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SUMMARY

Metallic structures in various chemical-processing industries as well as in other structural
applications have shown accelerated corrosion in areas with strain/deformation. During
manufacturing, assembly and even during service, strain is inevitably introduced to many metallic
materials. Although pertinent prior research has concentrated on the stress corrosion cracking
(SCC) and corrosion fatigue, but the effect of strain on other modes of corrosion behavior in

different material/environment systems is not very well understood.

This present study focused on the influence of different forms of strain on general and localized
corrosion behavior of steels. Both elastic and plastic strain were found to shift the open circuit
potential (OCP) of carbon steel A569 to a more negative value in an acidic environment.
Thermodynamically, this shift indicates a stronger tendency of general corrosion due to the
presence of strain. Consequentially, both deformed tensile A569 specimens and cold-rolled A569
specimens exhibited an accelerated corrosion rate to different degrees. Influence and mechanism
of deformation-influenced pitting corrosion was studied using austenitic stainless steel (SS) 304.
Tensile strain, both elastic and plastic was found to promote pitting corrosion of stainless steel
(SS) 304 in a chloride-containing aqueous environment. It was found that elastic strain promoted
the pitting corrosion of SS304, by stabilizing the pit-growth process regardless of different surface
treatments. This negative effect reached a limit at the yield stress of SS304. Increasing the tensile
strain into the plastic range did not lead to further damage in the pitting potential of SS304. The
plastically deformed SS304 experienced different extent of recovery in the pitting potential after
the applied stress was released. This recovery ceased at a plastic stain level of ~9%. It was

commonly observed that the localized areas associated with surface defects such as slip-lines were
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more prone to pitting attacks. Accumulating such surface defects were believed to continuously
lower the pitting potential of SS304 until the maximum deterioration was reached at ~9% residual
plastic strain. After re-polishing, the pitting potential of SS304 was fully recovered for both
previously deformed tensile specimens and cold-rolled specimens. It indicated that pitting
corrosion phenomena were extremely dependent on the surface condition. This also made it
possible to alleviate the strain-facilitated pitting corrosion by manipulating the surface-finish of
SS304. Apart from the negative effects of strain on general corrosion and pitting corrosion, strain
was also found to improve the kinetics of re-formation of the passive films under stable-

repassivation conditions, as studied by utilizing an electrochemical film-repassivation technique.

This thesis focused on developing a fundamental understanding of the role of deformation (elastic
as well as plastic deformation) on active corrosion as well as localized corrosion behavior of
metallic alloys, especially carbon steel and stainless steels. It has advanced the knowledge of effect
of strain on corrosion behaviors of steel systems, thereby will help in preventing strain induced

accelerated corrosion or failures in related areas.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

The main purpose of this project was to systematically investigate the role of elastic and
plastic strain on corrosion mode and extent in carbon steels and stainless steels. Practical
motivation for this study was based on a few deformation-related failure investigations of
equipment made out of carbon steels and stainless steels in the pulp and paper mills. Preliminary
investigations indicated that the deformation caused corrosion to accelerate in these failures, for
example in heat-exchanger tubes where the stainless-steel tube area that had undergone a tube-
expansion operation showed more severe corrosion than the unstrained tube areas. Fig. 1-1 showed
a carbon steel plate serving in a black-liquor environment underwent accelerated active corrosion
in the breaking strips where prior bending and shearing occurred. The resultant residual strain was
thereby suspected to cause a much higher corrosion rate in these strip areas. There are many
examples like this in chemical process plants and other structural applications, which makes this
investigation very important in terms of our understanding of the role that elastic and plastic strain

plays in the corrosion behavior of structural alloys.



Figure 1-1. Accelerated corrosion in the breaking strips where strain is concentrated.

Since deformation usually is associated with other significant changes in the microstructure,
it is difficult to isolate the pure effect of strain on the associated chemical reactions. For an
alloy/environment system where a protective passive film forms at the surface, the effect of strain
can be very different than that for a system where the alloys are in their active corrosion state.
Stainless steels contain at least 12% Cr, which helps it to form a passive Cr-rich oxide film on the
surface. However, strain may also destabilize the passive film of various alloys in caustic
environments, therefore causing early localized corrosion, such as pitting corrosion [1-3]. Stainless
steels (SS) are known for their excellent corrosion resistance and mechanical properties in many

industrial and structural applications such as infrastructures, transportation, chemical storage, and



oil refineries [1]. A unique class of stainless steels is duplex stainless (DSS). It possesses almost
equal amounts of ferrite grains and austenite grains. This gives rise to superior mechanical and
corrosion properties to both ferritic stainless steel and austenitic stainless steel — higher toughness
and weldability than ferritic stainless steel, and more resistant in stress corrosion cracking (SCC)
and pitting corrosion than austenitic stainless steel [1]. The heterogeneous microstructure makes
plastic deformation inherent in all DSS grades, because the ferrite and the austenite phases possess
different crystal structures, chemical compositions and coefficient of thermal expansion. Upon
various manufacturing processes, such as quenching and aging the differences between the two
phases lead to the ferrite phase under compressive stresses, while the austenite phase is in tension.
The knowledge developed on strain-influenced corrosion reactions can help gain useful insights

on the interaction between the strain ferrite and austenite during different corrosion processes.

This study advances our knowledge of strain-associated corrosion/repassivation behavior of
various metallic systems and can potentially help prevent similar failures in related areas.
Furthermore, it will also establish a criterion for materials selection when building metallic
structures. The total annual corrosion costs in the USA was about $276 billion in 2005-
approximately 3.1% of the nation’s Gross Domestic Product (GDP) [4], therefore significant
corrosion related cost for these metallic structures can be reduced from the understanding of the

effect of strain on corrosion and developing mitigation strategies.

1.2 Objectives

The main objective of this proposed work is to gain a fundamental understanding of the effect
of strain on different types of corrosion in selected alloy systems. This study concentrates on the

3



dissolution reactions and does not include stress corrosion cracking. The specific technical

objectives are:

* To assess the deformation-accelerated general corrosion (under activation control), especially
in the alloy systems where passive film does not form or is not very stable, such as carbon
steels in acidic environments;

* To establish the role of deformation on stability of passive film and repassivation kinetics
under in-situ/ex-situ loading conditions;

* To study the characteristics of passive film in the presence of different types/extents of strain;

* To develop an electrochemical method to substitute the traditional scratch test in order to
investigate the strain-influenced repassivation kinetics;

* To understand the interplay between the global strain and the localized strain during different

corrosion processes in stainless steels.

Results from present study will help us assess the effect of strain/deformation on general
corrosion, pitting corrosion and pit-repassivation kinetics of steels. Upon the development of a
new method to study repassivation kinetics, the influence of strain on stable repassivation can
hence be evaluated. This work will provide quantitative and qualitative analysis on strain-

influenced corrosion-related behavior.

1.3 Organization of Upcoming Chapters

In the following chapters, a general review is given on activation-controlled general corrosion
and localized corrosion in Chapter 2. The experimental procedures and materials used in this study

4



are described in Chapter 3. The influence of strain on general corrosion is investigated in Chapter
4. In chapter 5, the role of strain on stable repassivation is explored and discussed. Chapter 6
presents the effect of elastic tensile stresses on pitting corrosion of stainless steel 304, and the
associated mechanism are also explained in this chapter. Correspondingly, the influence of plastic
deformation, including cold-rolling and plastic tensile stresses on pitting corrosion of SS304 is
discussed in Chapter 7. A general summary and some recommendations for future research are

described in Chapter 8.



CHAPTER 2. BACKGROUND

2.1 Activation-controlled General Corrosion

In chemical physics and physical chemistry, many branches were subdivided according to the
nature and stimulants of reactions. A specific term referred as “mechanicochemistry” was
classified to describe the effect of mechanical energy on chemical reactions. Corrosion is a special
group of chemical reactions which deals with different types of metal oxidation reactions under
the scope of materials degradation. The correlation of mechanical energy and corrosion is

investigated and bridged in this thesis.

General corrosion is a corrosion reaction that generally takes place more or less uniformly on the
surface of alloys’ in active state. It is sometimes referred as active dissolution or uniform corrosion.
In the active state, the oxidation reaction is predominately driven by thermodynamics. Therefore,
general corrosion is activation-controlled. Thermodynamically, one can expect that the mechanical
energy provides an additional driving force to promote potential corrosion reactions. This is a
fundamental guidance to help understand the mechnicochemical phenomena to be discussed within

this study in both active state and passive state.

Electrochemical potential is a measure of metal’s oxidation tendency in corrosion. Different metals
possess their inherent oxidation potentials, which is standardized and ranked in the electromotive
force series (EMF series). However, pure metals are only used in very specialized areas, and alloys
gains most industrial applications. Therefore, the electrochemical potential of a specific alloy is a
function of its alloying elements, microstructure, surface treatment, and the environment. For

example, magnesium (Mg) is often added in aluminum alloys (AAs), and Mg-enrichment on AA



surfaces is commonly seen due to certain heat treatment or surface treatment [5]. Mg, being an
active element according to the EMF series can preferentially be oxidized, causing a cathodic shift
(or lower values) of electrochemical potential when blended as an alloying element. This can result
in problematic corrosion hazards like galvanic corrosion or preferential dissolution of aluminum

alloys [6, 7].

Traditionally the general corrosion can be combated by cathodic protection which suppresses the
anodic half-cell reaction and control the general corrosion as indicated in the yellow cathodic
protection regime in Fig. 2-1. There are two different ways to provide the cathodic protection to a
structure; one by lowering the electrochemical potential of structural alloy by applied or impressed
current; second method is to attach a more active metal or alloy which will preferentially corrode
and polarize the structural alloy to a more negative potential which further suppresses the anodic
reaction on the structural alloy. Thus, the active metal attached to the structural alloy is also called
a sacrificial anode. These techniques are mostly applied in the areas where environments are very
aggressive and economical materials like carbon steels are used. One risk of applying cathodic
protection is the potential of charging hydrogen into the material being protected, and hydrogen
retention can cause hydrogen embrittlement and hydrogen-induced stress cracking in many alloys

[8-12].
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Figure 2-1. Fe Pourbaix Diagram.

2.1.1 Thermodynamics of Activation-Controlled General Corrosion

In thermodynamics, U is known as the internal energy, and differentiating U gives

dU = dQ — dW (2.1).

where Q is the amount of heat introduced to the system, W

material system. When deformation is applied to the materials, additional strain energy is stored

in the material as another source of the internal energy [13]. To simplify the derivation here, it is

given a new term as “dWgain . EqQ. 1 can now be re-written as

is work done by the system to the



dU = dQ —dw + dWctrain

= dQ — PdV + dWypan  (2.2).

G is known as the Gibbs free energy in thermodynamics, P is the atmosphere pressure and V is the
volume of the material. All the deformation discussed in this thesis was performed in aerated

conditions. Since the Gibbs free energy is defined as

G=H-TS=U+PV-TS (2.3),

where H is enthalpy, T is temperature, and S is the entropy. Differentiating G gives

dG = dQ + VdP — SAT — TdS + dWyain  (2.4).

Since the strain energy was all lumped into the dWgain term, we can treat V as a constant. The
entropy change during deformation processes, either elastic or plastic can also be neglected [13].

Assuming the process is reversible, dQ = TdS. Eq. 4 can be re-written as

dG = dWsyain  (2.5).

It is also possible to have heat transfer involved at a later stage of work hardening. That could
reduce strain energy stored in the material system, but here we only focus on the scenarios where
elastic deformation increases the stored strain energy. Therefore, in such processes of metal
deformation, if environment does a positive work to the material, dWin as a stored strain energy

in metals,

dGmetal = dWctrain >0 (2 6)



To put it in simple terms, strained metals possesses an elevated Gibbs free energy level. According

to the Nernst equation,

AG = -nFE (2.7),

where F is faraday’s number, and E is the reduction potential of reaction (2.1). This equation means
that an electrochemical reaction which releases more energy possesses a lower potential. In other
words, a strained metal can be more electrochemically reactive than the same metal without strain.
Metallic materials and environmental parameters together determine whether the metal will be in
the active or passive state. A very important criterion for activation-controlled general corrosion
is pH. Pourbaix diagram demonstrated in Fig. 2-1, using Fe as an example, is used to determine
the active/passive zone that the material falls into. Pourbaix diagram provides an important
thermodynamics reference of stable phases in aqueous environments, although it gives no

indication about the kinetics of the reaction.

A metallic material in a higher state of Gibbs free energy can be expected to drive a strong
corrosion reaction. However, there are different forms of deformation/strain. Energy contribution

of some representative deformation types are discussed next.

2.1.1.1 Contribution of Elastic Stresses as Strain Energy

In the elastic regime, stress, ¢ (either compression or tension) is proportional to strain, €. It can be

described using Hooke’s Law. For the simplified case of one-dimension:

o, =E%; (2.8),
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where E is the elastic modulus, also called the Young’s modulus. Therefore, the resultant strain

energy Wiain 1S given as
W= o/°/2E (2.9).

Assuming there is multiple stresses 61, 62, 03 acting upon the solid metal, the strain can be modified

as

8]:[0'1-V(O'2+O'3)]/E (2]0),
82:[0'2-V(O'1+O'3)]/E (2]]),
83:[0'2-V(O'1+O'2)]/E (2]2),

where v is the Poisson’s ratio. The total strain energy, Wyain [13] is

thrain = W] + WZ +W3 (2]3);
1
Wstrain =E [(0'12+ 0'22+ 0'32) - 2v (0'1 o, to,o03+ 0 0'3)] (2.]4).

The stored strain energy Wain can be broken down into two components: one is resulted from the
change of the shape of the solid; the other one is a consequence of the volume change [13]. As
elucidated above that elastic stresses can be quantitatively calculated as strain energy, and this
additional strain energy applied to the material can be transformed to a decrease of electrochemical
potential through the Nernst equation. Hence, the influence of elastic strain can be quantitatively

assessed.

2.1.1.2 Contribution of Structural Defects to Strain Energy
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Structural defects or local plasticity like dislocations and twining can give rise to elastic strain
stored at the atomic level. Structural defects are inevitably introduced into materials systems when
plastic deformation occurs. The energy of formation for an edge dislocation is estimated to be ~8
eV [13], so any structural defect can be expected to increase the internal energy of a solid material
system. However, no universal rule can apply to all materials when estimating this “atomic level”
elastic strain energy due to plastic deformation, because different materials may have different
deformation mechanism involving the interaction among structural defects. Dislocations as a
common type of structural defects is the fundamental basis for many other structural evolutions. It
introduces micro-strain in its vicinity and macro-strain to the material matrix. The evolution of
dislocations during plastic deformation is elaborated here to depict a simplified picture of the

plastic deformation process.

Plastic deformation causes residual stresses by inducing expansion or contraction of interplanar
spacing. The residual stresses can be measured using X-ray diffraction (XRD). It is termed as
macro-strain or macro-stress and can be understood as a form of global elastic strain energy.
However, the stress field around a structural defect like a dislocation causes micro-strain. It
represents a localized strain energy unlike the global strain energy that macro-strain possesses.

These two elastic strain energy sources comprise the entire plastic deformation energy. Gutman
[13] deduced that the difference of the chemical potential of a solid crystal ApL as a function of

dislocation density,

_ pT¥,
Au=RT lnNO,
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where R is the gas constant, N is dislocation density, and Ny is the dislocation density at a reference
state. This increase of chemical potential of the metal can be mainly attributed to the enthalpy
increase due to the addition of new dislocations, since the associated entropy change for a metal
plastic deformation process is negligible [13]. As a result, the Gibbs free energy increases by
increasing dislocation density. A larger increase in the Gibbs energy can lead to a lower
electrochemical potential according to the Nernst equation. A lower electrochemical potential
usually leads to stronger active dissolution. This is experimentally evidenced by a dislocation etch
spiral observed widely as Fig. 2-2 shown [14]. The dislocation concentrated with maximum strain
undergoes an extremely fast dissolution during etching, while the spiral morphology forms as the
dissolution slows down away from the core. However, the contribution of a single dislocation to
the electrochemical change of the material matrix is relatively negligible in the global scale, since

its associated volume fraction is extremely small.
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Figure 2-2. Dislocation etch spirals on a Si-Fe alloy [14].

Even though plastic deformation takes place by different means, such as compression, tension,
bending and torsion, both micro-strain energy and macro-strain energy tie back to the stored strain
energy thermodynamically. In electrochemistry, the thermodynamic driving force can be
translated to reaction kinetics through the Butler Volmer equation when the reaction is under
activation control. We will review reaction kinetics under the influence of both elastic strain and

plastic strain next.

2.1.2 Kinetics of Reactions under Influence of Strain

One way to interpret the impact of the stored strain energy on corrosion kinetics is to assume a
dependency of proportionality between the activation energy of corrosion reactions and the strain
energy. For example, tensile stresses can be thought as a way to stretch a chemical bond, therefore
accelerating re-formation of new chemical bonds. However, one weakness of this approach is that

the expected result would be opposite if compressive stresses are applied.

One of the common ways to understand this strain-accelerated kinetics is to examine the Gibbs
free energy change in the initial and final state of the reaction. For an irreversible chemical reaction
like general corrosion to take place, the thermodynamic driving force, AG only depends on the
difference of the Gibbs free energy between in the initial state and in the final state, regardless of
the intermediate reaction compounds. A generic metal oxidation half-cell reaction can be written

as
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M-ne 2 M" (1).

If the initial state of the reactants is examined, it is expected that the stored strain energy should
increases as stresses or deformation are introduced to metals. The strain energy should not alter
the final state of the reaction. Therefore, the stressed/deformed metals possess a higher
thermodynamic driving force, AG compared to the metals free of strain. In electrochemistry, the

driving force, AG can be tied to the electrochemical potential through the Nernst equation,
AG = -nFE (7),

where n is the chemical charge, F is the Faraday constant, and E is the electrochemical potential.
The standard reduction half-cell potentials for different materials can be easily found in many
referenced tables. At the equilibrium potential, the oxidation reaction is in equilibrium with the
reduction reaction. Above the potential, the oxidation reaction dominates over the reduction
reaction, and vise-versa. A deviation of the potential away from the equilibrium potential is
referred as the overpotential. When an overpotential is applied to the material, one reaction will be
enhanced and the other will be suppressed. This correlation is given by the Butler-Volmer equation

[15]:

.. nFn . ~(1—a)nFn

Inet = lo €XP (aRT) —lo €xp T);
where iy 1s the net current density at the applied overpotential, i, is the exchange current density
at equilibrium, a is the symmetrical coefficient (~0.5), n is the charge transferred, and 7 is the
overpotential. The corrosion current density of an alloy/metal can therefore be calculated with
some necessary assumptions and the measured potential value. According to the mixed potential

theory [15], when an alloy/metal is in contact with an aqueous environment, two (or more) half-
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cell reactions start to polarize each other: an oxidation reaction by the metal, and a reduction
reaction by the electrolyte on the metal surface. Such a mixed potential is resulted as shown in Fig.
2-3, which polarizes the half-cell reactions to an intermediate level between the two half-cell
potentials. To construct such a diagram, we can assume the Tafel slope to be ~100 mV/decade.
The interception points of the oxidation curves and the cathodic curve represent the corresponding
dissolution current for a specific corrosion reaction. As discussed earlier that the stored strain
energy lowers the electrochemical potential for the strained metals, this results in an increase in
the metal dissolution in the same environment. Of course, this is an ideal case. Interferences do
come into place to suppress this strain effect on metal dissolution to some extent, like electrolyte
double-layer on the metal surfaces or corrosion product building up on the metal surfaces. Some

of these interferences are also examined in Chapter 4.
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Figure 2-3. A representative linear polarization diagram.

2.1.2.1 Contribution of Elastic Stresses

Previously, it was concluded that the stored strain energy, Wgin increases the Gibbs free energy
of the material. Let us examine how the strain directly changes the Gibbs free energy of the
material on the microscopic scale. According to Gutman, if a metal is subjected to an excess elastic
stress (o), either compression or tension, it will lead to a chemical potential change of the material

[13]. The new chemical potential can be written as

H = Usp=0 +A40V, (215),

where L is the chemical potential, Ac is the surface stress change with respect to the material free

of stresses/pressure, and Vi, is the molar volume of the material. Consequentially, Gutman derived

that the electrochemical change, AE due to the presence of the applied strain/pressure is

AoxVm
AE = - —— (2.16).
nF

It is noticed that Eq. 16 looks strikingly like Eq. 7 (the Nernst equation), since this excess chemical
potential essentially contributes to the Gibbs free energy change of the corrosion reactions.
Therefore, the accelerated dissolution current can be calculated if the change in surface

stresses/pressure is known,

AE

Lyowi n = lg n Texp —— 2.17),
a-with strain a-no strain p 2RT ( )
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where 1, is the anodic current, and R is the gas constant. This is already well-illustrated in Fig. 4
and the effect of the strain energy here is like applying an anodic overpoential to increase the
anodic current. It is noticed in Eq. 17 that only 2 of AE is contributing to the exponential term.
This is because the symmetrical reduction reaction on the same material typically stays unchanged,

and thereby the new open circuit potential (OCP) is established at a lower level by 'z of AE.

Earlier experimental work also confirmed this accelerated dissolution trend due to elastic stresses.
Johnston reported an accelerated dissolution rate of Cu under different elastic stresses in 0.1 M
H,SO, solution [16]. He used the concentration change of Cu*™ in the solution over different
periods of time as a measure of dissolution rates of Cu under different applied elastic stress levels
as Fig. 2-4 shown. A linear increase in dissolution rate was found as the stress level increased,
indicating that the strain energy accelerated general corrosion or dissolution rate of Cu under
activation control. The active dissolution rate of a high-strength martensitic steel (0.3%C, 1%Si,
0.9%Mo, 1%Cr, 0.45% Ni) was also measured in a base solution of 20% H,SO,4 with/without 30
g/L NaCl by Gutman as shown in Fig. 2-5. As indicated in Fig. 2-5, an aluminum sample was also
tested in a base solution of 1M NaCl and 1% HCI with/without 0.1% H,O,. The similar trend of

increasing dissolution rate as a function of elastic stresses was again observed in Fig. 2-5.
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Figure 2-5. Effect of stresses on dissolution rates of a high-strength martensitic steel in

different environments [13].

2.1.2.2 Contribution of Structural Defe

CtS

The discussion in this section follows the same guideline: an additional strain energy accelerates

active dissolution. When plastic deformation takes place, the plastic strain exists in two forms:

micro-strain and macro-strain as reviewed in Section. 2.1.1.2.
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Let us review the process of plastic deformation at different stages. Dislocation interaction can
cause resistance to further deformation by mechanisms like dislocation interaction and dislocation

pile-up, thereby strain-hardening the material. Different stages of strain hardening in a single

crystal can be manifested using Fig. 2-6 [13]. T is the critical shear stress to overcome the inertia

on an entrained dislocation. T;, T, and T; corresponds to the shear stress at easy slip (stage I),

strain hardening (stage II) and dynamic recovering (stage III). New dislocations can be generated
throughout the whole plastic deformation process. Gutman explained the interaction of
dislocations and its resultant influence on the stored strain energy [13]. At the easy slip stage,
dislocations are being generated and tend to move towards the surface of the solid crystal, observed
as slip-lines on the surface. In addition, relaxation of existing dislocation pile-ups may take place,
so the rate of dissolution during this stage should not be accelerated much. At the next stage of
strain hardening, while new dislocations are still being generated, dislocations start to slip across
a set of planes, which causes pile-up of dislocations. The formation of dislocation pile-ups greatly
increases the internal strain energy of a crystal solid. The electrochemical change AE around a

dislocation pile-up was theoretically calculated by Gutman [13]

NATR

AE = -
aR/'mF

(2.18),

where N is the number of dislocations in a pile-up, At is the excess shear stress that a pile-up exerts

on its vicinity, “a” is the chemical activity of the material, R’ = kN, (k is the Boltzmann constant

and Npax 1s the maximum possible dislocation sites).

Consequentially, the strain energy associated with the elastic stress field around a dislocation pile-

up significantly increases. Therefore, the active dissolution rate in this stage is monotonically
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increasing with the increase of the degree of the plastic deformation. At the last stage, the pile-up
of dislocation starts to fail, and dislocations are re-grouped by cross-slip. As a result, dislocations
are partially annihilated to form sub-boundaries, and the elastic dislocation field is weakened.
During this stage, roughly 95% of the store strain energy is dissipated as heat [13]. Of course, this
value may vary from one material to another, but the rule of thumb is that smaller-grain crystalline
solids possess a higher fraction of the retained strain energy. This is because the dislocations tend
to pile up at obstacles like grain boundaries. As a result, it can be expected that the effect of plastic

deformation in the later stage on active dissolution is alleviated.

The theoretical analyses above may not be completely applicable to every metal or alloy, since
different alloys may differ in various deformation mechanisms. For example, twining is very like
to take place in FCC metals at a low degree of plastic deformation, and severe plastic deformation
can induce martensitic transformation at room temperature in stainless steels like SS304 [17-23].
Therefore, the prediction of reaction kinetics of general corrosion or active dissolution should be

subject to specific alloy/environment systems.
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Figure 2-6. The hardening curve in a single crystal [13].

2.1.2.3 Crack Tip Dissolution for Stress Corrosion Cracking (SCC)

Stress corrosion cracking has caused many catastrophic failures in near neutral pH environments,
for example, buried pipeline steel in ground water [24, 25]. It is widely accepted that the crack
growth rate is mainly determined by the crack tip dissolution rate under the synergistic effect of
hydrogen retention and strain [26, 27]. During stress corrosion cracking, the bare metal at the crack
tip has a state of stress concentration where plasticity and stresses are intensified. Therefore, strain-
enhanced general corrosion is analogous to the active dissolution of the bare metal at the crack tip

during anodic-dissolution controlled SCC from the dissolution perspective. However, SCC can
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exhibit a more complex mechanism than simply metal dissolution. This is because SCC does not
require a pure activation control, and crack growth involves other external contribution, such as
film rupture at the crack tip leading to incremental crack growth. Nevertheless, the higher
dissolution rate of X-65 carbon steel at the crack tip was still reported during stress corrosion
cracking in a near-neutral chloride-containing solution [28]. Yaguchi and Toshio argued that the
enhanced dissolution rate at the crack-tip had a dependency on local plastic strain during stress

corrosion cracking [29].

2.1.3  Effect of Strain on Catalytic Activities for Reduction Reactions

All the discussion above assumed that the reduction reaction kinetics on the metal surfaces stays
unchanged. However, the lattice strain has been reported to affect the catalytic properties of a metal
nano-particle surface by altering the binding behaviour of adsorbates and modifying the catalytic
activities [39]. According to the d-band theory, the metal d-band can hybridize with the bonding
orbital of the adsorbate and form bonding and antibonding states [39, 40]. A higher d-band centre
translates to stronger binding between the metal and the adsorbate, and a lower d-band centre has
the opposite effect. This altered catalytic activity on strained metal surfaces could therefore be
explained by a shift in the d-band centre of the metal nanoparticle due to the lattice distortion
caused by strain. According to this theory [40], compression and tension have opposite effects on
the shift in the d-band centre: a compressive lattice strain lowers the d-band centre, while an
expanded lattice strain raises the d-band centre. As a result, the lattice distortion due to strain alter
the ease of molecule-sorption energies. Depending on the nature of metal surfaces, the effect of
strain on catalytic activities can also be different. In metal systems like Pt and Ni where adsorption
of H onto the metal surface is energetically favorable and the subsequent recombination of H to

form Hj is energetically unfavorable, it was found that elastic compression enhanced the catalytic
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activity for the hydrogen evolution reaction on the surfaces of Pt and Ni, while tensile strain
suppressed the H, evolution [41]. This was because compression between lattices lowered the
energy barrier for the recombination of H to form H,, while tension introduced the opposite effect.
In some other metal systems like Cu, the energy shift for adsorption of H onto the metal surface is
energetically unfavorable, and it is energetically unfavorable for the subsequent release of H,. This
made the first step the rate-limiting step. As a result, it was found that tension strengthened the H
adsorption binding, therefore facilitating the first step, while compression had exactly the opposite

effect on H, evolution [41].

It is then reasonable to believe that strained steel surfaces can have different catalytic activities on
the reduction reaction when general corrosion takes place. This can establish a slightly different
open circuit potential (OCP), therefore causing a potentially altered overpotential for the metal
oxidation reaction. It will add some ambiguity when estimating the relative corrosion rate using
the OCP shifts. The study of strain effect on the catalytic activities for the related reduction reaction
on the metal surface is beyond the scope of this thesis. However, this issue is addressed later in the
thesis when discussing the relative corrosion rate using the changes of OCP among specimens
applied with different strain. However, evaluating the absolute corrosion rate using immersion
tests still stand accurate, since weight loss measured before and after the immersion test directly

reflects the absolute corrosion rate.

2.2 Passive Film and Passivity

Stainless steels can be catagorized into four main groups according to their crystal structure and
microstructure: austenitic, ferritic, martensitic, and duplex (about 50% autennitic and 50% ferritic

25



). Among different grades of stainless steels, different alloying elements are added to achieve
different engineering demands. For example, molebdenum (Mo) and nitrogen (N) are typically
added for high corrosion resistant alloys. Stainless steels containing at least 12% Cr are passivated
by forming a thin layer of Cr,Os-rich oxide film on the surfaces. This passive oxide layer is mostly
amorphous and about 2-3 nm thick. The presence of passive film acts as a physical barrier to
prevent bare metals from general corrosion especially in low pH and highly oxidizing
environments. The application of stainless steels in highly corrosive environments is a perfect
example where reaction kinetics rule over thermodynamics. The underlying mechanism of the
highly corrosion resistant film is that the formation of the passive film is much faster than the
dissolution of the film into the environment. Therfore, it becomes a diffusion barrier, governing
the charge transfer across the film. This limits corrosion reactions on the metal surfaces regardless

of the oxidation tendancy purely indicated by thermodynamics.

While metals are under passivation-control, passive film forms to slow down or prevent further
oxidation. Even though passive films impart passivity to various alloys, the passivity still breaks
down under specific circumstances. A typical active-passive behavior of a metal over a complete
anodic polarization range is demonstrated in Fig. 2-7, in which the anodic oxidation reaction of
metals is under activation-control (general corrosion occurs), transitions to passivation-control
range beyond E,, (protective passive film forms), and eventually enters the transpassive regime
(passive film is no longer stable and starts to break down). It is worth noticing that the transpassive
reaction for many alloy/environment systems may involve oxygen evolution, along with or instead
of oxide film dissolution/breakdown. It is different from the pitting breakdown which usually leads
to an exponential increase in current at a very short potential range. Therefore, passivity can break

down at appropriate potentials and environments. One important consequence of breakdown of
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passivity is localized corrosion, such as pitting corrosion. The influence of strain on pitting

corrosion will be systematically addressed later in this thesis.
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Figure 2-7. A typical active-passive behavior of metals.

2.2.1 Characteristics of Passive Film

The three paramount characteristics of passive film that affect its behavior are chemical
composition, structure, and thickness [33]. The passive film functions as a semiconductor when
the alloy is under passivation control. This gives the passive film some dieletric properties that can
be interesting to investigate. All these properties are correlated to chemical composition, strucure

and thickness of the surface film.
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2.2.1.1 Surface/Film Chemical Composition

Chemical composition of the passive film on metal surfaces is usually investigated by the surface
analysis methods like X-ray photoelectron spectroscopy (XPS), Near Edge X-Ray Absorption Fine
Structure (NEXAFS), and Auger electron Spectroscopy (AES) [34-37]. The challenge of these
ex-situ techniques is to preserve the native surface conditions of passive films without oxidizing it
in the air. Therefore, sample transfer was carried out, using vacuum containers. Most passive films
formed on alloys in aqueous environments are oxides or hydroxides of active elements in the alloy.
Passive films can be amorphous or crystalline. Alloying elements, microstructure and surface

treatments are three major factors that affect the chemical composition of a passive film.

In stainless steel systems, alloying elements like chromium (Cr), molybdenum (Mo) and nitrogen
(N) are added to stainless steels to improve their pitting resistance. Stainless steels have at least
12% Cr, and the development of corrosion resistant stainless steels were all built on this common
principle. As for Mo, it has a complex but beneficial effect on the active/passive behavior of steels
[38-40]. For active dissolution/general corrosion, it forms some Mo-compounds to inhibit further
oxidation reaction. When passivity is established, the enrichment of Mo near metal surfaces leads
to a better corrosion resistance of the passive films [40-42]. When the passive film breaks down
and pitting take place, there are various models/mechanism developed to explain the role of
different Mo-compounds to inhibit the pitting corrosion in different environments [41, 43]. In
addition, the interaction between Mo and N was discussed in detail by Lu and Clayton [44-48].
The beneficial effect of N on improving pitting resistance of stainless steels was also widely

studied, and different mechanisms were proposed [49, 50]. For example, one mechanism claimed
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that N caused the formation of ammonia/ammonium ions, thereby increasing pH in pit solutions

during pit growth through the reaction below [51]:
N +4H = NH} ).

In addition, N as a less expensive material makes it a more commercially feasible choice as an
alloying element. Pitting resistance equivalent number (PREN) has been empirically derived to
assess the pitting resistance of different alloys based on their chemical compositions [41]. A

typically used version of this PREN formula is given as
PREN = Cr + 3.3Mo + 16N (2.19).

Even though the passive films can be as thin as 2-3 nm, the chemical profile of each individual
element can vary drastically along the depth. Enrichment of certain elements can often be achieved
by different heat/surface treatments and diffusivities of different alloying elements to establish

passivity on the metal surfaces.

Microstructure also plays an important role in the chemical composition of passive films. To be
more specific, microstructure can potentially cause inhomogeneity of the surface chemistry. The
inhomogeneity of surface chemical composition thereby leads to the formation of galvanic couple
that may further result into the preferentially dissolution of the active phase, which gives rise to
pit initiation and growth. For example, formation of carbides like CrC,3 consumes Cr around the
carbide, which creates an anodic surrounding since a Cr-depleted zone is typically developed
around CrCy; [52, 53]. This galvanic coupling provides potential pit initiation sites and provokes

pitting corrosion at lower potentials. Intermetallics also inhibit pitting resistance by upsetting the
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homogeneity of surface chemical composition. For example, sigma phase in stainless steels

contains high Cr content. This creates local galvanic couple analogous to the CrC,; case [53-56].

Surface treatment is another practice that is used to alter the chemical composition of the passive
film to improve corrosion resistance of stainless steels. For example, pre-oxidizing or pre-
anodizing can enhance and stabilize Cr and Mo content in the surface film, therefore improving
pitting resistance of steels. Pre-oxidizing is typically achieved by using highly oxidizing agents,
like high-concentration nitric acid. Pre-anodizing is usually performed by using electrochemical
techniques. This technique is more popular for aluminum alloys, since a thick oxide film can easily
form on Al. For example, one can grow a thick oxide film of several micrometers on specific
aluminum alloys by imposing a positive current or voltage through the alloy to be anodized. A
very refined surface finish can be achieved by tweaking the anodizing technique, such as pulse-

anodizing [57].

2.2.1.2 Structure of Passive Film

The structure of passive film plays a crucial role in materials’ corrosion resistance. Both in-situ
and ex-situ techniques can be employed to study properties/structure of passive films. Ex-situ
techniques typically involve post-analysis using TEM. There are two different types of in-situ
techniques: in-situ scanning tunneling microscopy (STM) and EIS [39]. McBee and Kruger
investigated the structre of the passive films on Fe-Cr alloys and found that passive films could be
either amorphous or crystalline depending on Cr concentrations [58]. Ryan et al. [59, 60]
confirmed their findings, and further elucidated that the passive film for Fe-Cr alloys was mainly
amorphous for 12%~19% of Cr. Below 12%, it was crystalline both in borate buffer sulution and

in an acid solution.
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Due to the dieletric nature of passive films, point defect model (PDM), schematically shown in
Fig. 2-8, become a very important tool used to understand the structure and stability of passive
film [61]. PDM assumes that the electric field across the passive film remains unchanged
throughout the growth of the passive film in the passive state. Reaction (2) and (5) describe the
generation and anihhilation of metal interstitial vacancies, M;*". Reactions (3) and (6) correspond

to the growth of passive film. Reaction (3) indicates the oxidation of a bulk metal atom, creating a

Schottky pair, V¥ u/V ', and filling in the cation vacancy. Reaction (6) describes the annihilation
of oxygen vacancies in the oxide/solution interface. According to PDM [61, 62], the inner passive
layer (next to metal) and outer passive layer (next to solution) contain different ionic defects
(vacancies and interstitials). The net flow of ionic defects produces the passive current. With a p-
type passive film, the metal vacancy generation reaction (4), My = M5+(aq) + V¥ + (8-x)e’, is
dominant. V¥ here is a electron acceptor as it is accompanied with electron holes, (3-x)e’. The
passive current of p-type film is exponetially correlated to the applied potential, yet the passive
current if n-type film has no dependency on the applied potential [61]. The metal vacancy
generation indicated as reaction (4) and the metal vacancy annihilation indicated as reaction (1)
reach an equilibrium. N-type film is dominant by the oxygen vacancies (electron donor) generated

in reaction (3).

A number of researchers have demonstrated the effect of strain on the stability of passive film of
both carbon steels and stainless steels [3, 63-67]. Kumar et al. found strain destablized the passive
film of stainless steels 304L and 316L ina 0.1 M NaCl solution [3]. They argued that the residual
stress destabilized the passive film, leading to the changes in polarization behavior. Several authors

studied the deformation-influenced passive film structure of austenitic stainless steels and duplex
stainless steels in Cl-containing environments, and found that the density of donors (V ) and
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acceptors (V* ) both increased in the presence of deformation [3, 63, 68]. Yoon and Lee suggested
that the corrosion resistance of the passive film decreased with the increase in density of acceptors
and donors [69]. However, Lv et al. found that plastic deformation refined the microstructure of
2099 aluminum alloy, thereby resulting in a decrease in thr acceptor density and an improvement

in alloy’s corrosion resistance [70].
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Figure 2-8. Schematic of Point Defect Model (PDM) [61].

2.2.1.3 Thickness of Passive Film

Thickness of a passive film appears to be particularly important for corrosion applications in the

early stage of passive-film formation. There are various techniques to assess the thickness of a
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passive film. Again, these techniques can be categorized into in-situ techniques and ex-situ
techniques. In-situ techniques typically utilize some simulation/modeling by treating the passive
film as a circuit in an EIS measurement. For example, a simple Randles circuit as shown in Fig.
2-9 is often used directly or tweaked to model the behavior of the passive film based on EIS
measurements. Based on this simplistic model, thickness, d, of the passive film can be calculated

as [71, 72]

8€0A
lfilm = _C y
where ¢ is the relative permittivity, and € is the permittivity in vacuum, A is the cross-section area

and C is the capacitance calculated using the Randles circuit. It is noted that these parameters could
be temperature-dependent, so it requires some caution when using this method to determine film

thickness.

Figure 2-9. A simple Randles circuit schematic [73].

As for ex-situ techniques for thickness assessment, samples are carefully prepared and preserved
in vacuum. Information on the depth profile by using the chemical composition is usually

measured using XPS or AES analysis of film while removing the film layers by sputtering. By
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examining a depth profile of chemical composition near the surface, the thickness is often

determined at the intersection point where the oxygen profile crosses the Fe*" profile.

Numerous researchers have investigated the physical structure of the passive film under the
influence of strain. Lv and Luo suspected that the band gap of the passive film was reduced due to
strain [2]. Vignal and Manchet reported that the thickness of passive film of duplex stainless steels
UNS S32202 in chloride-containing environments decreased due to local plasticity [74]. Based on
the pertinent prior work, it can be summarized that strain may lead to a more defective and thinner

passive film, therefore weakening the corrosion resistance of stainless steels.
2.2.2  Environmental Influence on Passivity

Stability of passive films on stainless steels is subject to intrinsic material-engineering designs as
discussed in the previous section, as well as on the environmental factors, such as potential, pH,

and aggressive anions in solutions.

Firstly, both the thickness and the chemical composition of passive films can be altered by the
applying a potential at which the film grows. Fig. 2-10 shows the passive film thickness of
dependency on the applied potential in 0.5 M H,SO, for both Ar-sputtered and pre-activated Fe-
15Cr specimens [75]. In the passive regime, the thickness of passive films is linearly proportional
to the applied potential. It was noticed that pre-activated specimens had lower values of film
thickness because Cr was accumulated on the surface during the pre-activated active dissolution
in an acid solution. No passive film was stable in the active region and in the transpassive region
as indicated by the dropping thickness as the potential went outside the passive range. The passive
film on Fe-15Cr specimens consisted of both oxides and hydroxide, with the hydroxide closer to
the electrolyte. Results indicate that the thickness of the film increase mainly came from the oxide
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portion, indicating the rate-limiting process in this system was taking place across the metal/film
interface [75]. It was also reported in the same paper that Cr-enrichment is more dominant at the
lower potential range of the passive region. The Cr content tended to decrease in the higher
potential range, since the stability of Fe at higher potentials increased. In addition, it was also
reported that the thickness of the film had very minimal growth from 20 minutes to 20 hours. This

meant that the film growth kinetics was very fast in the early stage and slowed down with time.
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Figure 2-10 Thickness of passive film formed on 0.5M H,SO, for 300 seconds on a Fe-15Cr
alloy surface with the increasing applied potential [75].

Aggressive anions like chloride, sulfate, and thiosulfate also impede the passivity of passive films
according to the penetration model and the adsorption model [76-81]. These anions can facilitate
either the pit initiation and/or the pit growth, thereby destabilizing the passive film. For example,
CI', can be adsorbed onto the passve film, and replace oxide or hydroxide to loosely bond with

metal cations, therefore destablizing the passive film and promoting a pit initiation. This is

supported by the observation of Cl in the passive oxide layer using techniques such as X-ray
photoelectron spectroscopy (XPS) and X-ray Absorption Spectroscopy in various alloy systems
[34-37]. A detailed review on the influence of caustic anions on passivity will be manifested in the

section of pitting corrosion.

In addition, pH also imposes an important environmental impact on the stability of passive films.
The main effect of a lower pH is that it causes a higher dissolution rate of passive films. Therefore,
a lower pH leads to a thinner passive film. The pH effect was well demonstrated in stainless steel
systems by Strehblow et al [75, 82]. It was found that the passive film in a Fe-Cr alloy was
significantly thicker in a basic environment than in an acidic environment [83]. A simple rationale
for the thickness-dependency on pH is that the oxide dissolution rate to electrolytes is higher at
lower pH than in higher pH vlues. It is also reflected on the Fe Pourbaix diagram as shown in Fig.

2-1 that the passivation potential range is cut narrower as the pH decreases.
2.2.3  Rupture and Evolution of Passive Film upon Yielding

Since the passivity/stability of passive films determines the corrosion resistance of stainless steels,

it becomes intriguing to investigate the evolution of passive films during deformation. There was
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no evidence of the passive film being ruptured or destabilized in the regime of elastic deformation
[84], however it is widely reported that passive film ruptured during plastic deformation [84-88].
The phenomena of the passive film rupture can be further associated with the stress corrosion
cracking (SCC) mechanism. According to Engseth and Scully [86], film-rupture upon yielding can
facilitate cracking with an appropriate combination of materials, potential and environments. The
synergy of these three factors results in stress corrosion cracking when the repassivation rate is in
an optimum range: too fast repassivation could not accumulate sufficient corrosion damage to
increment an additional crack growth; too slow repassivation gives rise to localized corrosion,
rather than cracking. In addition, SCC is highly potential dependent and typically causes a quasi-
cleavage fracture surface. Upon examination of the fracture surfaces from a tensile tests in 4M
NaCl at 50 °C under different potentials as shown in Fig. 2-11, Kwon [87] found that SCC-
dominant fracture occurred right above the repassivation potential, -250 mV. Therefore, the
fracture surfaces developed at -210 mV and -230 mV demonstrated SCC-type fracture morphology,
while the one developed at -110 mV, which was right below its pitting potential appeared as a
severe dissolution-mode fracture. Kwon argued that the potential range needed to be in an
appropriate range — between the repassivation potential and the pitting potential, but closer to the
repassivation potential, to favor the SCC attack. In such a narrow potential window, repassivation
was suppressed just enough to cause corrosion damage to facilitate crack growth, but not so much

that it resulted into the dissolution-mode fracture.

Apart from the SCC perspective, it is known that the steels with a passive film on the surfaces
plastically deform upon yielding. Much work used the mechanical straining techniques to
investigate the film rupture during plastic deformation [84, 86, 88]. During this process, the passive

film ruptures at slip steps as slip migrates to surfaces. Analogously, scratch test is an
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electrochemical technique to physically rupture the passive film at an applied potential and
following the resultant current to understand the kinetics of film repair. Using this technique, it
has been widely reported that a local breakdown of passive film can potentially lead to pitting
corrosion in aggressive environments, such as in a CI' + S,03> environments [89, 90]. Therefore,
ruptured passive films can either repassivate or initiate pitting corrosion. This may also apply to

the films ruptured due to plastic deformation.
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Figure 2-11. Effect of applied potential on the tensile test for stainless steel 304 in 4M NaCl
at 50 °C [87].
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Continuous yielding by applying a constant strain rate has also been reported to destabilize the
passive film [84]. Anodic current of iron was found to increase as plastic deformation took place
at a constant strain rate in 1M H,SOy4 as Fig. 2-12 shown [84]. The increased anodic current did
not rise as individual spikes. Instead, it reached a steady state gradually. Since film rupture and
film repair typically are indicated as current spikes, the author argued that the increase in the anodic
current was likely ascribed to the defective structure of the plastically deformed film. The
impedance data corresponding to each strain level also confirmed that the film resistance decreased

as the strain level increased. The author proposed a film thinning model to explain the destabilized

passive film during plastic deformation.
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Figure 2-12. Anodic current of iron as a function of time during a straining process in
H,SO4 at 25 °C [84].
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On the contrary to the observation of destabilization of passive films on stainless steels, Lv Jinlong
found that a prior cold-rolling process refined the structure of grains and precipitates in the Al-Li
aluminum alloy 2099 [70]. The resultant alloy possessed a lower value of electron work function,
and this facilitated the formation of a passive film with a lower concentration of acceptors, as
measured by using Mott-Schottky tests. Therefore, it led to a better polarization performance in a

borate buffer solution.

To summarize the evolution of passive films under the influence of plastic deformation, the film
is ruptured and likely destabilized during the plastic deformation. This can result in an increased
suceptibility of materials to various types of corrosion, such as SCC and pitting corrosion.
However, some plastic deformation can essentially refine microstructure in some
material/environment systems, especially with second-phase particles present in the
microstructure. In such cases, plastic deformation may have a beneficial effect on the corrosion

performance of alloys.

2.3 Pitting Corrosion

Pitting corrosion is a complex but an important issue for material degradation which is responsible
for many corrosion failures. Pitting corrosion typically involves pit initiation stage, metastable
pitting, and pit growth stage. In reality, pitting corrsion of stainless steels mostly takes place in

neutral to acid solutions containing aggressive anions, such as CI".
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This makes the prevention of pitting corrosion of a great importance for the marine and some
chemical processing industries [15]. In contrast to general corrosion, pitting corrosion results from
the localized breakdown of passive film and occurs at discrete sites on metal surfaces. The
localized attack starts on the surface, and can penetrate into the metal to very significant depths or
even through-thickness failures for thin sections. Pitting corrosion is typically initiated by
inhomogeniety of microstructure which causes passive film breakdown preferentially and local
electrochemical cell formation which creates localized anodic/cathodic couples. Active pits can
perforate through a metallic surface or become stress-concentration sites for stress corrosion or

corrosion fatigue cracks to initiate [33, 91].

The pitting corrosion mechanism can be understood as a micromodel of the differential aeration
cell [15]. According to this analogy, local film breakdown and pit growth creates the deaeration
and the acidification inside the pit, which makes the pit a localized anodic zone. Yet, the perimeter
of the pit becomes a localized cathodic zone through reduction of dissolved oxygen. The initiated
pit creates a sheltered area, limiting the mass transport between the pit interior and the exterior
solution. Analogously, pit growth is a localized active dissolution process, but limited by diffusion

of ions between the pit interior and the exterior solution. In addition, many other factors can affect

the growth rate of a pit. For example, it is proposed that with a proper C1/S,05 ratio, thiosulfate

ion can accelerate pit growth by enhancing anodic dissolution within the pit [92].
2.3.1 Pit Initiation

According to the adsorption model developed first by Kolotyrkin [93] and Hoar [94] for pit
initiation, aggressive anions, for example, CI, can be adsorbed onto the passve film, and replace

oxide to loosely bond with metal cations and form complex compounds. This can greatly destablize
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the passive film and promote pit initiation. This model argues that the localized complex
compounds are formed that promotes transport of metal cations across the interface between the

oxide passive layer and the electrolyte. As a result, it causes thinning of passive films [95]. It then

enhances the chance of breakdown of the passive films. Observations of Cl in the passive oxide
layer using techniques such as X-ray photoelectron spectroscopy (XPS) and X-ray Absorption
Spectroscopy in various alloy systems well supported this model, [34-37]. From the perspective
of PDM, it is argued that the pit initiation is due to the accumulation of cation vacancies generated
at the passive film/solution interface and transported to the metal/passive film interface, which
eventually results in the localized breakdown of passive films [33]. Once a pit is initiated, it can
be repassivated as a metastable pit, or it can continue growing as a stable pit. More details

regarding the repassivation will be discussed in the next section.

As introduced in Section. 2.2.1.1, the microstructural inhomogeneity can promote pit initiation.
One important deformation-influenced pit-initiation phenomenon is related to the presence of MnS
inclusions. The MnS inclusion is one of the most common type of inclusions which can act as
crack initiation sites [96] or pit initiation sites [97-99] in steels. Even though various mechanisms
have been proposed to understand the MnS-promoted pit initiation, the consensus involving
preferential dissolution of MnS as an initial step has been reached [97-99]. The MnS inclusion
causes inhomogeneity of passive-film composition, where the passive film covering the local MnS
area forms a Cr-depleted zone and thereby less protective. This gives rise to the preferential
dissolution of MnS. One of the most accepted mechanism explains the further pit-initiation process
as formation of crevice/trench between inclusion and material matrix. As MnS is dissolved into a
corrosive environment, this creates a crevice structure adjacent to the inclusion. In addition, the

dissolved S-containing products further enhance metal dissolution. Hydrolysis of the dissolved
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metal cations lowers the pH in this occluded crevice, further accelerating metal dissolution inside
this geometry. This pit-like solution can be well sustained, because the crevice structure is
relatively small, limiting ion transport between the crevice and the exteriors. The MnS inclusion
is relatively large — at least in the micrometer level, and deformation often imparts some
detrimental morphology changes to make it more prone to pit initiation. Cold-rolling can deform
inclusions into stringers, and this enhances the chance of forming a crevice-like structure between
inclusions and material matrix. Therefore, cold-rolling has been widely found to facilitate pit-
initiation in aggressive environments for inclusion-containing stainless steels [97, 100]. Pits were
found to preferentially initiate in trench areas between the MnS stringers aged in the air for
different time periods and the material matrix as Fig. 2-13 shown [97]. It was found that aging the
steel in the air for longer time helped to mitigate the susceptibility of the MnS stringers to pit
initiation as a more protective oxide film formed to cover the MnS stringers. However, the negative
effect of MnS straingers does not always hold true. A large degree of cold-rolling can fragment
large MnS inclusions, so that inclusions possessing a refined morphology start to become less
prone to pit initiation [ 100]. To put it simple, the susceptibility of inclusion to pit initiation depends

on its chemical composition, morphology and size.
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Figure 2-13. Preferential pit initiation near MnS inclusions in SS 304 aged in the air for 1
day, 30 days and 90 days from left to right respectively [97] .

With advanced modern steel making technologies, S content and other impurities are minimized

in stainless steels. This makes MnS and other inclusions in the steels very rare and far less

significant for pitting corrosion. It was then argued that local plasticity can promote the pitting

corrosion. Plastic deformation such as cold-rolling in stainless steels can introduce a very

significant amount of dislocations, twinning, and possible martensitic transformation in some alloy

systems [2, 17, 20, 21, 23, 70, 101-104]. The additional strain energy due to cold-rolling are stored

as internal stresses and these microstructural features. Thermodynamically, high-energy
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concentrated areas can act as anodic sites while the bulk material remains cathodic [105]. Gutman
had theoretically calculated the potential changes as a function of deformation in the activation-
controlled corrosion state [13]. Numerous researchers have shown the influence of martensitic
transformation on pitting corrosion of stainless steels [2, 17, 21, 23]. No conclusive evidence has
been demonstrated to show that the martensite had a direct effect on pitting corrosion, since the
presence of martensite in austenitic stainless steels is always coupled with the presence of
dislocation and twining. Twining structure in the steel was shown to exhibit lower potentials than
the matrix materials in a 3.5 wt% NaCl solution, which could lead to potential difference in the

galvanic couple formed between the twinned structure and the bulk metal [106].

2.3.2 Repassivation and Metastable Pitting

Repassivation behavior of an alloy is vital in the steel systems where the stability of the passive
film is subject to many external factors, such as physical disturbances like erosion or
electrochemical disruption. Repassivation can be referred in different scenarios: repassivation of
an early pit and repassivation of a ruptured/broken film. For both cases, a fast repassivation kinetic

prevents possibilities of developing a stable pit.

The causes for the rupture of passive films can generally be classified into two types: mechanical
and chemical. Chemically, many environmental factors can destabilize passive films and cause
local breakdown of the passive film, like chlorides and sulfides. Local breakdown of passive film
exposes bare metals to the environment, making it locally anodic to the rest of the surface. This
can give rise to pit initiation. Mechanically, passive films can be ruptured due to physical
disruption or deformation. For example, many flowing chemical processes contain very hard
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particles. These chemical environments may not be aggressive enough to cause any damage to the
passive films of metals, but collisions of hard particles onto metal surfaces can be strong enough
to rupture the passive film. Two common techniques are typically used to simulate the breakdown
of the passive film and study repassivation: scratch tests and mechanical straining. Scratch tests
involve physically scratching the metal surface to cause film rupture by using a diamond scriber.
Yushu Wang investigated the stability of passive films of various stainless steels in cautious
chloride + thiosulfate environments by using scratch tests [90]. He found that thiosulfate inhibited
film repassivation, resulting to premature metastable pitting and stable pitting. Another technique
was introduced in Section 2.2.3 by straining the materials, so surface defects like slip steps migrate
to the surface to cause film rupture. A failed repassivation can lead to occurrence of metastable

pits and stable pits.

On the other hand, the pit-repassivation phenomena have been well studied in the past. A
repassivated pit is referred as a metastable pit. Pit-repassivation of an alloy usually takes place
where the passive film is unstable. Metastable pits are indicated by anodic current transients in a
potentiostatic tests. Typically, the current transients show a positive correlation of current, I, and
square root of time, t'2 at low potentials [91]. At high potentials, the correlation trends toward I ~
tor I ~t* [91]. It was also observed that pits developed at low potentials often propagate with a pit
cover at least at the early stage, referred as lacy pits [107]. However, more pits were observed at
high potentials, probably due to the resultant high current at high potentials. In the growth of a
lacy pit, dissolution inside an undercut pit cavity was usually observed with a porous passive film
covering the pit opening [107]. This porous cover acts as a diffusion barrier, preventing pits from
repassivating. Frankel et al. discovered that the current density of a pit with a pit cover in stainless

steels increases as r;?ita where 7;,;, was defined as the radius of the pit [108]. The author further
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suggested that the current density was constant during pit growth and increased with applied
potentials. It can be concluded that the pit growth under a pit cover was ohmic controlled. As a
metastable pit grows, the pit cover often breaks down, and therefore pits have better chances to
repassivate. Frankel et al. also investigated the kinetics of metastable pitting in chloride-containing
environment environments and found that the metastable pitting can take place at a potential as
low as -210 mV scg) in near neutral to acidic conditions [108]. It was also found that breaking of
the pit cover did often lead to repassivation of a pit. Not all metastable pit occurrence involves the
presence of a pit cover. Williams et al. established a criterion using 1/7,;;, and applied this ratio to
predict the stability of pits [109]. He found that pits usually grow stably when I/r3,;; > 40 mA/cm,
and repassivated below this value. The rationale behind this approach was that a high 1/r;,;; ratio
indicated a lower pH inside the pit solution, help to sustain active dissolution during pit growth.
As argued previously, the strain energy is suspected to accelerate the active dissolution by
providing an additional driving force. This can lead to more prominent metastable pitting
occurrence and higher possibility of stable pitting. Feng et al. found that metastable pits possessed

longer survival time which resulted into secondary metastable pits on deformed SS304 in 0.05 M

NaCl solution at 0.1 V(scg) [110].

2.3.3 Stable-Pit Growth and Salt Film Stability

During the pit-growth stage, the cathodic reaction involving hydrogen revolution still take place
inside the pit, but only contributing less than 5% of the overall cathodic reaction [111, 112]. Hence,
it is reasonable to treat an entire pit as an anodic site, and the surrounding areas as an cathodic site.

Once an initiated pit survives to reach the stable growing stage, hydrolysis of metal chloride
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products inside the pit leads to a drop in pH and migration of anions like CI" ions inside the pit

which further accelerates the active dissolution inside the pit on alloys that show an active-passive

behavior. This is called autocatalystic effect of Cl during pit growth. The resultant pH inside the
pit can easily reach 0-2 for stainless steels [113, 114]. This localized acidification model was first
proposed by Hoar in 1937 [115] and developed by numorous researchers [116, 117]. It was implied
that a low pH needed to be maintained to sustain active dissolution within a pit cavity for stable-
pit propagation. Based on this generic model, Galvele further developed an acidification model to
model the pit growth process [118]. This model assumed that all metal surface films were
defective, and the film defects like cracks could help initiate a pit. Since the hydrolysis reaction of
metal cations inside a pit can result in a low pH for the solution inside the pit, Galvele calculated
this the minimum degree of acidification through this hydrolysis to allow sustainable active
dissolution according to metals’ active-to-passive transition behavior. In this model, the ion
diffusion/transport was assumed to be gorverned by the Fick’s 1* law. It meant that the driving
force for diffuison from the pit interiors to the electrolyte was simply dertermined by the
concentration difference across the pit opening and the depth of the pit, x. Since the concentration
difference can be tied back to the dissolution current of the pit, i, therefore Galvele used 1 * x as
a criterion to determine if the acidification was strong enough to sustain a stable pit. This model
was then further modified to account for the influences of potentials, concentrations of metal ions
and chloride ions [119-123]. It is worth mentioning that a potential drop is possible from the pit

bottom to the top, because IR drop can be significant in most pit-growth processes [114].

However, the acidification model did not provide sufficient insights to explain many other
experimental observations in stainless steels [113]. It was found that the metal dissolution inside

pits was often not under activation control. Instead, many researchers discovered that the diffuison
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barriers such as pit covers and salt films often controlled the diffusion process across the pit
opening. A pit cover plays an important role during the early pit initiation stage. A key factor in
the survival of a metastable pit to become a stable pit depends on whether it succeeds to retain a
salt film after the pit cover breaks away [108, 124, 125]. A salt film can form near a corroding pit
surface [114], comprised of metal hydrolysis products including metal hydroxides and metal
chlorides. According to Belk and Alkire, pit solutions can become saturated and the salt film can
form within 10 — 10 seconds of pit initiation [126]. While a salt film is stable and complete, the
chemistry inside the pits should gradually stabilize. During the pit growth stage, it is commonly
believed that a salt film is precipitated within the pit, which functions as a physical barrier and
governs the diffusion process across the film[114, 126]. Therefore, the active dissolution inside
pits during the pit growth stage are typically diffusion-controlled, rather than activation-controlled
[108, 114, 124, 125] This means that the dissolution inside a stable pit is independent of applied

potentials.

Depending upon specific circumstances, the salt film can become unstable and break down
especially during repassivation. This allows the activation-controlled active dissolution mode to
take over until the pit interiors are completely repassivated. The repassivation mechanism
following the formation of a salt film involves [113]: (1) alleviating pit current by thickening the
salt film and depositing a passive layer underneath the salt, and (2) dissolution of the salt film and

leaving the passivated layer on a metal surface.

The morphology and geometry of pits are often potential-dependent. Stable pits with flat walls
were typically developed at low potentials [116, 127, 128], whereas high potential (significantly
higher than pitting potential) resulted into hemispherical pits with dull or polished interiors [112,

116, 117]. In addition, stable pits typically possess a larger ratio of depth over diameter compared

49



to metastable pits, since such geometries facilitate the trapping of pit solutions, hence hindering

ion transport and sustaining a low pH.

2.3.4 Stochastic Nature of Pitting Corrosion

Pitting events are stochastic in nature, and the associated characteristics such as frequency and
survival time are a function of materials and environments. Therefore, statistical approaches were
developed to study pitting corrosion. Williams et al. [129] modeled the pitting process, and

predicted the rate of stable pitting as:

f= A*A*exp (-u*te),

where A is the area, A is the randomly pit-initiation frequency, p is the repassivation frequency and
1. 1s the critical survival time for stable pitting. This model agreed well with experimental data by
Balkwill [130]. This prediction went off significantly as materials were exposed in the test
environment for longer time. This is because the passive film gradually stabilized as immersed in
the test solution for longer time and the frequency of pit initiation decreased as a result. Yet, this
proposed model did not account for the time-dependent stability of passive films. Another reason
that may cause the decreased pit-initiation frequency was that there may be limited pit-initiation
sites. The number of pit initiation sites were decreasing as the pitting process proceeded. Along
with the similar statistical approach, new statistical models were developed to account for the

influences of potential, scan rate, chloride concentration and so on [108, 131-138].
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2.4 Gaps in Understanding Strain-influenced Pitting Behavior

So far, we have reviewed the potential influences of strain on corrosion reactions both under
activation control and under passivation control. Even though much prior work has been done on
associated topics, many pieces of knowledge are still missing in the general picture of interaction
between the strain and different types of corrosion behavior. The ultimate goal of the present study
was to fill in these knowledge gaps, and provide a systemactic and conprehensive understanding

of the strain-influenced corrosion activities in various alloy/environment systems.

First of all, the strain-accelerated general corrosion, which is under activation control needs to be
investigated over a complete deformation spectrum, including both elastic deformation and plastic
deformation. Pertinent prior study was available in different alloy/environemt systems as discussed
in section 2.1.2, but further connections is still waiting to be developed in steel systems over a
broad investigation of different deformation types and mechanism. Thermodynamically, potential
as an indicator of metal-oxidation tendancy has been overlooked in the past. Quantitative
experimental evidences are still missing to confirm strain as an additional driving force for the
accelerated dissolution in the cases where different forms of strain/stresses are either applied or
are present as residual strains in steels. Hence, links can be made between reaction kinetics and

thermodynamics in the setting of industrial applications.

Secondly, when steels are under stable passivity conditions, repassivation kinetics needs to be
explored to investigate the role of strain in such a process. As discussed earlier, the traditional
scratch test to study repassivation behavior of an alloy involves physically rupturing the film which
creates local plasticity. This local plasticity becomes another ambiguity added to the original

strain/deformation in the alloy systems. Therefore, an new method is needed to study the
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repassivation kinetics without physically rupturing the film. An alternative way to study
repassivation is to employ an electrochemical method, which reduces the oxide film and exposes
the bare metal by applying an proper negative potential in an appropriate pH range for sufficient

time.

Lastly, the effect of strain on pitting corosion and pit-repassivation kinetics requires a systematic
investigation over various types/mechanism of deformation/strain. No work has addressed the
influence of elastic stresses on pitting behavior of stainless steels before. Therefore, the associated
effect and mechanism need to be explored. Numerous reserachers have studied the effect of plastic
deformation on pitting corrosion, achieved mainly by using tensile deformation and cold-rolling
[1, 3,23, 100, 102, 104, 106, 139-143] . However, some of these prior results contradicted with
one another, and a generic governing mechanism is lacking. In addition, no study explicitly
discussed the contribution of the elastic portion of stresses when in-situ plastic deformation is
applied. With the results and findings of this thesis, the above-mentioned knowledge gaps will be

bridged and the associated contradictions/ambiguities in prior work will be resolved.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Materials

Two iron-based alloys were selected for different purposes of testing: carbon steel A569 and
austenitic stainless steel (SS) 304. The activation-controlled general corrosion was studied using
CS A5609. Stable repassivation investigation was also performed on CS A569 in alkaline solutions.
SS 304 was selected to study the effect of strain on localized corrosion, pitting corrosion and pit

repassivation. Below are the chemical compositions of the three steels.

Table 3-1. Chemical composition of carbon steels A569 and SS 304.

Element
Fe Mn C P S Si Mo Cr Ni
(Wt%)

A569 Bal. 0.26 0.06 0.014 0.04

SS304 Bal. 1.72 0.056 0.03 0.001 0.21 0.36 18.34 8.1

3.2 Deformation Techniques

The deformation techniques utilized in this study can be categorized as in-situ techniques and ex-
situ techniques. The in-situ loading technique employed a slow strain rate test (SSRT) machine.
To be connected to the SSRT rigs, flat tensile specimens were machined with a narrow gauge,

where the corrosion tests were performed. A schematic of a representative tensile specimen is
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shown in Fig. 3-1. The top and the bottom of the specimen were connected to the SSRT rigs
through non-conducting ceramic pins. Tensile sample was electrically isolated from the test-rig.
To perform electrochemical tests on these tensile specimens, a three-electrode system was
assembled as shown in Fig. 3-2 [73]. As color-coded in Fig. 3-2, the tensile specimen (blue) was
the working electrode; the saturated calomel electrode (green) was the reference electrode; and the
counter electrode (a platinum plate) was color-coded as yellow. Air was bubbled in and out of the

system through the gas inlet and outlet.

f A !
«— 38ym Pt — 50 mm — > 50 mm —»

Figure 3-1. A schematic of the CS A516 tensile specimen.
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Figure 3-2. A schematic for the experiment setup of SSRT.

As an in-situ deformation technique, the SSRT machine was programed to apply a constant strain
level to the specimens and to hold the strain level throughout the tests. To determine the regimes
for elastic deformation and plastic deformation, a tensile test was performed on both CS A569 and
SS304. Fig. 3-3 and Fig. 3-4 shows the stress vs strain curves for CS A569 and SS304 in as-
annealed conditions, respectively. With the help of the mechanical behavior data shown in the two
graphs, stresses/strain in further tests could be precisely controlled in either elastic or plastic range.
More analyses on the mechanical behavior of CS A569 and SS304 would be presented in the

upcoming chapters when their associated corrosion performance is discussed.
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Figure 3-3. Stress vs. Strain curve for CS A569.
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Figure 3-4. Stress vs. Strain curve for CS A569.
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As for ex-situ deformation techniques, both SSRT setup and cold-rolling were used. With SSRT
method, specimens were deformed to selected strain levels in the plastic range as indicated in Fig.
3-3 and Fig. 3-4. The strain was held at the specific strain level for 10 minutes and then the sample
was unloaded. The resultant surfaces were carefully preserved for further electrochemical testing.
Cold-rolling was the other ex-situ deformation technique utilized in this thesis. During a cold-
rolling process, samples were rolled through two cylindrical wheels to obtain a reduced thickness.
The final thickness of the samples can be accurately controlled by controlling the gap distance

between the two wheels as depicted in Fig. 3-5.

Figure 3-5. A schematic of a cold-rolling process.

All the cold-rolled specimens were mounted in an epoxy mold and polished to 2000 grit prior to

any electrochemical test. Precautions were taken to minimize surface cold-work introduced during
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the preparation and polishing of specimens for corrosion tests. A punched electroplating tape was
applied to the sample surfaces, leaving a hole of 5 mm diameter as the testing surface. For all the
tensile specimens, the gage was polished to 2000 grit finish. All the specimens were carefully
insulated from rest of the test rig and cell by using a polyurethane spray, purposely leaving a hole

of 5 mm diameter as the testing surface.

3.3 Activation-Controlled General Corrosion Tests

Carbon steel A569 were selected for general corrosion tests. As-received CS A569 samples were
annealed at 850 °C for 1 hour to remove residual stresses and then water-quenched. Both SSRT
and cold-rolling were used to apply different levels of stresses/strain to the carbon steel specimens

prior to the general corrosion test.

Based on the different deformation techniques used, sample preparation was also adjusted to better
preserve the surface conditions after deformation. The sample preparation for cold-rolling
followed a sequence: cold-rolling, mechanical polishing up to 2000 grit, ultrasonic cleaning in
ethanol and applying insulation on the non-testing area. The sample preparation for tensile samples
followed the following sequence: mechanical polishing up to 2000 grit, ultrasonic cleaning in
ethanol, applying insulation on the non-testing area and applying tensile stresses/strain using
SSRT. The reason that cold-rolled samples needed to be polished after deformation was because
the impurities and debris were imbedded onto the sample surfaces after cold-rolling. These surface

imperfections could interfere with the corrosion tests, therefore had to be removed using polishing.
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Two methods were selected to assess the rate of general corrosion for CS A569: immersion test
and linear polarization resistance (LPR) test. For the immersion test, the specimens were immersed
in a 2 M sulfuric acid for 24 hours. The sulfuric acid solution selected for these tests allowed the
materials to completely break down the native oxide film on the surface, because the oxide layer
was unstable in low pH conditions. Once the bare metal was exposed to the acid solution, the metal

oxidation reaction took place,
Fe—ne 2 Fe,

where n is the number of electrons transferred in this reaction. The weight of each specimen was

measured before and after the test, and the weight loss was calculated after the test.

For the linear polarization resistance (LPR) test, the three-electrode system was used. The potential
was scanned 10 mV below and above the open circuit potential (OCP) with a scan rate of 0.125

mV/s. A typical linear LPR curve is demonstrated in Fig. 3-6. The slope of the curve can be

. . dE . . . .
calculated using software like Excel. The slope, d—’f is a function of corrosion current icor [15]:

dE _ Ba*Bc 37

di  23*icorr *(BatBc)’ '
where E is the potential applied to the metal, i is the current density resulted from the applied
potential, ic is the corrosion current density, and 3,, B, are the anodic Tafel slope and the
cathodic Tafel slope, assumed to be 100 mV/decade. In doing so, the corrosion current density,
icorr can be calculated. This calculated corrosion current density can further be converted to

corrosion rate, R in the unit of mil per year (mpy) using the equation below [15]:

R:o.129*%“;”, 3.2
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where M is the molar mass of the metal, n is the charge of the metal cation, and p is the density of

the material.

Since LPR is not a destructive method and does not require long testing time, it becomes a feasible

in-situ technique to evaluate the rate of general corrosion compared to the immersion test.
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Figure 3-6. A typical current response as a function of potential in a LPR test.

3.4 Stable Repassivation Tests

As discussed earlier, an electrochemical method was used to reduce surface oxide layer so that
repassivation behavior could be investigated on bare metal. In this method, the specimen was
reduced at -1V (scg) for three hours, and immediately anodically polarized at a well-passivated
potential. A chronoamperametry tests were used to monitor the repassivation current since this
technique is more sensitive to short-time data acquisition. To better analyze the repassivation
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currents, Lillard’s model was utilized to simulate the repassivation kinetics. Lillard’s model [144]
was developed by R.S. Lillard, and it breaks down repassivation current I, into dissolution

current lgiss and film passive current Iim, as is given by the following equation.
]total = Idiss + Iﬁlm = (] - 6) *Ibare +O*4* t_b 3.3

where Ipare 1S the very initial dissolution current of bare metal roughly taken as the first current
recorded, O is fraction of surface covered by a passive film, © = 1 —exp (-k* t™), and A, b and n
are constants which need to be computed by a computer program accordingly. A matlab code was
written to fit the repassivation currents, and hence fraction of completion © vs time plot could be

further derived.

3.5 Cyclic Potentiodynamic Polarization Tests

One of the most common electrochemical techniques to assess the pitting resistance of alloys is
the cyclic potentiodynamic polarization test. Stainless steel 304 was used for all studies of pitting
corrosion in this thesis. In the cyclic polarization tests, a three-electrode system was used to control
the potential and to monitor the current response. The potential of the alloy was scanned over a
range given by the user in a specific environment and temperature. The applied potential is
essentially the thermodynamic driving force for an electrochemical reaction, while the resultant
current reflects the kinetics of the electrochemical reaction at a given potential. Fig. 3-7

demonstrates a typical cyclic potentiodynamic polarization curve [145].
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Figure 3-7. A typical cyclic potentiodynamic polarization curve for a metal exhibiting
passivity [90].

As the potential is scanned in forward direction (+ve direction), the corresponding current enters
a cathodic regime first and then a short range of activation-controlled anodic regime, separated by
the corrosion potential, Ecor as indicated in Fig. 3-7. It is followed by an active-passive transition,
where the passive film forms at the metal surface and the reaction starts to stabilize at a relatively
small current value. Upon further increase in the applied potential, the passivity eventually breaks

down indicated by a sudden increase of current at the pitting potential, E;. A pitting event takes
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place at this potential because of the localized breakdown of passivity. Once the current reaches a
set limit, the potentiostat is programmed to scan the potential backwards (-ve direction) until it
intercepts with the forward scan curve or the passive current value at the repassivation potential,

Erepassivation-

3.6 Potentiostatic Polarization Tests

Different from the potentiodynamic test, the potentiostatic test applies a constant potential to the
materials to stimulate any electrochemical reaction at that potential value. Therefore, the
potentiaostatic test can determine the stability of the materials at a given potential over a long
period of time. A carefully designed series of potentiostatic tests at different potentials were

utilized to satisfy unique testing purposes.

3.6.1 Stability of Metastable Pitting to Stable Pitting Transition

In this set of tests, a potential was carefully selected to evaluate the stability of metastable pitting
to stable pitting transition. Therefore, this selected potential was in the passivation range, slight
closer to the pitting potential. By applying this constant potential to SS304 strained to different
levels, characteristics and details on the transition from metastable pitting to stable pitting were
revealed by using strain as a variable. Multiple tests were done under the same test conditions, and

further statistical analyses was done to check the reproducibility of results from these tests.

3.6.2 Pit-Repassivation Kinetics
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A single pit was induced by applying a (+)300 mV sck) to the SS304 sample. Current was stopped
at +40 uA for the 304 specimens with different applied stresses/strain levels as shown in Fig. 3-8.
The steep anodic current transient represented that a pit had initiated. Two sets of experiments
were proceeded immediately following the pit initiation. The first one was potentiostatic tests at
+250 mV(scg) to determine the stability of pits developed under different stresses/strain as
indicated in Fig. 3-9. This experiment allowed the initiated pit to repassivate or grow when a lower
constant potential was applied to the sample. In the second experiment, following the pit initiation
a reverse polarization test was performed by changing the potential from +300 mVscg) to 0
mVscr) at a scan rate of 5 mV/s as indicated in Fig. 3-10. This allowed the initiated pits to undergo
repassivation over a large potentiodynamic range. By comparing the results from these two
versions of pit-repassivation experiments, important insights could be gained by understanding the
pitting behavior of SS304 in the transition between metastable pitting and stable pitting under the

influence of stresses/strain.
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Figure 3-8. A representative current transient during the pit initiation test in 0.1 M NaCl at
50 °C.
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Figure 3-9. Potentiostatic pit-repasivation.
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Figure 3-10. Potentiodynamic pit-repassivation.
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To confirm the initial formation of the pit at (+)300 mV scg), the pit profile was determined by
using a non-contact laser profilometer. Once the pitted surfaces were obtained through applied
potential, surfaces were ultrasonically cleaned with acetone, and then profilometry measurements
were performed. All profilometry scans utilized a dual-frequency optical measurement (200Hz and
1000HZ) to obtain 3-D pit geometries with a resolution of 0.3 um. To avoid interference between
multiple pits during the pit growth stage, only the data generated from the surfaces with a single-
pit in the exposed surfaces were selected. The resultant 3-D pit geometries were shown in Figure

3-11.

Figure 3-11. 3-D 40uA-pit geometries developed at +300 mV scg) over different stress/strain
levels.
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Cylindrical pits were developed and the diameter to depth ratio for cylindrical pits was around 1.5.
The volume of the pit was also calculated to be roughly 1,110 um’. This 3-D geometry was very
reproducible over different applied stress/strain levels. This suggested that the amount of metal
corroded inside the pits on two different samples was relatively close. Therefore, the low pH inside
the pits caused by metal cation hydrolysis should also be similar in these two cases. It ensured that

the further pit growth step was proceeded in similar 3-D geometries and chemical environments.
3.7 Surface/Materials Characterization

Etching was used to reveal the microstructure of alloys. Depending on the alloy and need to reveal
different microstructures, various etching methods were used to identify the associated
microstructural features. In this thesis, three etching techniques were used: Nital etching, color
etching, and electrochemical etching. A Nital etching solution dissolving 10 wt% nitric acid in
ethonal was used to etch CS A569. A 10 wt% oxalic acid dissolved in water was used to perform
electrochemical etching on SS304. The SS304 specimens were polarized at a constant potential of
+20 Volts in the 10 wt% oxalic acid for ~60 seconds. It helped in revealing the grain boundaries,
twins and potential martensite. As discussed in the previous chapter, the MnS inclusion could
impart a detrimental second phase during the pitting process in stainless steels. The SS304 used
was a very clean grade and expected to be free of MnS inclusions. The Berahaa’s CdS tint etchant
[146] described in Table 4-1, was used to confirm the absence of MnS inclusions. The Berahaa’s
CdS tint etchant selected here was an immersion color etchant. It can deposit a colored film on
sulfide compounds through a complex redox reaction and stain the sulfide-film red-brown. It is
recommended to dissolve the chemicals in the order shown in Table 4-1 from left to right, age the
solution for 24 hours, and finally filter 100 mL for the experiment uses. The suggested immersion

time for stainless steels is >90s.
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Table 3-2. Chemical composition of the Berahaa’s CdS tint etchant.

Chemicals Water Na,S,05+ 5H,O Citric acid CdCl,

Weight (g) 1000 240 30 20-25

Characterization of a passive film involves an investigation of chemical composition of passive
films. X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that can be used to measure the chemical composition of materials at or near-surface
level. Depending on the materials and parameters used, XPS provides the average chemical
composition information with depth <5 nm, so it was used to investigate the chemical composition
of the passive film developed on SS304 with different surface treatment. Three spots were
examined on each specimen, so that an average chemical composition can be calculated. A spot
size of 300 um was selected to obtain information over a relatively large area on each spot. The
information pertaining to the surface chemical composition can be further linked to the associated

corrosion behavior.

Optical microscopes, scanning electron microscope (SEM) and the non-contact profilometer
introduced in Section. 3.6.2 were used to characterize the pit morphology and the microstructures
with/without etching. X-ray diffraction (XRD) was also employed to evaluate phase compositions
of different alloy systems and residual stress levels. The equation below is used to calculate the

residual stress, 6, of a strained surface using XRD [147]:
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_ B 1 dey
Op — (1+1)(th) dy (sinzllz) 35

where ¢ and y define the angle of residual strain, ¢ is parallel to the surface, y is perpendicular
to the surface, d, is the interplanar spacing in the ¢ direction, E is the elastic modulus, v is the

Poisson's ratio and dy, is the interplanar spacing under strain measured by XRD.
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CHAPTER 4. EFFECT OF DEFORMATION ON GENERAL

CORROSION

General corrosion is typically an activation-controlled chemical reaction. Under the scope of
thermodynamics, strain energy can provide an additional driving force for the reaction. Such
strain-accelerated general corrosion was commonly observed in many engineering applications.
Fig. 4-1 depicts a pile of carbon steel bars which underwent an accelerated general corrosion in
the bent area where the strain is concentrated. For metals to undergo general corrosion, Pourbaix
diagrams can give a good indication on the necessary conditions, such as potential and pH for

general corrosion to occur.

Figure 4-1. Accelerated general corrosion in the area of bending.
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In this chapter, we utilize different deformation techniques namely tensile deformation and cold-
rolling over both the elastic and the plastic deformation range. The interaction between different
forms of deformation and general corrosion is examined. The corrosion rate and the corrosion

tendency is evaluated and estimated by using different electrochemical techniques.

4.1 Effect of Elastic Stresses on General Corrosion

4.1.1 Active Dissolution in Immersion Tests

The stress vs. strain curve for the annealed carbon steel A569 was shown in Fig. 3-3. The yield
stress of annealed A569 is roughly 262 MPa. A set of 24-hour immersion tests in a 2 M H,SO4
solution at 50 °C was performed at different levels of elastic stresses. Four applied stress levels
were selected to be 0 MPa (no stress), +55 MPa (tension), +110 MPa (tension) and +220 MPa
(tension). The spectrum of this selected stress range fell into the elastic regime and did not induce
any plastic deformation. The weight before and after the immersion test was measured for
specimens loaded at each stress level, and the corresponding weight change was used to determine
the corrosion rate (CR), reported here in mils per year (mpy) by accounting for the density and
exposed area for each sample. Each test was repeated twice and the average corrosion rates (CRs)
of CS A569 were plotted as a function of applied elastic stresses along with the standard deviations
as shown in Fig. 4-2. It is observed that the corrosion rate is directly proportional to the applied
elastic stresses, ranging from 5123.7 mpy to 5861.2 mpy. The maximum corrosion rate occurred
at the maximum stress level, +220 MPa, which was about 12% above the baseline corrosion rate

when no stress (0 MPa) applied.
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Figure 4-2. Average corrosion rates (CRs) calculated from the immersion tests as a
function of the applied elastic stresses in a 2 M H,SOy solution at 50 °C.

The relative corrosion rate was calculated as

CR @ a specific stress/strain level 41
CR @ baseline ’ )

Relative CR =

where CR at baseline was the corrosion rate when no stress/strain applied. Fig. 4-2 was then re-
plotted using the relative corrosion rates as shown in Fig. 4-3. A linear trend line was added based

on the data. Experimental data shows a linear correlation between the corrosion rate and the elastic

stress.
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Figure 4-3. Average relative corrosion rates (CRs) calculated from the immersion tests (two
repetitions for each stress level) as a function of the applied elastic stresses in a 2 M H,SOy4
solution at 50 °C.

4.1.2 OCP Evolution and Derived Relative Corrosion Rates from OCP Changes

The open circuit potential (OCP) was also monitored throughout the immersion test for each
applied stress level as shown in Fig. 4-4. The OCP underwent an anodic shift in the early stage
and gradually stabilized after 5 hours. This reflected that the initial active dissolution on the metal
surfaces did not reach a steady state immediately. This is probably because the native film was

being dissolved and the corrosion products were slowly built up in the early stage.
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Figure 4-4. OCP evolution of CS A569 at 4 different stress levels (no stress, 55 MPa, 110
MPa and 220 MPa) during 24-hour immersion in a 2 M H,SOj solution at 50 °C.

A zoom-in view of the OCP evolution in the last hour of the test was embedded in the right bottom
of Fig. 4-4. The exact OCP values ranging from -382.5 mV scE) to -389.1 mV scg) were marked
near the corresponding OCP curve in the Figure. It was clear that the OCP in the end of the test
was stabilized at a lower value as the applied stress increased. A more negative OCP indicates a
stronger oxidation tendency and a faster dissolution rate for the same material. Therefore, OCP
can be a thermodynamic indicator for a relative driving force for the reaction and be a kinetics
indicator for a relative corrosion rate. The OCP changes were relatively smaller, though the trends
were very clear. To further analyze the correlation between the strain-induced corrosion rate and
the resulting OCP, theoretical calculations were done. According to the Nernst equation, the

relative corrosion rate (CR) can be calculated from the OCP differences by assuming that the effect
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of strain is only on the anodic reaction, therefore the cathodic Tafel slope, 3. is fixed to be 67

mV/decade. Therefore, the relative CR can be derived using to following equation

'—E
Relative CR = exp /E Z O), 4.2
Cc

Where E’ is the stabilized potential at the end of the immersion test, and E, is the stabilized
potential for the no-stress CS A569 sample. The relative CR was plotted as a function of the applied
stress in Fig. 4-5. The relative CR curve obtained from the weight loss measurements was added
for comparison. Similar to the trend observed in Fig. 4-3, another positive correlation between
relative corrosion rates and stresses was seen, indicating that this CR derived from the OCP

changes agreed well with the CR data obtained from the immersion tests.

Despite the similarities in the rising trend and the turns at 55 MPa and 110 MPa between the two
curves, it is obvious that the relative CRs obtained from the weight loss measurements was slightly
higher than the ones derived using the OCP data. This difference could rise for a couple of reasons.
First, the OCP changes were calculated in the end of the immersion tests, so this estimation
reflected the relative CR more towards the end of the test. However, the results calculated directly
from the weight loss measurements were responsible for the average CR throughout the entire test.
In addition, the anodic OCP shift in the early stage of the immersion tests hinted a strong active
dissolution in the beginning. This may be the reason that causes a slightly higher CRs obtained in
the weight loss case compared to the ones derived from OCP data. Second, OCP is the interception
of the metal anodic reaction and the hydrogen cathodic reaction as explained in Section 2.1.2. The
derivation of the relative CR was performed under the premise that the hydrogen cathodic stayed
unchanged for the same material regardless of the stress levels. However, it may not hold true,

since the catalytic activities of metals be altered by strained [30, 32]. This may result in a change
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of the cathodic Tafel slope or a shift of the cathodic reaction potential. Such ambiguities and

uncertainties can cause the inaccuracy when attempting to estimate the relative CR based on the

OCP differences.

Even though these two relative CR curves obtained using different methods do not match exactly,
but it clearly shows that the CR trends measured from the weight loss are accurate. Based on the
above discussion, the other OCP method did generate comparable results, yet it corresponded to a

more in-situ assessment despite a minor degree of uncertainties.
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Figure 4-5. Comparison of the average relative CRs derived from the corresponding OCP
differences and obtained from the immersion tests.

4.2 Effect of Residual Plastic Stresses on General Corrosion
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4.2.1 Effect of Cold-rolling on General Corrosion

One shortcoming of using tensile deformation as the source of strain was that the degree of plastic
deformation needed to be limited so that it did not induce potential premature failures, like
cracking. To extend the degree of plasticity, carbon steel A569 samples cold-rolled (CR), up to
50% reduction in thickness in this study. Plastically deformed metals store strain energy mainly in
the dislocations and other defects, as well as the elastic compressive stresses. Even though the
residual stress measured at the surface does not directly measure the total strain energy stored in
the carbon steel A569 specimens, it indicates the strain energy levels due to the presence of
dislocations and elastic deformation. The immersion tests were used to quantitatively evaluate the
effect of cold-rolling as another form of plastic deformation on general corrosion in 2 M H,SO, at

50 °C 24 hours.

4.2.1.1 Microstructural Evolution upon Cold-rolling

Carbon steel A569 samples were annealed at 850 °C to remove residual stresses, and then cold-
rolled to different levels of thickness reduction, namely 0%, 5%, 10%, 25% and 50%. 0% was
referred as the annealed condition. The stored strain energy due to cold-rolling was mainly
comprised of the compressive stress and the structural defects like dislocations. The resultant
microstructural evolution was revealed in Fig. 4-6 using the Nital etching. Across this range of
applied cold-rolling levels, it was observed that grains started to elongate and orient along the
rolling direction as the red arrow pointed. Twinning was barely seen in all tested microstructures,
probably because that A569 is a body-center-cubic (BCC) crystal structure, which made slips not

as easy as in face-center-cubic (FCC) systems.
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Rolling Direction

Figure 4-6. Microstructural evolution of CS A569 cold-rolled to 0% (annealed), 5%, 10%,
25% and 50%.

4.2.1.2 Residual Stress Measurements
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The residual stresses on cold-rolled samples were measure using X-ray Diffraction (XRD). Even
though residual stress measured at the surface does not directly measure the total strain energy
stored in the carbon steel A569 samples, it can still give useful clues on the strain energy levels
due to the cold-rolling. A569 samples were cold-rolled (CR) to thickness reduction of 0%, 5%,
10%, 25%, and 50%.

All samples were mechanically polished to 2000 grit finish. Residual stress measurements at the
specimen surface were made by using the Panalytical Empyrean X-ray Diffraction. Each
measurement scanned sixteen different spots on a lcm x 1cm specimen surface. A monotonic trend
was exhibited, as the compressive residual stress increased with an increase in percentage cold-
rolling (CR), as shown in Figure 4-7. Another measurement was done on a mill-finished sample,
meaning the sample was simply annealed, surface-cleaned using the Clark’s solution, without
mechanically polishing. The change in the stress from the mill-finished (as-annealed and surface-
cleaned) specimen to 0% CR (specimen annealed and mechanically polished) indicated that the
mechanical polishing inevitably introduced a significant amount of residual plastic strain into the
materials even with a great care used in polishing. A distinct large increase was found from 0%
CR to 5%, and the residual stress seemed to level up at a much slower pace from 5% CR to 50%
CR. This meant that more strain energy could be stored in structural defects, such as dislocations

and sub-grain boundaries upon the higher degrees of cold-rolling taking place.
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Figure 4-7. Residual stress as a function of percentage cold-rolling.

4.2.1.3 The Effect of Cold-rolling on General Corrosion

The immersion tests were performed at room temperature on Carbon Steel A569 samples with
different % CR. The polished carbon steel samples were placed in a 2 M sulfuric acid solution at
50 °C for 24 hours. The weight loss was calculated at the end of the 24 hours with respect to the
measured residual stresses as shown in Fig. 4-8. Each test was repeated twice, and the
reproducibility was reasonable as the error bars indicated in Fig. 4-8. The average corrosion rate
increased from 4955.3 mpy to 6435.2 mpy with the increasing percentage cold-rolling level.

Higher corrosion rates of deformed specimens are indicative of higher active dissolution rates,
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which means that the presence of strain energy enhanced the active dissolution rate. Therefore, the
generic governing mechanism still held true that strain energy provides additional driving force
for general corrosion. It was also noticed that the slope connecting 0%CR to 10%CR was steeper
than the slope connecting 10%CR to 50%CR data. This change of linearity meant that the dominant
deformation mechanism beyond 10%CR could be different from the deformation mechanism in
the early stage. It is well known that beyond a certain level of deformation, dislocations start to
pile up and low-angle grain boundaries start to form to accommodate the increased lattice
distortion. This may explain why we observed that the increasing trend of the measured residual
stress slowed down beyond 5%-10% CR. Therefore, it was plausible to believe that the strain
energy was stored in these new forms of structural defects, like dislocation pile-ups and low-angle
grain boundaries. This additionally stored internal strain energy continued to enhance the tendency

of general corrosion of A569.
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Figure 4-8. Average corrosion rates of CS A569 after the 24-hour immersion tests in a 2 M
H,SO; solution at 50 °C with respect to percentage cold-rolling.

Fig. 4-9 demonstrates the corrosion surfaces of A569 at the as-annealed condition and at the 50%
cold-rolled condition right before being taken out of immersion. Upon visual inspection, it was

clear that much more corrosion products were built up on the heavily deformed specimen.

g

Figure 4-9. Corrosion surfaces of A569 at the as-annealed condition and at the 50% cold-
rolled condition in the end of 24-hour immersion in a 2 M H,SOj,.

It is also worth noticing that the corrosion rates for the 10%CR, 25%CR and 50%CR specimen

were respectively 15.6%, 23.8%, and 29.9% higher than the corrosion rate of the annealed

82



specimen. The corrosion rate for the specimen with 9% residual plastic strain was roughly 14.4%
above the corrosion rate of the annealed specimen. This set of comparison indicated that cold-
rolling and plastic tensile deformation tended to accelerate general corrosion to relatively
comparable degrees for the same degree of dimension change. This may further elucidate that cold-

rolling imparted more strain than plastic tensile deformation.

4.2.2  Confirmation of Strain-Accelerated General Corrosion Using Residual Plastic Strain

To confirm the strain-accelerated general corrosion, A569 specimens were subjected to different
levels of tensile strain, namely 2%, 5%, and 9% and the applied strain levels were held for ten
minutes before unloading. A set of 24-hour immersion tests in a 2 M H,SOy solution at 50 °C was
performed at different levels of the resultant residual plastic strain. The weight before and after the
immersion test was measured for specimens loaded at each stress level, and the corresponding
weight change was used to determine the corrosion rate (CR), reported here in mils per year (mpy)
by accounting for the density and exposed area for each sample. The corrosion rates (CRs) of CS
AS569 was plotted as a function of plastic residual strain as shown in Fig. 4-10. This plastic strain

effect data was compared with the corrosion rate data from a sample with 0% (no strain).

It was observed that the corrosion rate was directly proportional to the residual plastic strain,
ranging from 5164 mpy to 5664 mpy. The proportionality was almost linear, which was similar to
what we observed in the correlation between CRs and applied elastic stresses. The maximum
corrosion rate occurred at the maximum plastic residual strain, 9%, and the lowest corrosion rate

was for the baseline sample with no strain applied.
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Figure 4-10. Corrosion rates (CRs) calculated from the immersion tests as a function of the
plastic residual strain in a 2 M H,SOy solution at 50 °C.

The corresponding OCP evolution was also monitored for each sample as illustrated in Fig. 4-11.
A zoom-in view of the OCP evolution in the last hour of the test was embedded in the right bottom
of Fig. 4-11. The exact OCP values ranging from -382.5 mV scE) to -387.9 mV scg) were marked
next to the corresponding OCP curve in the Figure. It was clear that the OCP in the end of the test
was stabilized at a lower value as the applied stress increased, confirming higher residual plastic

strain drove stronger corrosion reactions.
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Figure 4-11. OCP evolution of CS A569 at 4 plastic residual strain levels (no strain, 2%,
5% and 9%) during 24-hour immersion in a 2 M H,SOy solution at 50 °C.

The linear polarization resistance (LPR) tests were used to assess the CR of CS A569 at the end
of the immersion tests. The LPR curves for the four strain levels were represented in Fig. 4-8. The
relative polarization ranges of these LPR curves also reflected the decreasing OCP trend as the
residual strain increased. The flatter the slopes exhibit, the higher the CRs are. The samples
possessing higher degrees of residual strain general exhibited flatter slopes, hence indicating

stronger corrosion activities.
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Figure 4-12. Current responses to the anodic polarization during the LPR tests at 4
residual strain levels (0%, 2%, 5% and 9%).

The CRs were then calculated based on Eq. 3.1 and Eq. 3.2, and the results were plotted in Fig. 4-
9. It was demonstrated that the CR assessed by LPR followed a positive correlation with the
residual strain. So far, the CRs were assessed using three different methods for plastically
deformed tensile samples: the immersion test (weight loss method), the OCP indication and the
LPR test. All three techniques confirmed that strain energy acting as an additional driving force

accelerated general corrosion.
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Figure 4-13. Corrosion rates (CRs) calculated from the LPR tests as a function of the
plastic residual strain in a 2 M H,SOy solution at 50 °C.

4.3 Conclusions

In this chapter, we discussed the effect of stresses/strain on general corrosion of CS A569. For
tensile samples, the weight change measurements from corrosion tests, the corrosion rate
estimation from OCP, and the corrosion rate calculated from LPR test were used to quantitatively
assess the absolute or relative corrosion rates of CS A569 specimens in a strong sulfuric acid. For
cold-rolled samples, the immersion test was employed to quantify the influence of plastic
deformation by cold-rolling on general corrosion. The governing thermodynamic principle that
strain energy can accelerate general corrosion held true from all the results obtained in this study.

The following conclusions can be drawn from the results in this chapter:
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1.

An additional strain energy in the carbon steel sample accelerated the general corrosion by
providing an increased driving force, regardless of deformation modes (either elastic or
plastic) and deformation techniques (either tensile deformation or cold-rolling).
Conclusion 1 was verified using different general corrosion measurement methods,
including immersion tests, estimation based on OCP and LPR tests. The immersion test
reflected an average corrosion rate, while assessing the corrosion rate by the OCP
estimation or the LPR tests at the end of the immersion tests may only convey information
at the stabilized state. This can create discrepancies in the final value of corrosion rates
measured. One can obtain a set of very comprehensive information by incorporating and
setting up all three tests in one experiment properly.

The corrosion rate increased more rapidly in the range from 0%CR to 10% than it did in
the range from 10%CR to 50%. This was likely because that the deformation mechanism
changed to store more strain as dislocation pile-ups and new-formed low-angle grain

boundaries.
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CHAPTERS. EFFECT OF ELASTIC STRESSES ON PITTING

CORROSION

The effect of different forms of strain on the general corrosion behavior of an alloy was
quantitatively and qualitatively presented in the previous chapter. However, general corrosion is
greatly suppressed in many material/environment systems under passivation control. Stainless
steel 304 was used in this study to investigate the influence of strain on pitting corrosion in an

active-passive alloy system.

It is very important to keep in mind that corrosion is a surface phenomenon. Stainless steels alloyed
with at least 12% Cr form a Cr,Os-rich oxide film on the surfaces, and this oxide film acts as a
barrier film and helps to passivate the alloy surfaces. Hence, stainless steels are protected from
general corrosion in most environments. However, localized corrosion, such as pitting corrosion
often cause catastrophic failures in stainless steels. It was also widely reported that many failures
of pitting corrosion were suspiciously correlated to either internal/residual strain or
external/applied strain [140, 143, 148]. Yet, correlation does not necessarily equal causation. Most
prior studies have confirmed the negative effect of strain on pitting corrosion of stainless steels,
and pertinent evidence was also demonstrated [1, 100, 104, 139, 141, 142]. However, the exact
mechanism still remained elusive, and a unified understanding through a systematic investigation

under different forms of stresses/strain is lacking.

In this study, we started the investigation using elastic stresses as the variable and aimed to explain

the mechanism of the stress-assisted pitting behavior. Many concepts in pitting corrosion, such as
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pit growth and salt film were used to elucidate the interaction between elastic stresses and pitting

corrosion of stainless steel 304.

5.1 Effect of Environments on Mechanical Behavior of SS 304

Tensile tests were performed on SS 304, both in air and in 0.1 M NaCl at 50 °C. The corresponding
stress vs. strain curves are shown in Fig. 5-1. It is clear from the results in Fig. 5-1 that there was
a significant loss in ductility due to the presence of CI". The open circuit potential (OCP) response
was also recorded throughout the tensile test in 0.1 M NaCl at 50 °C as shown in Fig. 5-2. It was
observed that the OCP curve experienced many current transients upon the yield point which took
place around 200 MPa. This indicated that passive film was ruptured as deformation exceeded
yielding, and this phenomenon occurred throughout the plastic regime of tensile test. From the
perspective of film rupture, the in-situ plastic deformation ruptures the intact passive film, and
therefore the material enters a state of unstable passivity. Even though a rapid repassivation can
be expected on stainless steel systems, the constant breakdown of passive film beyond yielding
may promote pitting corrosion at the stressed surface. Since yield stress was around 200 MPa for
both tests, any stress below 200 MPa is in the elastic regime. Four elastics stress levels, namely 0
MPa, 52 MPa, 103 MPa and 155 MPa were applied to each fresh tensile sample to assess the

pitting behavior of elastically deformed SS 304.
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Figure 5-1. Stress vs. strain curves of SS 304 both in dry air and in 0.1 M NaCl at 50 °C.
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Figure 5-2. OCP response during the tensile test of SS 304 in 0.1 M NaCl at 50 °C.

5.2 Effect of Elastic Stresses on Pitting Potential
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A set of cyclic polarization tests was performed on SS 304 specimens at various stress levels in
0.1 M NaCl solution at 50 °C and each test was repeated at least five times. Four elastic tensile
stresses, namely 0 MPa, 52 MPa, 103 MPa, and 155 MPa were applied to SS 304. A monotonically
decreasing trend of pitting potential is shown in Fig. 5-3 as the applied tensile stress increases. The
average pitting potential at each applied stress level was calculated based on five repetitions of
tests in Fig. 5-4. This consistent decreasing trend of the pitting potential suggested that elastic

tensile stresses make of SS 304 more susceptible to pitting corrosion in 0.1M NaCl at 50 °C.

To study the effect of stable passive film, a set of SS 304 specimens were prepared by pre-oxidizing
them in a 2 M HNOs solution for 1 hour to develop a more protective passive film on the surface.
Chemical composition of the resultant surface passive film was characterized using XPS. XPS
results are summarized in Table 5-1. From Table 5-1, it was clear that more Cr was present on the
pre-oxidized SS 304 surface. It was noticed that there was a significant increase in the Cr/O ratio
after the peroxidation, while the Fe/O ratio remained nearly unchanged. This was an indication
that a more Cr-oxide rich passive film was formed after the pre-oxidation treatment. A new set of
cyclic polarization tests were performed on the pre-oxidized SS 304 tensile samples by applying
the same four levels of elastic tensile stresses. The resultant average pitting potentials were
calculated in Fig. 5-5 over 3 repetitions of tests at each stress level. The pre-oxidized specimens
had a general increase in the pitting potential as compared to an equivalent test with non-treated
samples, probably due to the Cr-oxide rich film formed at the surface due to pre-oxidation as
illustrated in Table 5-1. However, the negative effect of applied elastic tensile stresses on pitting
behavior of SS 304 was again observed for the pre-oxidized tensile samples. Based on these results,
it can be argued that the negative effect of elastic deformation on localized pitting corrosion was

independent of the composition of the passive film on SS 304. This may further indicate that the
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change in surface film inhomogeneities (if there are any) due to elastic deformation is not a key

factor in making a significant impact on the increased pitting corrosion susceptibility of SS 304

samples tested under applied elastic stresses.
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Figure 5-3. Cyclic polarization behavior of SS 304 at no stress (0 MPa), 52 MPa, 103 MPa,
and 155 MPa in 0.1 M NaCl solution at 50 °C.
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Figure 5-4. Average pitting potentials of SS 304 at no stress (0 MPa), 52 MPa, 103 MPa,
and 155 MPa in 0.1 M NaCl solution at 50 °C.

Table 5-1. Surface Chemical Composition (wt%) of SS 304 and Pre-oxidized SS 304.

O Cr Fe Ni Mn Zn Ca Cr/O Fe/O

304 7333 | 1046 | 11.62 0.83 2 176 | 0.14 0.16

304_Pre- | oo 17 | 1628 | 1067 | 2.00 | 12 0.24 0.15
oxidized
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Figure 5-5. Average pitting potentials of pre-oxidized SS 304 at no stress (0 MPa), 52 MPa,
103 MPa, and 155 MPa in 0.1 M NaCl solution at 50 °C.

5.3 Effect of Elastic Stresses on Metastable to Stable Pit-Growth Transition

To further investigate the stress-assisted pitting corrosion behavior, chronoamperometry tests were
performed on SS 304 specimens at +250 mV(scg) in 0.1M NaCl at 50 °C. Tensile samples were
loaded at 0 MPa (no stress), 52 MPa, 103 MPa and 155 MPa, and all metastable pit and stable pit
activities were detected and recorded, as shown by the results in Fig. 5-6 a-d. In Fig. 5-6 a-d, each
graph contains five runs of chronoamperometry tests at a given elastic stress level. Results in Fig.

7a show that mostly metastable pits were developed when no elastic stress (0 MPa) was applied
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under these test conditions. In this set of tests, a stable pit was defined as a single event with a

current transient greater than 100 pA.

As the applied stress increases, the frequency of stable pitting increased from 1 in 5 at 53 MPa to
4 in 5 at 155 MPa. By directly comparing the metastable pitting currents between no applied stress
and 155 MPa, it was noticed that the metastable pits in the no stress case grew larger than the ones
at 155 MPa as indicated by the magnitude of the current transients, as shown by the inlay zoomed-
in views. It was likely that the large metastable pits were not stable at higher stresses, e.g. at 155
MPa, as they rather became stable pits. It was found that the applied stress could potentially hinder
the repassivation process so that large metastable pits could eventually transit to stable pits,
depending of the applied elastic stress values. As demonstrated in Fig. 5-2, tensile stresses beyond
yielding can easily rupture the passive film formed on the surfaces. Pit initiation creates a 3-D pit-
geometry on the surface, and this geometry can lead to stress concentration around the pit wall,
therefore concentrating the stress field around the pit that is comprised of tensile, compressive and
shear stresses in the pit vicinity. Depending on the applied stresses and pit geometry, localized
stress state at the pit surface can potentially disrupt or destabilize the passive film and to stabilize
the pit growth. To put it simple: data indicates that the applied elastic stresses hinder the pit-

repassivation by assisting the pit growth.
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Figure 5-6. Current responses of SS 304 at +250 mV scg) and 50 °C in 0.1M NaCl with
applied stress of (a) no stress (0 MPa), (b) 52 MPa, (c) 103 MPa and (d) 155 MPa
respectively.

98



5.4 Effect of Elastic Stresses on Pit Growth

To verify if the elastic stresses may facilitate pit growth, controlled tests were done where a single-
pit was intentionally initiated on the exposed surface of a SS 304 tensile sample by applying a
potential of +300 mVsc, till the transient current reached +40 pA. After the initiation of pits,
samples were examined under optical microscope to confirm that only single pit had initiated in
the test area. Samples with initiated pit were further tested under applied elastic stresses, where
the tests were done at four applied stress levels, i.e. 0 MPa (no stress), 52 MPa, 103 MPa and 155
MPa, and the samples with an initiated single pit were used in the following investigation. It was
noticed that the incubation time to initiate such a pit varied from one test run to another regardless
of the stress levels applied. This was because the passive film of SS 304 formed at +300 mV scg)
in 0.1M NaCl at 50 °C is unstable, and it led to the highly stochastic pit-initiation events. To avoid
interference between multiple pits during the pit growth stage, only the data generated from the
surfaces with a single-pit in the exposed surfaces were selected. The resultant 3-D pit geometry
developed was examined using a laser profilometer as shown in Fig. 5-7. Cylindrical pits were
observed across all tested samples, and the diameter to depth ratio for cylindrical pits was around
1.5 across for all applied stress levels tested. This observation agrees with some previous
observations, suggesting that the stable pits with flat walls were typically developed at low
potentials, whereas higher applied potentials (significantly higher than the pitting potential)
resulted into hemispherical pits [116, 117, 127]. The volume of most examined pits was also
calculated from the current transient data and were found to be close to 1,000 urn3, which indicated
that the amounts of metal corroded inside the pits at different stress levels were relatively similar.
Therefore, the low pH inside the pits caused by metal cation hydrolysis should also be similar with

such a pit-initiation method. It ensured that the further pit growth step was proceeded in similar 3-
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D geometries and chemical environments. It was also noticed that pit covers were barely seen on

these initiated pits, probably because the pit covers had ruptured if there had existed any.

Figure 5-7. A representative 3-D 40uA-pit geometry developed at +300 mV sck).

As the pit-initiation current reached +40 pA, the 3-D pit geometry inside the pits developed at the
four applied elastic stress levels were similar. Once the pit had initiated, the applied potential was
immediately switched to +250 mV(scg) in order to repassivate the pit, and current responses were

monitored and are shown in Fig. 5-8. Triplicate tests were done under each applied stress level. It
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is clearly observed from the results in Fig. 5-8 that the pit repassavated upon changing the applied
potential from +300 mV scg) to +250 mV scg) when no stress was applied, while the repassivation
took longer time to when the applied stress level was increased. The repassivation failed for the
sample with 155 MPa applied stress, indicated by the increasing current terminated at +60 pA. To
demonstrate the reproducibility of this set of tests, as shown by the triplicate set of data in Fig. 5-
9. From Fig. 5-9 a-d, the trend of increasing repassivation loop size was consistent as the applied
stress was increased. One out of three pit-repassivation tests seemed to fail at 52 MPa. However,
the pit repassivated within the first 2 seconds and then started to grow stably. This could be due to
the interference of crevice corrosion at that specific moment or an initiation of a secondary pit.
There was also one repassivation test failed at 103 MPa, with a much more rapid pit-growth
indicated by the fast rate of current increase. This set of comparison tests suggested that a stable
pit growth was favored when a higher level of elastic stress was applied. It was discussed earlier
in the thesis that the applied elastic stresses tended to induce stable pits on SS 304 whereas an un-
stressed SS 304 sample developed large metastable pitting. It was also observed that the negative
effect of elastic stresses is independent of the surface chemistry of the passive film. Since elastic
stresses seem to alter the pit-growth behavior of stainless steel by stabilizing an active dissolution
inside the pits, the previous two observations can now also be rationalized: when the pit growth is
stabilized, repassivation of pits may not be preferred, hence the metastable pits will become stable
pits; regardless of the surface chemistry of the passive film, presence of elastics stresses imparts a
negative effect on pitting corrosion as long as the passive film of the material still breaks down

and undergoes pit initiation.
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Figure 5-9. Three repetitions of pit-repassivation tests of SS 304 at four different stress
levels: (a) no stress, (b) 52 MPa, (¢) 103 MPa and (d) 155 MPa.

5.5 Effect of Elastic Stresses on Salt Film Stability inside Pits

A salt film usually forms to stabilize pit growth during pitting corrosion. Inside a propagating pit,
a low pH is maintained which causes active dissolution of metal into metal cations inside the pit.
To balance the charge neutrality, Cl ions or other anions are drawn into the pit solution. In addition,
the hydrolysis of metal cations can induce a high concentration of metal hydroxide and release
protons that will lower the pH inside the pit. When the concentration of metal salts, either metal
hydroxide or metal chloride exceeds the solute solubility, a layer of salt film can be precipitated
out near the pit opening as indicated in Fig. 5-10. The presence of the salt film governs the diffusion
process across itself. Hence, the diffusion process becomes the driving force for the active

dissolution inside the pit. According to Belk and Alkire, pit solutions can become saturated with a
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salt film within 10™® — 10 seconds of pit initiation [126]. While a salt film is stable and complete,
the chemistry inside the pits should gradually stabilize, thereby pit-growth is stabilized. During
repassivation, the dissolution of metals inside salt film covered pits is either under activation

control or under diffusion control.

—> Salt Film

oM
® Anions: OH or CI

Figure 5-10. A schematic of salt-film formation near a pit opening.

To further investigate the pit growth behavior in the presence of the in-situ elastic stresses, the
salt film stability was assessed during the pit-growth process. An ideal behavior of the salt film
upon a reverse polarization scan was demonstrated in Fig. 5-11, where the potential is scanned
from a high value to a low applied potential value. It is clear from the data in Fig. 5-11 that the salt
film first enters the diffusion-controlled regime. In this regime, the Log current is independent of
the applied potential. This is because the salt film remains in a steady state. In this steady state,

two reactions reach an equilibrium: the salt film dissolving into the exterior environment and the
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new salts precipitating out to repair the salt film. Since the salt film governs the diffusion across
the film, it limits the maximum dissolution current by controlling the diffusion process across the
film. As the potential continues to decrease, the salt film starts to break down at lower potentials
and is not able to recover. At or below that potential, a pit enters the activation-controlled regime,
where Log Current is positively co-related the applied potential. The potential that separates these
two regimes is defined as the transition potential, denoted as Ejansition in Fig. 5-11. In reality, the
stability of the salt film can be disrupted even in the diffusion-controlled regime due to either
electrocehmical or physical disturbances. It is common to see a repair behavior of the salt film as
a slightly deviated version of the ideal behavior. A disturbance was intentionally created, as
described in the next section, to investigate the salt film repair kinetics under the influence of

applied elastic stresses.

Diffusion Control

Activation Control

Log I (A/cm?2)
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Figure 5-11. An ideal behavior of the salt film during a reverse polarization.

To study the pit-repassivation behavior of SS 304 under potentiodynamic control, a set of reverse
polarization tests were performed on SS 304 tensile specimens, stressed separately to 0 MPa or
155 MPa, 3 seconds after a single-pit (initiation stopped at +40 pA) was initiated at +300 mV scg).
The 3 seconds time lag was intentionally imposed as a disruption to the salt film. By doing this,
the electrochemical driving force for pit growth was temporarily removed, allowing some loss of
salt film to the exterior environments. This was evident from the lower current near +300 mV scg),
since the pH of the pit solution was expected to increase when the salt film was not completely
covering the pit surface. The comparison of the polarization curves are shown in Fig. 5-12, where
the potential was scanned from +300 mVscgyto 0 mVscg) at a scan rate of 5 mV/s. This reverse

polarization repassivates the initiated pit and the new OCP is established.

For the un-stressed 304 specimens, two types of polarization behavior were seen after at least 9
repetitions under same test conditions. Type 1 polarization behavior for an unstressed (0 MPa)
sample exhibited a positively linear potential vs. log current correlation. This was indicative of an
activation-controlled active dissolution within the pit. The Type 2 polarization curve of un-stressed
sample was comprised of two types of dissolution behavior: firstly, diffusion control and then
followed by activation control. It is reasonable to assume that the salt film was being repaired
under diffusion control during the first regime of the reverse scan. This explains why the Type 2
curve of un-stressed sample slowly increased and then reached a steady state for a short range of

potential, from +240 mV scg) to +220 mV scE).
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During the salt film repair stage, the faster the active dissolution within a pit, the quicker a salt
film can repair. As the potential kept decreasing, the salt film eventually broke down and the
activation-controlled dissolution took over below the transition potential as marked in Fig. 5-11.
Since the presence of salt film controls the diffusion of ions across the film, any loss of salt film
can cause some degree of pH increase inside the pit. This can lead to higher pH and lower CI-
concentration inside the pit, further causing a decrease in the current value during the reverse
potential scan. The key to stabilize the pit growth is to maintain a salt film inside the pit and
guarantee its stability. The steady state of current density in the first active regime for the 155 MPa
loaded SS 304 steel sample indicates that the active dissolution was governed by the salt film, and
is therefore diffusion-controlled. This is in agreement with most pit-repassivation behavior
reported in the literature [114, 126]. The elastically stressed (with 155 MPa applied stress) 304
specimen reached a steady state of current density in the diffusion-controlled regime almost
immediately, while the active dissolution of unloaded specimen either entered the activation-
controlled regime or took a lower value of potential to reach a steady state at roughly +220 mV scg).
This data suggests that the kinetics of salt film repair was significantly faster when stress was

applied.
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Figure 5-12. Pit-repassivation upon a reverse polarization behavior of SS 304 under no
stress (0 MPa) and at 155 MPa.

5.6 A Proposed Mechanism to Explain the Stress Assisted Pit-Growth Process

Stress acting as an additional driving force has been reported to accelerate active dissolution [16,
29]. A stress concentration is developed around the 3-D pit geometry for the elastically stressed
sample, with 155 MPa applied stress. Especially when a salt film is not complete, this could result
into an accelerated active dissolution in a saturated pit solution, thereby precipitating out new salt
film for a quicker repair. It was also noticed that the active dissolution current density was higher
for the sample with 155 MPa applied stress than that for the unstressed sample throughout the

polarization scan. It means that the active dissolution inside the pit during the reverse polarization
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was enhanced for the stressed sample regardless of whether it was in the diffusion-controlled

regime or the activation-controlled regime.

As summarized in Fig. 5-13, the average transition potential (over 6 repeated tests under similar
conditions) for the sample loaded at 155 MPa, roughly +156.0 + 11.3 mV scg) was significantly
lower than the transition potential for the unstressed sample which was around +200.4 + 9.7
mVscg). This indicates that the potential range for the salt film stability was extended by ~44
mVsce) when the stress was applied. Analyzing the activation-controlled regime of polarization
behavior, not only the elastically stressed sample (155 MPa) exhibited a higher current, it also
lowered the newly established OCP by roughly +25 mVscg) as indicated in Fig. 5-13. It can be
then further deduced that a lower pH was present within the pit developed under stresses during
repassivation. This can be ascribed to the extended salt-film stability range, which helped to sustain
a low pH up to a lower potential level. In addition, the strain-accelerated active dissolution can
also lead to a lower pH during repassivation. Therefore, a model is proposed to account for the
stress-assisted pit growth process. The proposed effects of applied elastic stresses on pitting

corrosion of stainless steels is following:

. Once a pit is initiated under stresses, a 3-D pit cavity/geometry is developed, occluded with

a low pH and a high concentration of CI'. As a result, a salt film forms within the pit.

. The salt film reaches a steady state through a competing mechanism between film

breakdown and film repair.

. The pit’s interior surfaces experience an amplified stress state due to the stress
concentration developed around the pit, which enhances the tendency of active dissolution during
the pit growth stage.
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. The resultant effect is two folds:

1. Firstly, it accelerates the salt saturation in the pit solution, leading a quicker salt

film repair when the salt film is lost to environments. This stabilizes the pit growth.

2. Secondly, during repassivation, it maintains a lower pH through a more complete
hydrolysis by providing more metal cations. This hinders the repassivation kinetics for

pitting corrosion.
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Figure 5-13. Statistical summary of transition potential and newly-establish OCP for
sample with no stress applied (0MPa) and at a 155 MPa stress level during the reverse
scan.

5.7 Effect of Elastic Stresses on Repassivation and on Re-initiation of Pits
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To determine whether the repassivated pit sites can re-initiate pit growth under applied elastic
stresses, a new set of samples were tested with applied elastic stresses of 155 MPa, where a single-
pit was initiated at +300 mVscg). As soon as the current transient reached +40 uA, the applied
potential was immediately changed to 0 mV scg)yand held for 10 minutes to repassivate the initiated
pit. The potential was then held at +250 mV scE) to monitor the current response as indicated in
Fig. 5-14. A sudden current increase was not seen until about 500 s, unlike for the equivalent test
at 155 MPa without the repassivation step where the current kept growing without any signs of
repassivation. The surface was examined under an optical microscope, and two separate pits were
observed after the sample with a single repassivated pit was held at +250 mV scg). The fact that
the two pits were not near each other suggested that a repassivated pit did not necessarily act as a
preferential pit-initiation site even if the resultant occluded cavity might experience an amplified
state of stress field due to the stress concentration developed around the 3-D geometry. Therefore,
two key factors are necessary for a repassivated pit initiated at +300 mV scg) to stabilize pit growth

at +250 mV scg): its resultant pit chemistry/solution and stress.
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Figure 5-14. Current response of SS 304 loaded at 155 MPa at +250 mV scg) following a
40-uA pit initiation at +300 mV scg) and repassivation at 0 mV scg) for 10 mins.

5.8 Conclusions

Following conclusions on the effect of applied elastic stresses on pitting corrosion behavior of

austenitic stainless steel 304L can be drawn from the results discussed:

. The presence of in-situ elastic stresses impedes the pitting resistance of SS 304 in

Cl'-containing environments by stabilizing the pit growth.
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. A more protective passive film resulted from pre-oxidation can help to increase the
pitting potential, but the negative effect of elastic stresses was still observed regardless of

the composition of passive films formed on the SS 304 samples.

. Metastable pitting was more dominant when lower stresses were applied in the 0.1
M NaCl solution at 50 °C, while higher elastic stresses tend to transit metastable pitting to

stable pitting.

. In-situ elastic stresses stabilize pit growth by accelerating salt-film repair kinetics
and extending the stability potential range for the salt film through a proposed mechanism

in section 5.6.

. A repassivated pit-initiation site did not necessarily act as a preferential pit-

Initiation site.
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CHAPTER 6. EFFECT OF PLASTIC DEFORMATION ON PITTING

CORROSION

This chapter describes the effect of plastic deformation on pitting corrosion behavior of SS 304.
Two different methods, an in-situ straining of tensile sample and cold-rolling were utilized to apply
different amounts of plastic deformation to SS 304. Plastic deformation introduced surface defects
and an increase in the internal energy with an increase in the structural defects in the material. The
resultant pitting corrosion behavior for plastically deformed SS 304 was compared with the similar

tests done after applying elastic stresses.

6.1 Effect of Plastic Deformation on Pitting Resistance of SS 304

Before discussing the electrochemical results of plastically deformed SS 304, the surface
morphology was examined under the scanning electron microscope (SEM). The most prominent
change upon tensile plastic deformation was the appearance of slip-steps as shown in Fig. 6-1.
These surface defects were also examined using a non-contact laser profilometer. The depth
contour of these surface defects was depicted in Fig. 6-2. The density of these surface defects was
observed to increase as the applied strain increased up to 9%. A set of cyclipolarization tests was
done in 0.1 M NaCl at 50 °C by applying three strain levels, namely 0.1% (yield strain), 2% and
9%. The average pitting potentials over at least 3 repetitions were plotted in Fig. 6-3, along with
the results obtained in the elastic range. Constant strain values were applied to the sample
throughout the test. It was clear that the pitting potential decreased up to the yield stress/strain.
However, the decreasing trend of pitting potential ceased beyond yield stress. Further plastic strain

does not decrease the pitting potential of SS 304 any further. These results suggested that the effect
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of in-situ plastic deformation on pitting resistance did not exceed the limit set by the onset of

plastic strain.

20.0kV 8.2mm x4.00k SE(L)

Figure 6-1. Appearance of slip-steps on a SS 304 surface upon tensile plastic deformation.

116



Hm
0.284

0.227

0.170

0.114

0.057

0.000

Figure 6-2. A representative depth contour of surface defects due to plastic deformation.
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Figure 6-3. Average pitting potential with respect to applied in-situ elastic stresses and
applied in-situ plastic strain.
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However, one question that was not addressed was whether the release of elastic stresses upon
unloading a plastically deformed sample had an impact on pitting resistance of SS 304. Another
set of cyclic polarization was done where the sample was plastically strained to the desired values
and then unloaded, so that the elastic stresses were released. The plastic residual strain was mainly
comprised of surface defects like slip-lines and structural defects like dislocations in the material.
As a comparison, the average pitting potential of SS 304 under residual plastic strain (over at least
3 repetitions) was plotted in Fig. 6-4, along with the ones under applied in-situ strain and two other
conditions, namely no strain (0%) and a sample repolished after 9% strain. By comparing the
pitting potentials at the same strain level, but in the in-situ strain-condition and in the plastic
residual strain-condition, there was a difference in the pitting potential. The smaller is the value of
plastic residual strain, the more the pitting potential can recover upon unloading towards the no-
strain condition indicated by the value at 0%. It was observed that the sample with a high plastic
residual strain of 9% did not show any recovery in pitting resistance upon unloading. This was
likely because of the surface structural defects, like shown in Fig. 6-1 that were more prone to
pitting attack.

It was often observed that pitting events occurred in the areas where these surface defects are
concentrated, as indicated in Fig. 6-5. These surface defects are localized high-energy areas, and
it was reported that these high-energy defects could act as an anodic site with respect to the bulk
material [105]. Since cyclic-polarization tests only captured the first stable-pitting event, it made
sense that the susceptibility to pitting corrosion increased to a plateau as the density of these surface

defects increased to a critical value, 9% plastic strain in this case.
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A specimen was strained to 9% strain and then re-polished to remove the plastic
deformation/roughness from the surface. The corresponding pitting potential completely recovered
to the no-strain condition as demonstrated by the results in Fig. 6-4. This meant that re-polishing
had removed the surface defects formed by plastic deformation. Since the metals’ susceptibility to
pitting corrosion is extremely dependent on surface conditions, re-polishing alleviated the surface
condition to a large degree and the pitting resistance of re-polished SS 304 was completely
recovered. It is also well known that plastic deformation causes martensitic transformation in
austenitic stainless steel 304. About 10% of martensite was expected to be induced at a strain level
of' 9% [2]. However, it seemed like that the presence of martensite within the bulk material did not
significantly altered the pitting potentials of SS 304, by directly comparing the pitting potentials

at 0% strain and at 9% _repolished.
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Figure 6-4. Average pitting potential with respect to different strain-conditions.

20.0kV 13.8mm x3.50k SE(L)

Figure 6-5. Observation of pit occurrence associated with surface structural defects (slip-
steps in this case).

6.2 Microstructural Evolution of SS 304 upon Cold-rolling

To investigate the effect of cold-rolling (CR) on pitting corrosion of SS 304, mill-annealed 304
samples were cold-rolled to four thickness reduction levels of 5%, 10%, 25% and 50%. The
microstructural evolution for the cold-rolled samples is demonstrated in Fig. 6-6, from the as-
annealed condition to the most heavily cold-rolled condition. It was observed that the density of
twins increased with an increase in the percentage CR. In addition, the appearance of martensite
laths became very clear at high levels of cold-rolling, especially at 50% CR. X-ray diffraction
(XRD) was used to semi-quantitatively evaluate the content of martensite induced during cold-
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rolling as shown in Fig. 6-7, where austenite peaks are indicated as blue and martensite peaks are
indicated as green. The relative counts of martensite peaks increased as the percentage of cold-
rolling increased, indicating that a high degree of cold-rolling induced a high content of martensite.
Taking the as-annealed sample as a baseline, the relative martensite contents of SS 304 at different
cold-rolling levels were listed in Table 6-1. A monotonically increasing trend of martensite content
was exhibited as the degree of cold-rolling increased. It was worth noticing that a steep increase
from 12.3% to 30.3% in the martensite content occurred from 25% CR to 50% CR. It meant that
martensitic transformation was intensively induced in this range. Since the interface between the
martensite and the parental austenite bore a concentrated strain field [22, 23, 103], one can expect

the significant strain energy can be stored in this interface upon martensitic transformation.
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Figure 6-6. Microstructural evolution of SS 304 from the annealed condition to four cold-
rolled conditions (5% CR, 10% CR, 25% CR and 50% CR).
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Figure 6-7. XRD scans of SS 304 samples cold-rolled to 0% CR (annealed), 5%CR, 10%CR,
25%CR and 50%CR respectively.

Table 6-1. Relative martensite contents of SS 304 at different cold-rolling levels.

%CR Annealed 5% 10% 25% 50%

% Martensite 0 1.2% 6.1% 12.3% 30.3%

6.3 Effect of Cold-rolling on Pitting Corrosion
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To evaluate the effect of cold-rolling on pitting corrosion of SS 304, a set of polarization tests was
performed in 0.1 M NaCl at 50 °C as shown in Fig. 6-8. The average pitting potential was based
on 5 test repetitions under each test condition and the results are as shown in Fig. 6-9. No distinct
trend of the pitting potential was observed across the 5 different cold-rolling levels, namely the
annealed condition (0%CR), 5%CR, 10%CR, 25%CR and 50%CR. This was likely because all
test specimens were re-polished before testing to remove many embedded impurities and debris
on the as-rolled surfaces. As discussed for the re-polished 9%-strained tensile specimen in section
6.3, the surface roughness or plastic deformation was removed due to surface polishing. Even the
passive films formed on the specimen surfaces were formed on the newly polished surface. The
prior surface defects/roughness were eliminated by re-polishing, so the new surfaces of did not
exhibit any observable trend in pitting corrosion unlike that for the in-situ plastic strain tests. It
further confirmed that pitting corrosion was a strongly dependent on surface conditions, and
surface defects created by plastic deformation contributed a major damage to the pitting resistance

of SS 304 with residual plastic strain.

126



0.5

——304 _ As Received

0.4
—8—-304 _ 5%CR
0,

0.3 —&—304 _ 10%CR
< —+—304 _ 25%CR
T_v' W 0.2 ——304 _ 50%CR
g3
: 0
g 201
O
a

0
01
-0.2

Log | (A/cm2)

Figure 6-8. Cyclic polarization behavior for SS 304 specimens as received, 5% CR, 10%
CR, 25% CR, and 50% CR specimens in 0.1 M NaCl solution at 50 °C.
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Figure 6-9. Average pitting potentials of SS 304 as a function of percentage cold-rolling in
0.1 M NaCl solution at 50 °C.

Even though there was not a significant difference in pitting potentials of SS 304 specimens, it did
not mean that the cold-rolling does not influence on the corrosion resistance of SS 304. Pit-
repassivation depends more on the chemistry inside the pits rather than surface conditions. Cold-
rolling could still have an impact on the pit-repassivation process, since a pit volume can easily
surpass the near-surface microstructure influenced by mechanical polishing. To investigate the
effect of cold-rolling on pit-repassivation, a set of pit-repassivation tests were performed on re-
polished SS 304 specimens at the five cold-rolling levels in 0.1 M NaCl at 50 °C. As a pit was
initiated at +300 mV scg), the potential was immediately dropped to +250 mV scg) to repassivate
the pit. As discussed in the previous chapter that such pits initiated on different samples possessed
a similar geometry. This guaranteed the following pit-repassivation step was set up in the same
starting line. The corresponding repassivation currents for SS 304 specimens at five cold-rolling
levels are demonstrated in Fig. 6-10. The current decay signifies a pit-repassivation process. The
longer it took for the current to decay, the more difficult the repassivation was. It was clearly
shown by the results that it took longer time for an initiated pit to repassivate as the degree of cold-
rolling increased. This means it was more difficult for heavily cold-rolled specimens to repassivate
a pit at +250 mV scE).

To demonstrate the reproducibility, three tests were done under similar conditions for each cold-
rolling level and presented in Fig. 6-11. From Fig. 6-11 a-e, the trend of increasing size of
repassivation loop, which indicates higher pit growth, stayed consistent as the percentage of cold-
rolling increased. It can be seen in Fig. 6-11 (e) that the repassivation time was only ~0.5 second

when the maximum level of cold-rolling was applied. Although repassivation times are very short,
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but the results were reproducible and indicate that pit-repassivation was hindered by the residual
cold-rolling strain. This may also explain why there was not a significant difference in the cyclic-

polarization behavior of SS 304 at different cold-rolling levels.
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Figure 6-10. Pit-repassivation behavior at +250 mV scg) for SS 304 specimens as received,
5% CR, 10% CR, 25% CR, and 50% CR specimens in 0.1 M NaCl solution at 50 °C.
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Figure 6-11. Three repetitions of pit-repassivation tests of SS 304 at +250 mV scg) for five
different cold-rolling levels: (a) annealed (0% CR), (b) 5%CR, (¢) 10%CR, (d) 25%CR and
(e) 50%CR.
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To amplify the effect of cold-rolling on the pit-repassivation process, a set of pit-repassivation
tests were done at an elevated potential of +280 mV (sck), and the results are shown in Fig. 6-12.
At +280 mV(scE), all tested samples of SS 304, strained to different values, took longer time to
repassivate a pit as compared to an equivalent test done at +250 mVscg). However, the pit on the
samples with50% CR failed to repassivate and continued to grow instead and became a stable pit.
These results clearly indicated that strain introduced by cold-rolling hindered the pit-repassivation
process. To demonstrate the reproducibility of this set of tests, three tests were done at each cold-
rolling level and presented in Fig. 6-13. Reasonable deviations of the pit-repassivation behavior
was seen, but the above-mentioned trend in Fig. 6-12 was confirmed.

Comparing the pit-repassivation activities at +250 mVscg) and the ones at +280 mV scg), it was
found that a high degree of cold-rolling impeded repassivation of SS 304, and this hindered
repassivation behavior can transit a metastable pit to a stable pit for the 50%CR specimen at + 280
mVscr). It was argued in the previous chapter that strain acts as an additional driving force and
stabilizes pit growth by a quick dissolution mechanism which ensures the stability of the salt film
within the pit. The same argument can apply here, a high level of cold-rolling leads to a higher
internal strain energy which drives a stronger dissolution during repassivation. This made the pit-
environment more aggressive, since the hydrolysis driven by a stronger dissolution reaction can
result in a lower pH and a higher concentration of CI'. Situations may be further complicated when
elastic tensile stresses are applied, because the tensile stresses can concentrate stresses at the pit
walls, disrupting passive layer and repassivation. This may accelerate the dissolution inside a pit

even further.
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Figure 6-12. Pit-repassivation behavior at +280 mV scg) for SS 304 Specimens as received,
5% CR, 10% CR, 25% CR, and 50% CR specimens in 0.1 M NaCl solution at 50 °C.
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Figure 6-13. Three repetitions of pit-repassivation tests of SS 304 at +280 mV scg) for five
different cold-rolling levels: (a) annealed (0% CR), (b) 5%CR, (¢) 10%CR, (d) 25%CR and
(e) 50%CR.

6.4 Similarities and Differences: Effects of Plastic Deformation and Effect of Elastic

Stresses

For SS 304 samples elastically loaded at 155 MPa, the pit-repassivation started to fail and transited
to a stable pit at +250 mV(scg). However, the effect of cold-rolling, plastic strain, on pit-
repassivation behavior was relatively minor at +250 mV scg). No pre-initiated and repassiavted pit
became a stable pit in all tested cold-rolled specimens at +250 mV(scg), and the time period
required to repasssivate each pit was also small, all less than 0.4 - 0.5 second. Yet, repassivation

under elastic stresses seemed to be impeded to a much larger extent at +250 mV(scg). The
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repassivation time for the SS 304 speicimens ranged from ~0.2 second to 1.5 seconds in the stress
range from 0 MPa to +103 MPa, while the stable pits started to grow and the repassivation failed

at +155 MPa.

To directly compare the repassivation behavoior under elastic conditions and cold-rolling
conditions, two repassivation curves at +250 mV scg) , namely at an elastic stress level of 52 MPa
and at 50% CR level were plotted in Fig. 6-14. Based on the residual stress measurements, SS 304
at 50%CR level possessed roughly +150 MPa [3] compressive stress. However, the repassivation
kinetics was faster for SS 304 specimen at 50%CR compared to the specimen at the elastic stress
of 52 MPa. This indicates that the effect of elastic stresses was greatly magnified through some
mechanism. It was discussed that unidirectional elastic tensile stresses acting on a pit-geometry
can create a complex stress field which may comprise of magnified tensile stresses, compressive
and shear stresses in the pit-vicinity. On the other hand, the initiated pit on a cold-rolled sample
possesses a geometry of an occluded cavity, which can relax the stress field in the vicinity of the
pit. Hence, it was reasonable that such a stress field alleviated the effect of stress on the pit growth.
That may distinguish between the synergistic effects of elastic tensile stresses on pit stability and

growth from the plastic residual strain effect on a cold-rolled sample.
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Figure 6-14. Pit-repassivation behavior at +250 mV scg) for SS 304 specimens at 52 MPa
and at 50%CR level in 0.1 M NaCl solution at 50 °C.

All things considered, plastic deformation introduces surface defects and residual strain in form of
structural defects in the materials. Since pitting corrosion is extremely sensitive to surface
conditions of metals, it makes sense that surface defects appeared to be more prone to pitting
attack. From the perspective of the driving force of a corrosion reaction, surface defects are
localized high-energy concentrated areas. As a result, it is more likely for pits to grow rapidly in
such localized surface areas. On the other hand, residual stresses can be greatly relaxed in the pit
vicinity, so it did not decrease the pitting resistance of SS 304 significantly over the parameters

investigated in this study. Re-polishing separated surface defects from residual strain in the
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materials, so it greatly recovered the pitting resistance of SS 304. Possible mitigation strategies

can be inspired based on the results from this study, as described in the chapter 8.

6.5 Conclusions

The presence of strain, both elastic and plastic influence pitting resistance of SS 304 in the
chloride-containing environment. Following conclusions can be drawn from these results:

* The negative effect of elastic stresses on cyclic polarization behavior of SS 304 reached
a limit at the yield stress. Extending the strain into the plastic range did not further
deteriorate the pitting resistance.

¢SS 304 experienced different degrees of recovery in the pitting resistance as the applied
plastic stress was unloaded until a certain amount of surface defects were accumulated
at a high strain level.

* Surface defects were believed to cause the primary damage to pitting corrosion of SS
304.

* Plastic deformation in SS 304 induced martensitic transformation. The presence of
martensite did not appear to alter the pitting resistance of SS 304 significantly over the
test conditions investigated in this study.

* Pit-repassivation was hindered by the residual strain, but the effect was smaller than
that for applied elastic stresses.

* Repolishing a plastically strained stainless steel can be used to minimize the negative
effect of the residual plastic strain on its pitting susceptibility. However, this effect can

still be revealed during the pit-repassivation process under proper conditions.
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CHAPTER 7. EFFECT OF STRAIN ON REPASSIVATION

When metallic materials are in passivated state, the presence of the passive film provides a
protective layer on the metal surface, passivating metals from corrosion. Localized breakdown of
the passive films leads to localized corrosion like pitting corrosion. Therefore, we refer to the state
where metallic materials can undergo localized corrosion as the unstable passivity. In present
study, we have examined the effect of strain on pitting corrosion of stainless steel 304 in Chapter
5&6 and discussed the mechanism of the strain-assisted pitting phenomena. In contrast to the
unstable passivity, metallic materials can passivate under a stable passivity condition. In such a
situation, materials bear no risk of localized corrosion under corresponding environmental
conditions. The only chance that the passive film can be damaged is from external impacts. For
example, when hard particles are impinging on or grinding the metal surface, and the resultant
physical impact ruptures the passive film on the metal surfaces. This happens often in chemical

processes which flow in turbulent regime and carry hard media with a significant speed.

It becomes interesting to investigate the effect of strain on repassivation kinetics under the stable
passivity condition. Traditionally, a scratch test is used to physically rupture the passive film.
However, this technique cannot be applied here, since a physical scratch imparts additional strain
into the metal surface. Mechanical staining the specimens into the plastic deformation range was
also employed to study film rupture and its associated repassivation kinetics [84, 86, 88]. However,
there are some interferences associated with mechanical straining, such as film thinning and
potential crack initiations. In addition, the film rupture during plastic deformation was found to be
extremely stochastic demonstrated in Fig. 5-2. It is not possible to have a precise control on the

size and length of the rupture film by mechanical straining of the entire sample.
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In this chapter, we used an electrochemical method to remove the native passive film on the
surface, without introduction of additional mechanical strain at the surface, and perform the

repassivation tests for differently strained steel samples.

7.1 Effect of Strain on Polarization Behavior of Carbon Steel in a Neutral Environment

To gain a fundamental knowledge of the polarization behavior of carbon steel A569 in a neutral
environment, a set of potentiodynamic polarization tests was performed in a borate buffer solution
containing 0.3 M boric acid and 0.075 M sodium tetraborate at room temperature. To avoid the
interference of the native oxide film formed in the air, all the surfaces were re-polished and reduced
at -1000 mVscg) for 3 hours in the same borate buffer solution before the potentiodynamic test.
Fig. 1 showed polarization behavior of five differently cold-rolled specimens in the borate buffer
solution. All five specimens showed passive region starting at roughly -300 mVscg), and the
passive film on these samples broke down and the samples entered the transpassive region at
roughly +900 mV sck). These results indicate that an increase in strain in these tests did not affect
the passivation behavior of A569. The slight variation in passive current densities among these
specimens was not consistent and did not show any trend. This indicated that the residual strain
due to cold-rolling does not exhibit any effect on the polarization behavior of carbon steel in the
borate buffer solution used in this study. The passive region of A569 in the borate buffer solution
was clearly demonstrated in Fig. 7-1, roughly ranging from -500 mVscg) to +900 mV scE), so a
potential within this range, +150 mV scg) was selected to performed stable-repassivation tests in

the following experiment.
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Figure 7-1. Polarization curves of 0% CR, 5% CR, 10% CR, 25% CR, and 50% CR
specimens in borate buffer solution.

7.2 Effect of strain on stable repassivation of carbon steels

To study the repassivation behavior of carbon steels, chronoamperometry tests were performed in
the boric buffer solution (pH = 8.4) at a potential at +150 mV scg) after reducing the sample
surfaces at -1000 mV scg) to remove the native oxide film. Application of +150 mV scg) potential
allowed the reduced metal surfaces to reform an oxide film on their surface. The repassivation

currents were monitored as shown in Fig. 4. During potentiostatic repassivation the current
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densities at +150 mV scg) applied potential decayed with time very rapidly for the cold-rolled
specimens, as shown in Fig. 2. The passive film was almost completely formed within the initial
1.2 seconds, indicated by the converging current density at the end of each curve. Faster
repassivation kinetics, represented by the faster decay in current density, was noticed for the
specimens with higher degrees of cold-rolling. Each of these repassivation tests was repeated at

least five times and the results were consistent.
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Figure 7-2. Repassivation Current Density at +0.15V scg) for 0%CR, 5%, 10%CR, 25%CR
and 50%CR specimens in borate buffer solution.

To simulate the repassivation behavior, Ratzer—Sheibe and Buhl employed two terms to simulate

the repassivation current [ 149]. This model treated repassivation as a film-thickening process. The
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first term represents the dissolution current, and it can be used to model monolayer growth at the

early repassivation stage
Imono = CVQox (1 - 8) 7_1’

where v is the scratch speed, Q. is the charge density to form a monolayer of oxide, and c is a

constant. The second term reflects the thickening of the film by the addition of another monolayer
-b
1, =0At 7-2,

where 0 is a “covering coefficient” and 4 and b are empirical constants.

Similar to Beck’s and Ratzer—Sheibe’s models, Lillard’s model was developed by Lillard,
Vasquez, and Bahr [144], which splits the repassivation current /,,,; into the dissolution current

1L4iss and the film passive current /5, as is given by Eq. 8:

I

total

= ] diss are

+14,=(1-0)1,,, +0 -4t 7.3,

where Ip4. 1s the very initial dissolution current from the bare metal, roughly taken as the first

current recorded; @ is the fraction of area covered by the passive film and is expressed by
O=1-exp(-k-t™) 7-4,
where A, b, and n are constants that need to be computed accordingly.

A MATLAB code (MathWorks, Inc., Natick, MA) was written to fit the repassivation current data,
and hence fraction of completion © vs time plot could be derived. Above 99.5% fitting was

obtained for each curve. A representation of data fitting is demonstrated in Fig. 3 using an annealed
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A569 specimen. Fraction of repassivation completion © was extracted from the mathematical
simulation and the © is plotted with respect to time in Fig. 7-4. The resultant data in Fig. 4 indicates
that the repassivation kinetics is accelerated due to the presence of strain, as shown in Fig. 4. This
is likely due to the accelerated active dissolution rate of the bare metal surface because of the
additional residual strain energy in the material. Several authors have demonstrated that strain
increases metal active dissolution rate [13, 16]. Therefore, the higher dissolution rate at the early
stable repassivation stage is very likely to provide more metal cations to accelerate the following
oxide-film formation. These results indicated that the effect of strain was predominant before the
large surface area is repassivated in the early stages of passive film formation. Stable repassivation
only take place under environmental conditions where stable passivity is maintained, while

unstable passivity is more often seen in industrial processes.
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Figure 7-3. A comparison of the experimental current densities and the modeled current
density using simulation during the repassivation process of an annealed A569 specimen.
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Figure 7-4. Fraction of Completion of Film Formation O as a function of time for 0%CR,
5%CR, 10%CR, 25%CR, and 50%CR specimens.

7.3 Conclusions

Under stable-passivation conditions, results indicate that the effect of strain does not affect the
polarization behavior of carbon steels under passivating near-neutral pH conditions. However,

strain due to cold-rolling under stable passivity facilitated the faster repassivation of exposed
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surface. This was likely because the strain accelerated the dissolution in the very early stage of

repassivation. As a result, it improved the reaction kinetics of oxide-film formation.
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CHAPTER 8. OVERALL SUMMARY AND RECOMMENDATIONS

8.1 Introduction

This chapter summarizes the effect of strain on the general corrosion, pitting corrosion, and stable-
repassivation behavior of steels, as described in previous chapters. Strain applied in this study was
either in the elastic range or in the plastic range using tensile deformation as well as cold-rolling.
The resultant effect of strain on general corrosion kinetics, stable-repasssivation kinetics, and pit

initiation and growth are discussed in unified manner.

8.2 Summary of Strain Effects on Different Types of Corrosion Behavior

The effect of strain on general corrosion of carbon steel A569 in an acidic environment was
assessed qualitatively and quantitatively using different evaluation methods and different
deformation techniques, as described in Chapter 4. An immersion test in a 3.75 M sulfuric acid
solution at 50 °C was used to induce a very strong active dissolution on the metal surface, ensuring
that the corrosion reaction was under activation control throughout the whole immersion test.
Tensile strain, both elastic and plastic resulted in an accelerated general corrosion rate and a
lowered open circuit potential (OCP). This confirmed the hypothesis in Chapter 2 that strain can
provide an additional driving force to facilitate the corrosion reaction under activation control. The
elastic tensile strain applied to the materials caused a lattice expansion and stored strain due to
crystalline defects like dislocations. The resultant strain energy increase could be recovered after
the onset elastic strain was released. Therefore, the effect of elastic strain on general corrosion is
reversible. Based on the results from the weight loss measurements, the applied elastic stress
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increased the general corrosion rate monotonically, and the maximum corrosion rate increase for
A569 was ~14.4% at the yield stress. The relative corrosion rate was also derived using the OCP
evolutions and the Butler-Volmer equation, by setting the corrosion rate of the unstrained
specimen as the baseline. The results were comparable to the results from the weight loss
measurements. This also indicated that the OCP measurement could be used to detect the effect of

elastic strain on the corrosion behavior for an actively corroding material.

However, when extending the strain into the plastic tensile deformation range, irreversible
microstructural changes or defects occur in form such as dislocations, dislocation pile-ups and
formation of low-angle grain boundaries. These microstructural features are not reversible after
the applied stress is released. Hence, the residual strain due to the prior plastic deformation led to
a permanent increase on the general corrosion rate of CS A569. Residual strain was obtained after
cold-rolling or the stress of prior plastic tensile deformation was released. The maximum plastic
deformation level applied through tensile loading was 9% engineering strain, which caused a
corrosion rate increase of ~10%. However, cold-rolling was used to apply up to 50% thickness
reduction to A569 samples. It led to a monotonically increasing corrosion rate as a function of
percentage cold-rolling where the 50% cold-rolling caused the general corrosion rate to increase
by ~29.8%. It was noticed that general corrosion was not very sensitive to the surface finish of the
materials at such a high corrosion rate average above 5000 mpys (equivalent to ~14.5 ums per
hour) resulted from the immersion test in a 3.75 M sulfuric acid solution at 50 °C. The surface

layer under these conditions should be quickly dissolved during the corrosion reaction.

Under environmental conditions where the metallic material is under passivation control, a passive
film formed on the surface provides a physical barrier for general corrosion. Yet, localized

breakdown of the passive film can lead to localized corrosion, for example pitting corrosion.
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Simply applying the test condition in 0.1 M NaCl at 50 °C caused a significant ductility loss of SS
304 in a tensile test. The susceptibility of pitting resistance of stainless steel (SS) 304 was studied
by four different levels of elastic tensile stresses. It was found that an increase in elastic stresses
decreased the pitting potential of SS 304. This indicated that the elastic stresses degraded the
pitting resistance of SS 304. A surface pre-treatment by immersing SS 304 specimens in a 2 M
HNO:s solution was used to develop a Cr,Os-rich passive film on the surface. As a result, the pitting
potential of SS304 increased significantly for all SS 304 specimens at all stress levels applied.
However, the negative effect of elastic stresses was still observed, meaning the stress effect on the
pitting resistance of SS 304 was independent of surface chemistry or the composition of oxide
formed at the surface. It was further discovered that metastable pitting was dominant, with a
relatively larger sized metastable pits, when a lower stress level was applied. On the contrary,
stable pitting was frequently observed when a higher stress level was applied along with a very
small size and number of metastable pits. Through a set of pit-repassivation tests, it was found that
elastic stresses deteriorated the pit repassivation behavior of 304 SS. Consequentially, it facilitated

metastable pitting to transit into stable pitting.

The pitting resistance of SS 304 was also studied under in-situ plastic deformation on tensile
samples. Two permeant changes occurred upon plastic deformation: surface defects (slip-lines on
the surface) and residual strain due to microstructural changes, such as dislocations, twinnings and
martensitic transformation. The pitting potential of SS 304 decreased to a plateau beyond the yield
stress. The pitting potential started to recover after the stress was removed. When a lower value of
the residual plastic strain is applied, the larger degree of the pitting resistance could be recovered
upon unloading of tensile sample. This recovery of pitting resistance upon unloading ceased at

~9% residual plastic tensile strain. It was often observed that the localized areas concentrated with
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surface defects were more prone to pitting attacks. This indicated that accumulating a certain
amount of surface defects eventually led to the maximum damage to the pitting resistance of SS
304. The effect of strain on pitting corrosion was also investigated by using cold-rolled SS 304
samples, where higher plastic strains could be applied. Results on cold-rolled samples did not show
a clear trend of pitting potential evolution as a function of percentage cold-rolling. This was likely
because all cold-rolled SS 304 specimens were re-polished before electrochemical measurements.
Re-polishing removed the surface defects which were detrimental to pitting resistance and
introduced a similar surface strain on all samples due to the grinding and polishing operation. This
hypothesis was confirmed using a comparison test in which 9% plastically deformed tensile
specimen was re-polished and it had a near 100% recovery in the pitting potential. Yet, strain due

to cold-rolling even after re-polishing still retarded pit-repassivation, but to a very minor degree.

Pitting corrosion occurred when unstable passivity was exhibited in appropriate alloy/environment
systems. However, when the passivity was stable, it was found that strain could facilitate the re-
formation of the passive film in a slightly basic borate buffer environment. Simulation was done

to quantitatively assess the stable repassivation kinetics.

8.3 Unified Understanding of the Strain-Assisted Pit Growth under Strain

A pit-growth model assisted by elastic strain was proposed in Chapter 5. The discussion on the
strain-facilitated pitting phenomena was extended into the plastic strain range in Chapter 6. The

missing connection and comparison are bridged here.

152



Firstly, the geometry of any pit is an occluded cavity into material surfaces. When in-situ stresses
are applied, regardless of whether they are in the elastic range or in the plastic range, it can create
a stress concentration zone in the vicinity of the pit. Of course, the stress concentration around a
pit depends on the geometry of the pit and the nature of the stress applied. For example, a
representative 2-D stress field of a circular hole under a remote uni-directional tensile stress of S
is demonstrated in Fig. 8-1. The maximum stress concentration factor occurs along the horizontal
direction next to the hole, which magnifies the applied stress, S, by three times. The presence of
this magnified stress field can greatly enhance the effect of stresses on the pit-growth process by
stabilizing the formation of the salt film as discussed in Chapter 5. That explains why no further
decrease of pitting resistance of SS 304 was observed upon increasing the in-situ strain into the
plastic range. The elastic portion of the in-situ plastic strain did the primary damage to the pitting

resistance of SS 304 by effectively participating in this stress concentration zone.
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Figure 8-1. A 2-D stress field of a circular hole under a remote uni-directional tensile stress
of S, [150].

Residual strain due to prior plastic deformation introduces surface defects and residual strain into
the materials. It was found that surface defects can be very prone to pitting attacks, likely because
such localized high-energy concentrated features can provide a higher driving force for initiated
pits to grow. It was found from the results of cyclic-polarization tests that the surface defects were

more prone to pitting attack, as was also confirmed by the preferential pitting-attack observed
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under SEM, as described in Chapter 6. One may expect that the surface concentrated with surface
defects may provide more vulnerable pitting-attack sites. Yet, cyclic-polarization tests only capture
the first pitting event at its corresponding pitting potential. That is likely why we observed that
accumulating a certain concentration of surface defects at a high residual strain level reached a
maximum decrease of the pitting potential of SS 304. Repolishing was found to almost fully
recover the pitting potential of SS 304, because the surface defects due to plastic straining were

completely removed after repolishing.

The residual strain stored in the materials still facilitated pit growth. The pit-repassivation tests
were utilized in Chapter 5 & 6 to monitor the growth of an initiated pit under strain. The pit was
initiated until the current reached +40 pA. This can result into a pit depth around 10 um as shown
in Fig. 8-2. This indicated that the pit-repassivation test was performed at a microstructural depth
significantly deeper than the surface. However, residual strain only facilitated pit growth to a very
minor degree. This can be explained by the plane-stress elastic model [147] which expects no
stress to exist perpendicular to the surface. A simplified 2-D plane-stress condition is demonstrated
in Fig. 8-3, where the dash line indicates the disappeared stresses perpendicular to the surface and

the solid line indicates the stresses on the tangent surface of the pit wall.
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Figure 8-2. A 2-D cross-section of a pit initiated to +40 pA at +300 mV scg).

Figure 8-3. A simplified plane-stress stress field near a 2-D pit-geometry.
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All things considered, a unified understanding can be summarized to explain the strain-assisted
pit-growth process. When in-situ stresses are applied, the effect of stresses on pit growth is likely
to be enhanced by the presence of stress concentration developed around the pit. The effect of
strain can be greatly mitigated when a pit-geometry is developed as to relieve the stress field
around the pit under residual strain. However, surface defects due to prior plastic deformation can

provide preferential pitting attack sites.

8.4 Unified Understanding of Strain Effect on Corrosion Reactions

The governing principle of strain-influenced corrosion reaction is evidenced by the results from
this study throughout the entire thesis. Strain is an additional source of energy, which increases
the driving force for associated corrosion reactions. However, the kinetics of the reaction may vary

from one corrosion state to another.

Under activation control, both elastic strain and plastic strain accelerate general corrosion. In the
general corrosion process, the corrosion products typically dissolve into the exterior aqueous
environment. No diffusion barrier is placed at the surface to limit the reaction to reach its full

potential.

Under passivation control, general corrosion is inhibited by the presence of passive film. One
special case studied in this thesis is the effect of strain on stable-repassivation of carbon steel A569.
A stable passivity condition is implied in this case. This means that the passive film is stable, and

no localized corrosion occurs. Strain energy could be utilized to accelerate the formation of the
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passive film on a bare metal surface, which is essentially another metal oxidation reaction. The

products of this oxidation reaction form a stable passive film on the surface.

However, when the corrosion reaction is under unstable passivity, localized breakdown of the
passive films leads to pitting corrosion. During pit growth, strain accelerates active dissolution
inside the pit while the salt film is incomplete. This can happen during a repair process of the salt
film or during a pit-repassivation process. As a result, strain stabilizes the salt film formation and
retards the pit-repassivation. One can think of the effect of strain on the pit-growth process as
general corrosion but regulated under different reaction mechanisms. The salt film is always under
a dynamic process of partially dissolving into the environment and repairing from salts precipitated
out from the pit solution. When the salt film regulates the diffusion process across the pit opening,
the strain-enhanced active dissolution accelerates the salt film repair. When the salt film breaks

down, the strain-enhanced active dissolution hinders pit-repassivation and promotes pit growth.

All corrosion reactions are associated with the electrochemical activities in the near-surface
microstructure. Pitting corrosion is extremely sensitive to the as-manufactured surface conditions
of materials, since a pit must initiate at the surface and penetrate at a localized site, instead of
uniformly corroding the entire surface. That is why the surface defects appear to be extremely
prone to pitting corrosion. On the other hand, general corrosion can rapidly corrode the
microstructure preserved in the as-manufactured surfaces. As a result, the corrosion tendency

possessed by the entire material is most important for the general corrosion.

8.5 Suggested Mitigating Strategies for Strain-Related Corrosion Failures

158



The results discussed in this thesis show many negative effects of strain on corrosion reactions
under different reaction mechanisms. One way to eliminate these negative effects thoroughly is to
remove the strain. Elastic stresses can be avoided by refining an engineering design so that the
metallic components are exposed to lower stresses during service. Residual strain can be released
by annealing the strained material at an appropriate temperature to relieve internal residual
stresses. However, elastic stresses during the service life and residual plastic strain resulted from
the manufacturing processes are sometimes inevitable. For example, cold-rolling or strain-
hardening is often used to increase the strength of an alloy. Annealing releases residual strain at
the cost of sacrificing the strength of the materials. This type of trade-off needs to be carefully

considered before applying any mitigating strategies for the strain-related corrosion failures.

From results in chapter 5, we found that the elastic stresses degraded the pitting resistance of SS
304 by hindering the pit-repassivation process. Hence, it is recommended to use alloys with a
higher repassivation capability, for example, stainless steels with a higher content of Mo or N. It
was discussed at various places in this thesis that re-polishing can help to recover the pitting
resistance of SS 304 greatly, because it helps to remove surface defects which are prone to pitting
attacks. In other words, any technique that helps to remove surface defects can potentially improve
the pitting resistance of stainless steels in an as-deformed condition. For example, electropolishing

can be a good candidate to be utilized as potential final surface-finishing treatments.

There are also many corrosion prevention techniques, such as applying corrosion inhibitors and
cathodic protection. These are beyond the scope of this thesis, so they are not particularly

addressed.
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8.6 Recommendations for Future Work along the Strain Theme

Both tensile deformation and cold-rolling were employed in this thesis as two important
deformation techniques to apply strain/deformation to steels. Other deformation techniques, such
as bending, shot peening, or compressive stresses can be explored to study the associated effects
on different types of corrosion. For example, the stress field around a similar pit-geometry can be
different under bending than under uni-directional tension. Hence, the resultant effect on pit-

growth could also be different.

The effect of strain on general corrosion was theorized assuming that strain imparts no influence
on the reduction or cathodic reaction on strained metal surfaces. Much related work has
demonstrated the possibilities that strain can enhance or hinder the affiliated catalytic reactions
according to different types of strain [30-32]. Hence, the acceleration of general corrosion due to
strain may be caused by the synergy of both the oxidation reaction and the reduction reaction

influenced under strain. Related efforts can be dedicated to resolve this ambiguity.

As for the influence of strain on pitting corrosion, it was discovered that surface defects lead to the
first stable pitting event at a decreased pitting potential upon the cyclic-polarization. It remains a
question whether surface defects due to prior plastic deformation increase the number of pit-
initiation sites. The potential relationship between the number of pit-initiation sites and the
concentration of surface defects needs to be explored. A stable pit creates an extremely small
anode/cathode ratio, which makes the rest of the exposed surface act as a cathode. An experiment
can be designed to maintain all pitting events metastable, so that individual pitting events can
experience less interferences from others. Statistical analyses can be made based on geometry and

density of the metastable pits.
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Breakdown of the passive film occurs through generation of slip-lines or simply film rupture upon
plastic deformation. The passive film would tend to reform, however pitting phenomena could be
stimulated by this sudden exposure of bare metal into exterior aqueous environments. By applying
an appropriate combination of potentials and environments, the competition between film-
reformation and pit-initiation could be manifested. This set of hypothesized experiment can
resemble a situation where the passive film constantly breaks down due to plastic straining and

potentially leads to more severe pitting attacks.

Furthermore, micro-strain due to plastic deformation can cause localized galvanic polarization or
facilitate localized anodic/cathodic reactions. Given appropriate conditions, it can cause local
preferential dissolution or pre-mature localized corrosion. This will require mapping local
electrochemical activities to some precisely designed microstructures with micro-strain features
using micro-electrochemical techniques, such as scanning vibrating electrode technique (SVET)
and Scanning electrochemical microscopy (SECM). In this way, the effect of micro-strain on

different corrosion reactions can be studied.
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APPEDIX A MATLAB PROGRAM FOR SIMULATING FILM-

REPASSIVATION BEHAVIOR

function theta n( file)

data = importdata (file);

t1=1;

2=47;

t=data(t1:t2,1)";

%t _initial=t(1);

%t=t-t_initial.*ones(1,t12-t1+1);

%t(1)=10"(-80);

c_d=data(t1:t2,2)//0.7854;

I bare=c_d(1);

fun=@/(a,t)exp(-a(1).*t. a(4)).*I_bare+(ones(1,t2-t1+1)-exp(-a(1).*t."a(4))).*a(2).*t."(-a(3));

a0=[100.0000 0 0.484 1];

options = optimset('Display','off");
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a=lsqcurvefit(fun,a0,t,c_d,[],[],options);%al=k,a2=A,a3=b;

R square=0;

previous_R=1;

d=1;

while d~=0%R_square<0.95

a0=a;

a=lsqcurvefit(fun,a0,t,c_d)

c_d expect=exp(-a(1).*t."a(4)).*I bare+(ones(1,t2-t1+1)-exp(-a(1).*t."a(4))).*a(2).*t.*(-a(3));

c_d average=mean(c_d);

SST=sum((c_d-c_d average).”2);

SSR=sum((c_d-c_d_expect)."2);

R _square=1-SSR/SST

d=R_square-previous_R;

previous R=R square;

end
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