2 core level, Figure 5-9
Low intensity peak of oxide/hydroxide was observed for the 316L immersed
in 15.3M HAc for both immersion time, 48 and 96 hours. The peak was at
binding energy of ~ 856 eV. This binding energy is found in literature [47, 48]
to be possibly attributing for the presence of Ni (OH). In high resolution
spectra of Ni 2p, it should be emphasised that, the satellite peak can not be
fitted in the Ni 2p spectra due to the very low intensity of the observed
hydroxide peak. The ratio of the hydroxide/metal peak was in the range of
0.017-0.027. However, in the case of 254SMO steel where the surface was
passive, only metallic nickel at ~ 852.9 eV was found and there was no Ni
oxide/hydroxide been observed. This finding is in agreement with other

worker when the surface of the steel is passivated [13, 49].

Looking to the Mo 3d core level in the 316L results, Figure 5-8, the XPS
spectra after the immersion in 15.3HAc-Br- were fitted mainly with Mo? and
Mo¢+ while, the Mo** and Mo>* peaks exhibited a very low intensities and
they were almost neglected. The Mo®* could be due to the oxidation of Mo in
the air after removing the sample from the test solutions. However, the

spectra of Mo 3d were fitted with Mo?, Mo*, Mo>* and Mo®* in the case of
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254SMO. All of these Mo oxidation states exhibited similar profiles like the

features achieved for the polished surface.
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Figure 5-5 High resolution XPS data of the Fe 2ps/2 core level acquired
from the two stainless steels, 316L (left) and 254SMO (right)
subsequent to different treatment time: as polished (lower row), after
48hours (middle row) and 96hours (upper row) in 15.3M HAc-Br-.
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Figure 5-6 High resolution XPS data of the Cr 2 p3/2 core level acquired
from the two stainless steels, 316L (left) and 254SMO (right)
subsequent different treatment time: as polished (lower row), after
48hours (middle row) and 96hours (upper row) in 15.3M HAc-B-
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Figure 5-7 High resolution XPS data of the O 1s core level acquired
from the two stainless steels, 316L (left) and 254SMO (right) subsequent
different treatment time: as polished (lower row), after 48hours (middle

row) and 96hours (upper row) in 15.3M HAc-Br-.
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Figure 5-8 High resolution XPS data of the Mo 3d core level acquired
from the two stainless steels, 316L (left) and 254SMO (right) subsequent
diffferent treatment time: as polished (lower row), after 48hours

(middle row) and 96hours (upper row) in 15.3M HAc-Br-
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Figure 5-9 High resolution XPS data of the Ni 2p3/2 core level acquired
from the two stainless steels, 316L (left) and 254SMO (right) subsequent
deferent treatment time: as polished (lower row), after 48hours (middle
row) and 96hours (upper row) in 15.3M HAc-Br-.

To gain insight into the depth distribution of the various M+ species within
the surface film on each alloy, Table 5-3 lists pertinent XPS core level
intensity ratios (e.g. I(Crliy.on 2p)/1(Fe2t/3+ 2p)) at 6 = 0° and 6 = 60°.
Here, the intensities of the various Mn+ states for a particular element have

been summed.

The ratio of Cr to Fe calculated for the polished surface, before any test (0
hour), was less than one, Fe (I(Crliy. 04 2p) / 1(Fe2+/3+ 2p) < 1) for both steels.

However, when the steel was immersed in the 15.3M HAc-B-, the ratio
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increased sharply for both immersion time, 48 and 96 hours. For example in
the case of 254SMO stainless steel, the ratio increased from 0.354 to about 2
for the normal emission angle and from 0.71 to about 3 for the 60° emission
angle. The increase in the Cr/Fe ratios definitely is an indication of the
enrichment of Cr cation(s) in the surface film. However, observing the
change in ratio according to the XPS emission angle, the ratio in 316L steel
was not influenced or changed with the XPS emission angle. As for example
the ratio was 2.097 for the 00 and was 2.069 for the 60°. While in the 254SMO,
the value was approximately 50% more for the grazing angle and this
confirmed hat the Cr was located in a surface layer on top of the Fe cation for
the 254SMO while it could be homogenously mixed in the same layer on the
316L surface. In order for the surface film to be enriched in Cr either
dissolution of Fe from the existing film occurs or Cr is preferentially oxidised
during formation of the film [50]. In the case of 316L immersed in
15.3MHAc-Br-, Fe may dissolve from the film or it may continue to dissolve
through the film from the substrate, resulting in Cr enrichment in the
substrate/film interface as well as in the film/solution interface. However,
for the 254SMO, Cr was preferentially oxidised in the first place which leads
to an enrichment of Fe in the substrate/film interface more than the
film/solution interface. Also, from the intensity relationship of Cr/Fe with
immersion time, the ratio recorded for the 254SMO maintains a stable value
over the immersion time (48 and 96 hours). This is an obvious indication for

the formation of stable passive film on the surface of the steel.
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Similar observations were found for the Mo/Fe intensity ratio as well. For
the 0% emission angle, the ratio was 0.018 (0.056) for the polished surface and
increased to ~ 0.75 (0.25) after the 316L (254SMO) was immersed into the
solution. Also, from the grazing angle analysis results, the Mo was located
on the top of the Fe layer for the 254SMO. Whereas, the Mo/Fe ratio was
decreased with the gazing angle for the 316L steel. It was noticed that, for the
316L steel, when extending the immersion time from 48 hours to 96 hours,
the ratio (Mo/Fe) was decreased for the normal emission angle but was
increased for the grazing emission angle. This possibly was due to the rough
surface produced due to general corrosion/localised attack on the surface of
the 316L steel. Consequently, the XPS signal intensity might be affected by
such surface roughness, leading to doubt in the quantified values of the

intensities.

Evaluating the ratio of Mo to Cr cations in the surface of the two stainless
steels, the Mo/Cr ratio was not significantly influenced by the acid in the
case of the 254SMO. The ratio for the polished surface was 0.16 and
subsequent the immersion, the ratio was in the range of 0.122 - 0.141 for the
two immersion time, 48 and 96 hours. However, for the grazing angle, there
was a noticeable change since the Mo was decreased with the angle analysis
to about 0.08 for the polished surface while after the immersion in the acid,
the ratio slightly increased for example from 0.141 to 0.179 for the 96 hour

immersion in 15.3M HAc-Br-. This observation may suggest that Mo cations
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were enriched in the surface after the immersion in to the acid. Though, the
ratio of Mo/Fe was significantly increased at the grazing angle while the
ratio of Mo/Cr not. This indicated the Mo was obviously above the Fe layer
but it could be mixed with Cr and both in the same layer. As well, there was
an enrichment of Mo compared to Cr after the immersion of the 316L in to

the acid. However, the ratio decreased with the grazing angle analysis.
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Figure 5-10 Qualitative comparisons between spectra of the core levels,
Fe 2ps/2, Cr 2ps/2 and Mo 3d, acquired from 316L (left column) and
254SMO (right column). The bold (thin) line spectra were recorded at 0g =
0° (B = 60°).
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Additionally, depth distribution of the metallic and oxidised species in the
surface region of each alloy were assessed by comparing the data recorded at
O = 0° and Og = 60°, as the latter are more surface sensitive [51]. Figure 5-10
depicts such a comparison for the Fe 2p3/2, Cr 2p3/2, Mo 3d and Ni 2ps/2 core
levels acquired from both stainless steel. The bold (thin) line spectra were
recorded at O = 0° (O = 60°). Each pair of spectra has been normalised to

maximise overlap in the region associated with M+ features.

For the polished surfaces, this approach results in the peaks assigned to M?
exhibiting greater intensity at O = 09, which is consistent with the formation
of films, containing oxidised Fe, Cr, Mo species, atop the alloy substrates.
Mo 3d data acquired from polished 316L at 6 = 60° are not shown, as
normalisation could not be achieved due to very poor signal-to-noise ratio.
Subsequent to the immersion in 15.3M-HAc-Br-, similar features were
noticed for the 2545MO. However, the intensity of Cr® and Mo recorded
from the 316L were completely hampered. This could be due to the continual
oxidation of the Cr and Mo near the surface which led to consumption of
metallic phase underneath the film whereas the metallic and oxidised Fe
peaks were obvious and this is possibly because the Fe is the main

constituent of the bulk composition of the alloy.
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Table 5-3 M+ XPS core level intensity ratios at O = 0° and 0g = 60° for 316L
and 254SMO substrates: polished and after immersed in 15.3M HAc-Br- for

48 and 96 hours.
XPS core level intensity ratio B:(°)
Time(hr)
in 316L 0 60

0 0.352 0.349

I(Cr2 on 20)/1(Fe** 2p) 48 2.097 2.069
96 2.268 2.598

0 0.018 0.02

I((Mo*/**%* 3d)/1(Fe*"** 2p) 48 0.787 0.226
96 0.748 0.425

0 0.051 0.06

I(Mo™">%* 3d)/I( CI oo 2P) 48 0.375 0.109272
96 0.330 0.164
XPS core level intensity ratio Be(°)
Time(hr)
in 254SMO 0 60

0 0.354 0.713

I(Crt oion 2P)/1(Fe”* 2p) 48 2.018 3.223
96 1.734 2.740

0 0.056 0.063

I(Mo*>*/%* 3d)/I(Fe*"** 2p) 48 0.247 0.473
96 0.245 0.490

0 0.160 0.088

I(Mo*">*/6* 3d)/I( CI>* 1. /o0 2P) 48 0.122 0.147
96 0.141 0.179
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5.4 Summary

The above results and discussion can be summarised as:

Exposure to acetic acid increased the Cr/Fe cations ratio for the two
stainless steels, 316L and 254SMO. The higher alloy in terms of its
resistance to corrosion attacks (254SMO) exhibit relatively higher
Cr/Fe ratios in the outermost layer of the surface whereas in the case
of the 316L, it was independent of the emission angle and the Cr and
Fe cations were homogenously mixed in the same surface layer.

The different oxidation states of Mo (Mo#*, Mo> and Mo¢f") were
detected in the surface film of the 254SMO, where in the case of 316L,
Mo®* state was obviously observed. Also, the Ni 2p3/2 spectra almost
represent a metallic state for the 2545MO whereas; a very weak signal
corresponding to Ni(OH), is detected in the surface of the 316L
following immersion in acid solution.

Considerable intensity of the metallic sate were recorded for all the
core levels, Fe 2p, Cr 2p , Mo 3d and Ni 2p, in the case of the 254SMO.
This indicated the formation of stable and thin passive film. In
contrast, negligible intensity of metallic state of Cr and Mo were
recorded on the 316L surface subsequent to immersion in the acid

solution.
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CHAPTER 51X

SURFACE TREATMENT AND
CORROSION INHIBITORS
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6 Surface treatment and corrosion inhibitors

6.1 Introduction

Unavoidably, any mechanical finishing technique leaves a surface with
microscopic irregularities and contaminants, including the polishing
abrasive itself that can be ground into the surface. In contrast, ideal
electropolishing methods can get rid of the surface irregularities, as well as
any disturbed and contaminated material. The surface is left microscopically
smooth. Furthermore, compositional in-homogeneities and impurities, such
as sulphide inclusions, left by the manufacturing processing or mechanical
finishing during the alloys production are removed. In the case of stainless
steel, the various elements that make up the alloys are removed at different
rates during the electropolishing treatment. Iron and nickel atoms are more
easily extracted from the surface than chromium atoms causing a surface
rich in chromium. This phenomenon will accelerate and improve the
passivitation of electropolished surface [1]. Consequently, these will lead to

an enhancement in the corrosion resistance of the metal [2-4].

In addition to the electropolishing methods, acid chemical cleaning is also
commonly employed to remove the contaminants from the metallic surface
[5], one of often used acids is nitric acid solution. Even if the surface is free
from any metallic contaminants, treatment in dilute nitric acid greatly

increases the resistance of stainless steel to pitting [6, 7].
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Besides the above mentioned surface treatments, the use of corrosion
inhibitor is one of the most effective measures for protecting metal surfaces
against corrosion, especially in acid environments [8, 9]. The corrosion
inhibition of steel and stainless steels in acid solutions with organic
compounds containing sulphur, nitrogen or both has been studied by many

authors [10-13].

Work presented in this part of the thesis examined the influence of two
different electrochemical surface treatments (electropolishing and nitric acid
passivation) on the corrosion behaviour of 316L stainless steel immersed in
15.3M HAc with 18.7mM bromide ions at 90 °C. Also, attempts were made to

study the performance of three organic inhibitors in the same conditions.

6.2 Corrosion inhibition

One of the most effective methods to prevent metals from corrosion is using
proper corrosion inhibitors. Corrosion inhibitors are chemical substances or
compounds that, when added in appropriate concentration and state,
provide a certain level of protection or reduction in the corrosion rate of

particular materials in aggressive environments [14, 15].

Inhibitors have been classified differently by various authors. Some authors

prefer to group the inhibitors by their chemical functionality as: Inorganic
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inhibitors or organic inhibitors which can be organic anionic or organic

cationic [16].

However, the most popular classification system consists of regrouping the
corrosion inhibitors in a functionality scheme as: anodic, cathodic, organic,

precipitation or volatile corrosion inhibitors [15].

Organic Corrosion Inhibitors
The organic inhibitors affect the entire surface of the corroded metal when
present in adequate concentrations. Their effectiveness depends on the
chemical composition, their molecular structure and their affinities for the
metal surface. Organic inhibitors can control or reduce the corrosion
processes by [17-19]:
* Blocking the reaction sites, which will prevent bound metal atom
from taking part in corrosion reactions.
* Forming a barrier to diffusion that will reduce the movement or
diffusion of ions to/from the metallic surface
Organic inhibitors may also protect or reduce the corrosion rate by
participation in electrode reactions and interfering with the usual reaction

pathway [18].

Inhibitors will be adsorbed according to the ionic charge of the inhibitor and

the charge on the surface. Thus, cationic inhibitors or anionic inhibitors will
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be adsorbed preferentially depending on whether the metal is charged

negatively or positively.

From the available resource, there were no reports of inhibitors used to
control corrosion in acetic acid environments. However, it was reported that
inhibitors used for acetic acid are similar to those required for sulphuric acid
environments [20]. The three organic corrosion inhibitors that were studied
in the present work are: Benzotriazole, Thioura, and 2-

mercaptobenzimidazole.

1) Benzotriazole (BTA):

Benzotriazole is one of the heterocyclic compounds with the chemical
formula of C¢HsN3H, the chemical structure and molecular weight of BTA

are shown in Table 6-1.

It has been reported that triazole type organic compounds are good
corrosion inhibitors for many metals and alloys in various aggressive media
[21, 22]. As one of this type, BTA is well known inhibitor for copper and has
been widely studied as a corrosion inhibitor for stainless steels in acid

environments [23, 24].

Inhibition efficiency of different concentrations of BTA on the corrosion

behaviour of steel in sulphuric acid has been studied [25]. It was found that
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corrosion potential, polarization resistance and the passive region increase
with increasing the BTA concentrations while the corrosion current density
and the corrosion rate decrease. Maximum inhibition efficiency, 98.5%, was
achieved at low concentration, 9.0x104M of BTA. Also, the influence of the
same inhibitor on the corrosion behaviour for type 304 stainless steel in 2M
sulphuric acid water-ethanol (80:20) system had been studied by Rodrigues
et al. [26]. The BTA increased the corrosion rate at lower concentrations, 3.0 x
10-°*M. However it provided adequate corrosion inhibition when more than
1.5 x 104 M of BTA was used. Also, it was concluded that the BTA acted as a

cathodic and anodic inhibitor over the entire range of potentials studied.

2) Thiourea (TU):

Thiourea , CHsN2S, contains one sulphur and two nitrogen atoms, Table 6-1,
thus, the corrosion of iron and steel in organic and inorganic acids can be

controlled or reduced by the addition of TU or its derivatives [27].

The influences of TU as corrosion inhibitor on the corrosion of mild steel [12]
and of TU and its derivatives on corrosion behaviours of AISI 410 stainless
steel [28] in sulphuric acid were conducted. In both studies, the TU inhibited
the hydrogen evolution reaction (HER) rate on steel surface by adsorption
and blocking of active sites. However, TU had a maximum in the
concentration-efficiency curves, beyond this maximum concentration, TU

progressively loses its efficiency due to the decomposition of TU to produce
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presumably bisulfide ions (HS-) which promote the HER and hence the

corrosion reaction [12, 27, 28].

TU and two of its derivatives, methyl-thiourea (MTU) and phenyl-thiourea
(PTU) were found to be effective inhibitors of corrosion of mild steel exposed
to 0.1M sulphuric acid solutions. Replacing the hydrogen atom of the amino
group of the thiourea molecule by methyl and phenyl groups caused the
increase in percent inhibition efficiencies [29]. Also, diphenyl-thiourea has
been investigated as a pickling inhibitor for steel in acetic acid [27].
Moreover, TU and its derivatives behaved as excellent corrosion inhibitors in
20% formic acid. They inhibited the corrosion of mild steel in acid solution

by adsorption mechanism. and they behaved as mixed type inhibitors [13].

3) 2-mercaptobenzimidazole (2MBI):

2-mercaptobenzimidazole, C7HeN2S, is an organic heterocyclic compound.
The chemical structure and molecular weight of the 2MBI can be seen in
Table 6-1. Most of the mercapto functional azole compounds showed mixed
type corrosion inhibition in acidic solutions for protection of steel [30-34]. In
acidic solutions, these inhibitors could be protonated. Then, the protonated
species may adsorb on the cathodic sites of the metal surface and decrease
the evolution of hydrogen. Also, these compounds could adsorb on anodic
sites through N and S atoms, heterocyclic and aromatic rings, which are

electron donating groups [30].
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Table 6-1 General chemical structure of the three organic inhibitors with their

molar mass

Molar mass
Inhibitor Structure Abbreviation
g/mole
N
AN
Benzotriazole /N BTA 119.12
N
H
S
Thiourea || TU 76.12
C
PN
HoN NH,
H
N
2-mercaptobenzimidazol />7SH 2MBI 150.20
N

6.3 Materials and Experiential procedures

Perchloric acid (HCIO4) has been frequently used in acetic acid solution as

electropolishing electrolyte for many metals [35-37]. In this study, the

electropolishing treatment was performed by using a solution of 8%

perchloric acid (HClOs) and 92% acetic acid (CHsCOOH) at room

temperature.

As shown in Figure 6-1, schematic representation of the experiment set up,

the experiment is composed of a glass beaker containing the electrolyte, a
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power supply with built-in current and voltage meter, stainless steel sheet

and the sample need to be electropolished (316L stainless steel).

The sample was connected to the positive side of the power source (anode)
and held in a vertical position in the electropolishing solution. The cathode
was a thin sheet made of type 316 stainless steel. In order to ensure uniform
material removal from the sample, this sheet was folded in a tube shape. The

treatment time was about one minute in the solution with applying 25V.

Power supply

N

Cathode +
- Sample

- + (Anode)

W

Figure 6-1 Schematic drawing representing the
electropolishing experiment
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Nitric acid passivation was carried out following ASTM Standard A967-01
[38]. As illustrated in the standard, 20w /V% of nitric acid was used in this
treatment. The samples were immersed in the solution at 50°C for 30 minutes.
After removing the samples from the passivation solution, they were cleaned
and washed with deionized water and kept in the desiccator overnight

before being used in the experiments.

After each of the above two treatments, electropolishing and passivation, the
treated samples were immersed in the main test solution (15.3M HAc with Br
ions at 90°C). Both electrochemical measurements (open circuit potential and
corrosion rate and polarization curves) and the corrosion rate calculations by
the weight loss method were performed by applying the same procedures
described in the previous part of this thesis, chapter 4. In all the corrosion
inhibitor evaluation experiments the open circuit potential and corrosion rate
were monitored. Visual or microscopic examination of the samples was

performed as necessary.

In the present study, the Benzotriazole (BTA) was obtained from high grade
commercial reagents, purity (98%) and the required concentration was
dissolved in the main test solution, 15.3M HAc with Br ions. Since there was
no similar previous study conducted that can guide the optimal inhibitor
concentration, a high concentration of BTA, 1M, was initially used, then the

concentration was gradually decreased to 0.1M as shown in Table 6-2.
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Table 6-2 Concentrations of BTA and pH and conductivity of the solution

BTA Concentration (M) pH Solution conductivity (ms/cm?)
1.00 (119.12g/L) 0.62 0.45
0.50 (59.50 g/L) 0.22 0.31
0.10 (11.91g/L) <0 0.29

Concentrations of TU and 2MBI that used in this study are listed in Table 6-3
and Table 6-4. In the TU and 2MBI investigations, severe corrosion was
noticed a few hours after immersing the samples into the test solutions, thus,

all measurements were executed for 24 hours only.

Table 6-3 TU concentrations used in this study, pH and conductivity of the
solution

TU concentration (M) pH solution conductivity (ms/cm?)
0.05 (3.8g/L) 0.33
0.01 (0.76g/L) 0.34
0.005 (0.38g/L) <0 0.30
0.001 (0.076 g/L) 0.29
0.0005 (0.038g/L) 0.29

Table 6-4 2MBI concentrations used in this study, pH and conductivity of the
solution

2MBI Concentration (M) pH Solution conductivity (ms/cm?)
0.0005 (0.075 g/L) 0.33
<0
0.0001 (0.015 g/L) 0.30
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6.4 Results and discussion

6.4.1 Electropolishing and Nitric acid passivation:

Close examination of the surface of the new mechanically polished 316L
stainless steel sample revealed small defects (inclusions) distributed on the
surface of the sample as shown in the scanning electron microscopy analysis
results Figure 6-2. EDX analysis (point analysis) performed on these
inclusions indicate that they are enriched with sulphur (14-19 wt %) and
manganese (28-29 wt %) and some amounts of chromium, iron and Ni
detected from the base alloy as shown in Table 6-5. These observed
inclusions are considered as promoters and preferable sits of the pitting
corrosion to initiate. Therefore, electropolishing and passivation were carried
out in order to eliminate such defects; these treatments may lead to higher
corrosion resistant. Figure 6-3 shows SEM micrographs for the 316L sample
after the electropolishing treatment. The result confirmed the presence of
these pits without the MnS inclusion since the inclusions supposed to be
dissolved during the electropolishing as proven by the EDX analysis Table
6-6. Results of the open circuit potentials (free corrosion potential) that were
monitored for 96 hours (four days) for the three differently prepared samples
are shown in Figure 6-4. The corrosion potentials were active, more negative
at the begining of the test and remained in the same range until the sudden
change to more noble, positive, values as for the untreated sample. Also, the

electrochemically measured corrosion rate showed the same tendency for
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both samples and there were no reduction in the corrosion rate due to the
surface treatments. In addition to the electrochemically measured corrosion
rate, the corrosion rate was also determined by the weight loss method for all
the samples as shown in Table 6-7. Similar results were observed also, and
the surface treatments did not affect or improve the alloy surface resistant to

the aggressiveness of the solution.

2 pm EHT =20.00 kV Signal A = SE1 Date :16 Jun 2011
WD = 9.5mm Mag = 11.59 KX Sample ID = 316L Polished

2 pm EHT =20.00 kV Signal A = SE1 Date :16 Jun 2011
WD = 9.5mm Mag = 19.35 KX Sample ID =

Figure 6-2 SEM micrograhs A and B of mechanically polished 316L
stainless steel sample showing MnS inclusins as pointed by X. This
confiremd by EDX analysis as belwo.
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Table 6-5 EDX analysis results for different points (X) in SEM micrographs, A
and B, above confirming the presence of MnS

Element S Cr Mn Fe Ni
= A 19.28 10.05 39.44 27.52 3.70
b o
oy c\
g B 14.55 12.45 28.37 39.29 5.33

<

)
2pm EHT =20.00 kV Signal A = SE1
WD = 8.0mm Mag = 1233 KX

File Name = 316 Eloctro polished 06 1if

2pm EHT =20.00 kV/ Signal A = SE1 Date :26 Nov 2009
WD = 85mm Mag = 2143 KX Sample ID = 316 Electro polishe:

Figure 6-3 SEM of 316L stainless steel sample after electropolishing
treatment

Table 6-6 Table 6 6 EDX analysis results acquired from the to points A and B
on the above SEM, confirming the weakening of MnS formation after the

Element S Cr Mn Fe Ni Mo Si
= A - 18.23 1.17 69.94 8.61 1.89 0.20
b o
.- c\
g B - 18.51 2.00 68.01 9.14 2.34 -
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0 -1 — Mechanically polished
--------- Electropolished \/"’\'\v-—l

-50 -+ —- Passivated with Nitric acid

Time (hours)

Figure 6-4 OCP of 316L stainless steel samples that tested in
15.3M HAc with 18.7mM Br ions at 90°C for 96 hours, the
samples were: mechanically polished, electrochemically
polished and passivated with nitric acid prior to the test.

— Mechanically Polished
b, ., Electropolished
1\ e —— Passivated with Nitric acid

=
N
1

Corrosion rate (mm/year)

0 20 40 60 80 100
Time (hours)

Figure 6-5 Corrosion rate monitored by electrochemical
measurement for 316L stainless steel samples that tested in
15.3M HAc with 18.7mM Br ions at 90°C for 96 hours, the
samples were: mechanically polished, electrochemically
polished and passivated with Nitric acid prior to the test..
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Table 6-7 Corrosion rate (mm/year) for 316L samples determined by weight
loss method after immersion in 15.3M HAc with 18.7mM Br ions at 90°C for
96 hours, the samples treated by different methods

Surface Treatment Corrosion rate (mm/year)
Mechanically polished 2.30
Electro-polished 2.44
Nitric acid Passivated 2.38

6.4.2 Corrosion Inhibitor Results

Results that are shown in Figure 6-6 & Figure 6-7 represent the open circuit
potentials and the electrochemically measured corrosion rate respectively
after adding BTA to the main test solution (15.3M HAc with Br ions at 90°C).
In the case of high concentrations, 1.0M and 0.5M or BTA, the OCP increase
immediately to more positive values after immersing in the solution. The
values were stable after some time at 300mVsce and 100mVsce for 1M and
0.5M of BTA respectively. Similarly, the corrosion rates at these two
concentrations, Figure 6-7, decreased from 0.2mm/year to small values with

time.

The change in test solution colour from colourless to dark brown was notice
after immersing the 316L stainless steel in the main test solution without any
corrosion inhibitors due to the corrosion and formation of iron acetate, as
discussed in chapter 4. Conversely, there was no colour change in the

solution and no sign of corrosion damage noticed in the sample after
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introducing the BTA with high concentrations, 1 and 0.5M as revealed in

Figure 6-8 and Figure 6-9 respectively.

However, when the concentration of BTA was reduced to 0.1M, the high
corrosion rate was notice and the recorded OCP was similar to the one
recorded without any inhibitors. Also, a change in the solution colour and
severe pitting were observed Figure 6-10. The only dissimilarity was that the
change in the OCP to a more positive value happener after a slightly shorter
period of immersion (after about 40 hours) in presence of 0.1M BTA while it

was after 70 hour if the inhibitor was not used (Figure 6-6).

The pH of the solution increases to more positive value after adding the BTA.
Therefore, a possible cause of the reduction in corrosion rate of the alloy was
the change in pH when using BTA. Hence, an experiment was carried out by
using potassium acetate (CH3COOK) that can alter the pH to the same value
which was recorded for BTA (pH=0.22). This pH was achieved by adding 1.6

g/L (0.13M) of potassium acetate to the main test solution.

The OCP increase immediately to more positive values after immersing the
sample into the solution with pH= 0.22 by adding either BTA or acetate,
Figure 6-11. Also, from Figure 6-12, the corrosion rate of the alloy was
reduced after adding the acetate and this suggests that no inhibitory surface

film was formed on the alloy surface due to the absorption of the BAT.
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Figure 6-8 Change in the solution colour and the sample general
appearance after testing the alloy in 15.3M HAc with Br ions with
presence of 1M BTA

Figure 6-9 Change in the solution colour and the sample general
appearance after testing the alloy in 15.3M HAc with Br ions with
presence of 0.5M BTA

Figure 6-10 Change in the solution colour and the sample general
appearance after testing the alloy in 15.3M HAc with Br ions with
presence of 0.1M BTA.
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As mentioned previously, chemical compounds containing either sulphur or
nitrogen are suggested to be effective inhibitors for acid corrosion. However,
compounds containing both sulphur and nitrogen atoms were found to be
better inhibitors than those containing either atom alone [9, 39, 40]. Therefore,
TU and 2MBI were tested in this study. In this part of investigations, severe
corrosion was noticed few hours after immersing the samples into the test

solutions, thus, all measurements were executed for 24 hours only.

With all the concentrations of TU, the OCP were more negative (active
potentials) than the OCP for the alloy tested in the main test solution, 15.3M
HAc with 18.7mM Br ions, without inhibitors. As demonstrated in Figure
6-13, The OCP was in the range of -250 to -300mV /sce. Also, the monitored
corrosion rates were higher than that in the main solution, Figure 6-14.
Besides, from the visual observations for all the samples after each test, there
was a non-protective (loosely adherent) black corrosion products (it could be

iron sulphide) covering the samples, Figure 6-15.

The organic inhibitors containing sulphur have two possible effects on the
corrosion of iron and steels. They can chemisorb on the surface of iron and
steel and isolate the metal surface from the corrosive environment and
therefore control or inhibit the corrosion rate of iron and steel [12, 41, 42].
However, some of these organic sulphur containing inhibitors when

adsorbed on the surface of steel might decompose and give out H>S which
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can accelerate the corrosion of iron and steel in acid solutions [10, 28, 42]. As
reported by Ateya et al. [12], TU and its derivatives could accelerate
corrosion and hydrogen evolution probably due to reduction of TU to yield
corrosion promoting H>S or due to protonation of TU on the assumption
that the protonated species catalyzes the hydrogen evolution reaction, and
hence the corrosion reaction.

Similar to the TU results, also, adding 2MBI as corrosion inhibitors showed
the same performance. All the samples showed more negative corrosion
potentials and higher corrosion rate as shown in Figure 6-16 and Figure 6-17
respectively. Besides, the samples surfaces were covered by blackish

unprotective corrosion products (Figure 6-18).
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Figure 6-13 OCP monitored for 24 hours for the 316L stainless steel
tested in 15.3M HAc with 18.7mM Br ions in presence of different
concentrations of thiourea as corrosion inhibitor
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Figure 6-14 Corrosion rate (mm/year) monitored for 24 hours for
the 316L stainless steel tested in 15.3M HAc with 18.7mM Br ions in
presence of different concentrations of thiourea as corrosion inhibitor
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Figure 6-15 General appearance of the 316L stainless steel samples after
testing in 15.3M HAc with 18.7mM Br ions and different TU concentrations

at 90°C.
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stainless steel tested in 15.3M HAc with 18.7mM Br ions in presence of
different concentrations of 2MBI as corrosion inhibitor
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Figure 6-18 general appearance of 316L stainless steel samples
after testing in 153M HAc with Br ions and different
concentrations of 2MBI at 90°C

6.5 Conclusion

The observations concerning the influence of the surface treatment and
corrosion inhibitors on the behaviour of the 316L stainless steel alloy in
15.3M HAc with 18.7mM Br ion at 90°C can be summarized as:

* The surface treatments by either electropolishing or nitric acid
passivation were not sufficient to give any noticeable protection from
the aggressive solution.

* High concentration of BTA inhibited the pitting corrosion of the alloy
(0.5M BTA); however this protection was due to the raising in the pH

of the solution.
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The organic inhibitors containing both nitrogen and sulphur atoms,
TU and 2BM]I, increased the aggressiveness of the solution.
It is suggested that, TU and 2MBI were decomposed and HaS was

produced in the solution which can accelerate the corrosion of alloy.
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7 General Conclusions and future work

7.1 General Conclusions

In this research, corrosion performance of austenitic stainless steels, 316L and
2455MO, subsequent to immersion in 11.9M and 15.3M of acetic acid in
presence of 18.7mM Br was studied by various means. The major
conclusions drawn from the results and the discussions presented in
chapters 4, 5 and 6 are as follows:

» Corrosion behaviour of austenitic 316L and 254SMO stainless steels at
90°C changes significantly with increase in acetic acid concentration in
the presence of bromide. In 11.9M-HAc-Br, both steels show excellent
corrosion resistance. In contrast, both steels corrode to some extent in
15.3M-HAc-Br-, with 316L displaying a much greater corrosion rate.

* The correlation between the up/down steps in OCP and corrosion
rate by LPR observed for 254SMO is indicative of passivation after
approximately 14 hours after immersion in 15.3M-HAc-Br~. This
conclusion is also supported by the XPS results, as a stable passive
film was observed on the surface of alloy over the immersion time.

* The 316L steel experiences uniform and pitting corrosion in 15.3M-
HAc-Br- and no passive surface film formed. The XPS results indicate
a continual oxidation of Fe, Cr, Mo and Ni on the surface of the 316L
stainless steel subsequent to the emersion in the 15.3M-HAc-Br-. Also,
the contribution of the pits to the total weight loss was at least 60 %

after 10 days of immersion.
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Intensive localised attack is evident on the surface of 316L, and is
associated with presence of manganese sulphide inclusions whereas
the localised attack of 254SMO steel is possibly associated with the
presence of a small amount of sigma-phase.

From the attempts which were made to improve the corrosion
resistance of the 316L stainless steel in 15.3M-HAc-Br- both
electropolishing and nitric acid passivation treatments were not
sufficient to give any noticeable protection from the aggressive
solution. Also, no corrosion inhibition was achieved when the three

organic inhibitors, BTA, TU and 2MBI were utilised.

7.2 Future work

Further experiments can be carried out to provide better understanding of

the corrosion performance of the two stainless steels, 316L and 254SMO, in

the acetic acid environments with the presence of Br ions. Below are some of

the proposed future works:

Results of the OCP and anodic polarization curves of 254SMO
stainless steel concluded that the alloy was under active dissolution
for the first 14 hours of the immersion in 15.3M-HAc-Br- and then the
surface became passive. Therefore, analysing the sample with SEM
prior to passivation may give more insight into surface processes at

this stage.
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The proposed reason(s) for the selective dissolution noticed for
254SMO samples tested in 15.3M HAc-Br-, could be further elucidated
by investigating the presence of second phase (i.e. sigma) in a new
polished sample employing standard method(s) for detecting second
phase.

In identical test conditions with only a difference in the flow rate of
the electrolyte, there was no pitting corrosion observed for the 316L
stainless steel, as concluded in the previous study by Turnbull et al
[1]. Thus, studying any possible effect(s) of flow rate on the corrosion
behaviour of these alloys would be interesting.

In order to evaluate the extent of metallic dissolution from the surface
of the steels, the content of dissolved elements, Fe, Cr, Mo or Nij, in the
test solution could be evaluated by using Atomic Absorption
Spectrometer (AAS).

Study the behaviour of the constituent elements: iron, chromium,
nickel and molybdenum in their pure state and compare that with the
typical alloys (316L and 254SMO) with the aim of knowing which
element(s) may possibly facilitate the passivity to corrosion in the test

solutions.
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Appendix I: Method of the solution resistance (Rs) calculations:

Given the low conductivity of the electrolyte (Acetic acid solutions), the

possible impact of IR drop was considered for all of the PDP and LPR

measurements. Solution resistance (Rs) value estimated for each system was

achieved by re-plotting the potential (E) verses current density (i) on a linear

scale for the uppermost 200-300mV /sce of the anodic branch of the PDP

curve.
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The gradient of the curve gives the solution resistance (Rs) multiplied by the

area of the exposed sample. Thus, to have the solution resistance (Rs) in Q,

the values were divided by the area of the sample (3.93 cm?).

Table A-1 Solution resistance determined by the method described in the
text for each system solution.

Rs (D)
316L 254SMO
0.5 hour 96 hour 0.5 hout 96 hour
11.5M HAc 55 51 51 66
15.3M HAc 55 178 127 112
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The actual potential (Eactual) is corrected based on the calculated IR drop for
each test solution by:

Eactua1: Erecorded -IR

Figure A-1 is an example shows the impact of the IR drop on PDP curves for

alloys, 316L and 254SMO, immersed for 96hrs in 11.9M- HAc-Br- at 90°C
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Figure A-1 Polarisation curves before (dotted lines) and after (solid lines) the

IR drop correction for both alloys 316L and 2545MO immersed for 96hrs in

11.9M- HAc-Br- at 90°C
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