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Abstract

Aluminium and its alloys suffer from localised corrosion that typically initiates as
corrosion pits and eventually leads to the structural failure of the material, limiting their
engineering life. Investigation of metastable pitting characteristics from the measurable current
transients recorded at anodic potentials below the pitting potential (E,;;), is recognised as an
efficient method in determining the stable pitting susceptibility of alloy systems. Notably, the
metastable pit sizes (r,;;) estimated from the charge of the individual current transients
(Ctransient) 1S employed in determining the nature of pit stability which is crucial in predicting
the pit-to-crack transition behaviour. In aluminium alloys, the distribution of 7,;, estimated in
this manner is reported to be an underestimate of the actual distribution of r,;, witnessed on
the pitted surface. While this discrepancy is often attributed to the copious hydrogen evolution
(HE) occurring within the pits, the influence of other predominant factors such as the
spatiotemporal evolution of pit events and pit geometry has remained unexplored. The
challenge herein resides in establishing a direct correlation between the current transients and
their associated metastable pit events. Such investigations require in situ mapping of the pit
locations, which is curbed by the stochastic nature of metastable pitting and the presence of
reflective pit covers. With the insights derived using a novel approach to map the metastable
pit locations in situ, this dissertation evaluates how the actual and estimated metastable pit

volumes (V,,;r) compare and the factors that affect the reliability of estimating the 7,,;; and V,,;,

from Ctransient-

The phenomenon termed Negative Difference Effect (NDE), which favours hydrogen
evolution within the pits in aluminium at anodic potentials, was employed to map the real-time
evolution of the metastable pit locations associated with the current transients. By optimising
the parameters, namely, (a) signal-to-noise ratio, (b) surface area of the electrode, (c)
concentration of the electrolyte and (d) polarisation potential, a successful correlation of the
current transients to their associated metastable pit events was possible. The metastable pit sites
(identified from the evolution of hydrogen bubbles) located with in situ optical time-lapse
imaging were validated post electrochemical testing using an optical microscope and Scanning
Electron Microscope (SEM). During metastable pitting, the hydrogen bubbles remained

adsorbed to the pit surface and underwent an increase or decrease in their diameter (dyy,ppie)



following a corresponding change in I,,;.. The feasibility and limitations of this novel approach

for the in situ mapping of the metastable pit locations based on HE were evaluated.

With the dj,,5p1. determined using in situ imaging, the fraction of pit dissolution charge
lost to HE, i.e., Cyg/Cy; Was determined for the current transients recorded during the
potentiostatic testing of aged Al-Mg binary alloy at anodic potentials below E,;,. . The results
were validated by comparing the estimated and actual V,,;; measured using a 3D optical
profilometer. The findings indicate that the ratio Cy/Cy;, varied from 0.019 to 0.052 depending

on the Ctrgnsient @nd did not introduce an error greater than 2% in the estimated ;.

The conventional notion of treating each current transient as a signal arising from single

discrete pit events and the error it introduces in the r,;, estimated from Ci.qnsiene Were
investigated from the spatiotemporal evolution of metastable pit events. The studies were
performed on an aged AIl-Mg binary alloy and commercially pure aluminium to derive a
comparative understanding of the influence of electrochemically distinct second phase particles
on the inconsistencies witnessed in the estimated 7,;. The findings suggest that the
overestimation and underestimation of r,;, due to the co-occurring and recurring pit events,
respectively, introduced significant error in the estimated r;,;, which was greater than the HE-
induced error. Further, the study revealed that the assumption of hemispherical pit geometry
during the calculation of r,;, for irregular pits introduced significant ambiguity. With the
insights derived, a critical Cygnsiene and Vy,; Were proposed to be associated with the transients

that resulted in multiple pit recurrences and subsequent stabilisation of the metastable pit

location.

Key words: aluminium, metastable pitting, hydrogen, in situ investigation.
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Chapter 1
Introduction

1.1. Background

The engineering life of aluminium and its alloys is limited by their corrosion
performance which causes premature failure by the loss of structural integrity. The nature of
corrosion upon aluminium is predominantly localised. It often initiates as humble microscopic
corrosion pits that subsequently grow into various types of macroscopic corrosion failures. Of
the various forms of corrosion that develop from pits, environmentally assisted cracking (EAC)
is more detrimental, resulting in the mechanical breakdown and fatigue failure of the material
[Kondo 1989; Connolly et al. 2006]. Therefore, a critical understanding of the pitting
susceptibility of aluminium alloys plays a vital role in material selection for various

engineering applications and alloy development.

The parameter pitting potential (E,;) is traditionally employed in determining the
stable pitting susceptibility of alloy systems. However, over the past few decades, Ep;; per se
has been criticised as an inadequate parameter since it fails to determine the pitting kinetics
and the pitting propensity of certain alloys [Cavanaugh et al. 2009; Gupta et al. 2012]. On the
contrary, the investigation of metastable pitting characteristics from the measurable current
transients recorded at anodic potentials below E,;., has gained significance [Williams et al.
1994; Gupta et al. 2012] since the metastable and stable pit events follow the same growth law
[Isaacs 1989; Pistorius et al. 1992]. The metastable pitting characteristics, viz., frequency,
shape and charge accumulation of the current transients, have considerably advanced the
knowledge on the mechanistic and kinetic aspects of stable pitting in addition to providing a
quantitative assessment of the stable pitting susceptibility of alloy systems [Sato et al. 1998;
Kim et al. 2007; Gupta et al. 2014].



The critical metastable pitting parameter that aids in estimating the pit size (r,,;,) and
thereby determining its stability [Buzza et al. 1995] from the so-called ‘pit stability criterion’
[Pride et al. 1994] is the charge accumulated by the current transients (Ci,-qnsient)- 1N @ current
transient trace (I VS t), Ceransien: 1S determined by integrating the area under the I-t curve
[Williams et al. 1994, Pride et al. 1994]. The distribution of r,,;, grossly estimated using this
method was found to be consistent with the distribution of the actual r,,;; witnessed on a pitted
stainless steel (SS) [Williams et al. 1994] and aluminium surface [Pride et al. 1994]; a fact

which further promoted the relevance of Cyransient-

1.2. Motivation:

Pistorius et al. [Pistorius et al. 1992] reported that the distribution of r,;, calculated
from the Ciransiene 1IN SS was either underestimated or overestimated as compared to the
distribution of the actual r,,;, measured on the pitted surface. In aluminium and its alloys, the
Tpir €stimated from Cppgnsiene IS cOnsidered to be severely underestimated owing to the charge
consumed by the copious hydrogen evolution (HE) occurring within the pits [Frankel 1998].
In pure aluminium, the ratio of HE current density (iy,) to the total anodic current density
(lanoaic)s 1-€., iy, /lanoaic Was reported to be 0.16 in AlCIs solutions using one-dimensional
(1D) pits [Beck 1984]. This ratio for two-dimensional (2D) pits on aluminium tested in de-
aerated 0.1 M NaCl was reported to range between 0.05 and 0.09 [Frankel 1990]. Pride et al.
[Pride et al. 1994], through derivative approaches, showed that the HE within the pits in
aluminium does not impart a significant error in the estimated metastable r,;.. However,
several other works reported that such a discrepancy exists in aluminium alloys [Guan et al.
2014; Guan et al. 2015]. Considering the significant fraction of pit dissolution current lost to
HE during stable pit propagation, incorporation of an excess charge (~16%) to that determined

from Ci-gnsien: 0€Came a practice [Kim et al. 2007; Guan et al. 2016b].

The foregoing discussions do not provide an adequate understanding of the
discrepancies (if any) between the actual and estimated metastable 7,,;. and V,,;.. The primary
issue therein is the basis of comparing the distribution of metastable r,,;; rather than associating
a current transient to its respective metastable pit event. Such investigations do not provide a

precise understanding of the actual error in the estimated r,,; and Vy,;, associated with a single
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current transient/metastable pit event. Besides, the incorporation of an additional 16%
Ciransient 10 the measured Cirgnsien: 10 account for the charge lost to HE (Cyg) during
metastable pit growth based on the results derived from stable pit propagation studies is
speculative. Cook et al. [Cook et al. 2012] showed that the HE induced noise in the current
decreased progressively for the same anodic current density when the potential was
progressively stepped down to the repassivation potential (E,.). This study validates that the
rate of HE within the pits in aluminium is strongly dependent on the potential than on i ,,qic-
Therefore, incorporating the same value of iy, /ign,qic from the stable pit propagation studies
conducted at potentials above E,;, to the metastable pit growth (performed at potentials below
Epie) could be erroneous. Further, other factors, apart from HE, could result in the
inconsistencies witnessed between the estimated and actual metastable 7., of which the
spatiotemporal evolution of pit events and pit geometry are a few to mention. These factors are
commonly overlooked during the evaluation of the inconsistencies witnessed in the 7,

estimated from Cy,-qnsien: @nd warrant meticulous investigation.

The question: “what is the reliability of the pit sizes analysed from the metastable
pitting data in relevance to predicting the stable pitting susceptibility of alloy systems?”
therefore remains unresolved. A deterministic conclusion in this regard requires the association
of the current transients to their respective metastable pit events, which has remained elusive
due to the dynamic nature of pitting that hampers its visualisation and subsequent mapping of
its locations. Recently Sander et al. [Sander et al. 2020] performed an in situ investigation of

metastable pitting in SS and reported that the actual metastable 7,,;, was smaller than that

determined from the Ciransiene- They attributed the excess charge in Crgnsient t0 the capacitive
effect resulting from what they called ‘the switching’ of the surface condition related to local
rupture of the passive film.

To date, no study has successfully addressed the issue concerning the discrepancy
between the estimated and measured metastable 7,,;, by correlating the current transients to

their respective metastable pit events in aluminium and its alloys.



1.3. Objective

The objective of this dissertation is to evaluate the error introduced by various factors

on the estimation of metastable 7,; and V,;; from Cyqnsiene Oy €mploying an in situ imaging

technique to map the real-time evolution of metastable pit events.

1.4. Scope of the work

The scope of this work is to address the following objectives/questions to evaluate the

reliability of estimating metastable 7,,;; and V,;¢ from Cergnsient-

(a) Develop an in situ investigation method to facilitate the correlation of the metastable
pit events to their associated current transients.

(b) What is the fraction of pit dissolution charge lost to hydrogen evolution, i.e., Cyg/Cp;t?

(c) Doesthe area underthe I — t curve, i.e., current transient, correlate with the actual mass
loss at the pit site?

(d) Is a single current transient associated with a single discrete pit event or multiple co-
occurring pit events?

(e) Does a subsequent current transient evolve from a pit event recurring at the same
location or a discrete pit event evolving at a different location?

(F) Do the findings derived for questions (d) and (e) vary depending on the electrochemical
(anodic/cathodic) nature of the second phase particles?

1.5. Thesis outline

This dissertation has seven chapters, including this chapter (Introduction).

e Chapter 1. Introduction: This chapter begins with a brief overview explaining the
significance of the charge of the transient (Ciransient) @nd the ambiguities related to
estimating the metastable 7,,;, from Cty.gnsiene- The motivation, objective and scope of

the work are defined.

e Chapter 2. Literature review: This chapter provides a detailed review of the literature
concerning the various stages of pitting corrosion witnessed in aluminium, followed by

the different methods employed in investigating the same. Later, the merits of



metastable pitting studies are discussed with an emphasis on the importance of
Crransient 1N determining the stable pitting susceptibility of alloy systems. The contents
of the chapter are finally summarised to identify the gaps in the existing literature. In

this context, the problem statement is introduced.

Chapter 3: Experimental methods: A detailed account of the materials, heat treatment
procedures, electrode fabrication, electrochemical testing methods, in situ imaging
setup and other experimental methods employed in performing the research described

in this dissertation has been presented.

Chapter 4: A novel approach for the in situ visualisation of metastable pitting events
from hydrogen evolution: This chapter addresses the question (a) presented in the
scope of this dissertation (Section 1.4). After a brief description of the background, this
chapter presents the requirements, feasibility and limitations of the in situ investigation

method adopted to map the metastable pit locations in situ.

Chapter 5: In situ investigation on the role of hydrogen evolution on the estimated
metastable pit sizes: This chapter addresses questions (b) and (c) presented in the scope
of this dissertation (Section 1.4). After a brief introduction of the context of the
problem, an extensive discussion on the calculation and implications of the fraction of
pit dissolution charge consumed by HE, i.e., Cyg/C,;. is presented. The results are later
validated by comparing the actual and estimated values of V,;, for a single discrete

metastable pit event associated with a current transient.

Chapter 6. The role of the spatiotemporal evolution of pit events on the estimated
metastable pit sizes: This chapter addresses questions (d), (e) and (f) presented in the
scope of this dissertation (Section 1.4). After a brief introduction of the background, an
extensive evaluation of the error introduced by the spatiotemporal evolution of

metastable pit events on the estimated r,,;; is presented.

Chapter 7. Summary and scope for future work: This chapter summarises the findings
of the present work, presents a broader perspective and the challenges in this research

work that allow for improved scope for future work.



Chapter 2

Literature Review

2.1. Aluminium and its alloys

Aluminium is the most widely used alloy system among the non-ferrous and light-metal
alloy community. It is also the second most widely used alloy system after steel. According to
the 2017 Niti Aayog document on ‘Need for an Aluminum Policy in India’, the annual
consumption of aluminium (including scrap) in the world was 80 million tonnes with a global
average of 11 kg per capita. Today, some of the leading manufacturers of aluminium, namely
Hindalco (India), BALCO (India) and Alcoa (Australia), supply aluminium to cater to the
various global engineering requirements. Aluminium finds application in industries ranging
from large-scale sectors such as automobile, aircraft and defence to small-scale sectors related
to manufacturing appliances and packaging. The pie chart in Figure 2.1 provides an
understanding of the percentage consumption of aluminium across the various industrial

sectors in India.

Aluminium exhibits a unique combination of properties that favour its utilisation in a

wide range of engineering applications. Some of its remarkable properties are discussed below.

e High strength to weight ratio: Aluminium has a density of 2.7 g.cm™3, which is three times
lower than steel [Vargel 2004]. Pure aluminium is soft and ductile; commercially pure
aluminium (AA1100) has a tensile strength of 90 MPa [Scamans et al. 2010]. However,
when suitably alloyed and tempered, their mechanical properties can be augmented to meet
specific engineering requirements. For instance, the tensile strength of fully work-hardened
AA5456 is 385 MPa [Scamans et al. 2010], and age-hardened AA7068-T6511 alloy is 683

MPa [United et al. 2008]. Depending on the temper, aluminium is also ductile and



malleable such that it can be welded, bolted, riveted and brazed. The high strength to weight
ratio of aluminium compared to steel provides economic benefits in reducing fuel
consumption, handling, and shipment, making them suitable for automotive and aerospace
applications. Up to 50% weight savings have been reported when steel is substituted with
aluminium for Body-In-Weight (BIW) applications which amounts to a 20% to 30%
reduction in the total vehicle weight along with other reduction opportunities [Cole et al.
1995]. In the present day, almost 80% of the commercial aircraft structures, such as the
fuselage, engine turbines, wing panels, and cockpit instrumentation, are made from

aluminium and its alloys.

Aluminium consumption

m Electrical

m Transport

m Consumer durables
Construction

m Machinery

m Foil stock

m Packaging

m Others

Figure 2.1. Pie chart describing the consumption of aluminium across various industrial sectors in
India [Mishra et al. 2020].

Corrosion resistance: Aluminium tends to form a protective oxide film on its surface by a
phenomenon termed passivity that prevents the dissolution of the underlying metal surface
and provides excellent atmospheric and aqueous corrosion resistance. In the shipbuilding
sectors, Al-Mg alloys (5XXX series) have efficiently replaced carbon steel due to their
excellent corrosion resistance (corrodes over 100 times slower) coupled with the high
strength to weight benefits (~ 60% weight reduction) [Romhanji et al. 2006]. However, the
protectiveness or stability of the passive film on aluminium alloys varies depending on the
environmental (concentration of aggressive species, temperature, pH) [Pride et al. 1994;
Birbilis et al. 2008], metallurgical (alloying addition, precipitate size) [Birbilis et al. 2005;
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Ralston et al. 2010] and mechanical factors. As discussed later in Section 2.2, the formation
of such localised flaws in the passive film results in localised corrosion of aluminium
alloys.

e Electrical and thermal conductivity: The high electrical conductivity of aluminium (63 —
57% IACS at 293 K [Scamans et al. 2010]) makes them suitable for application in power
transmission cables as a substitute for copper. Aluminium also exhibits high thermal
conductivity (214 Wm™K at 293 K [Scamans et al. 2010]), making them suitable for
manufacturing cookware and other household appliances.

e Recycling: Aluminium can be efficiently recycled, with its percentage recycling ranging
from 80% in the transportation sector to 65% in household applications, making them cost-
effective [Vargel 2004].

With the recent advancements in additively manufacturing corrosion-resistant high strength
aluminium alloys [Gharbi et al. 2018], the relevance of aluminium and its alloys will scale to

embark on a new era of serving intricate and advanced engineering requirements.

2.2. Corrosion induced failure of aluminium — an overview

The failure of aluminium as an engineering material due to corrosion can be
catastrophic. The numerous aircraft failures witnessed [Czaban 2018] signify the concern of
aluminium corrosion as a potential threat to human safety. The estimated total annual cost of
corrosion in the U.S. aircraft industry was reported as $2.2 billion, wherein the cost of corrosion
maintenance alone was audited to be $1.7 billion [Koch et al. 2002]. The insidious nature of
aluminium corrosion arises from its inherent tendency to undergo localised dissolution. The
minuscule corrosion pits that form during the preliminary stage of corrosion are often covered
with reflective pit covers [Frankel 1998] and corrosion products akin to the metal surface,
leaving them visually undetected for maintenance. Figure 2.2 illustrates an overview of the

corrosion-induced failure of aluminium as an engineering structure.

Localised corrosion upon aluminium initiates when the naturally protective passive film
suffers local damages and exposes the underlying metal surface to the environment. The
localised failure of the passive film occurs due to several factors such as the presence of
inherent defects in the passive film, its exposure to aggressive species, mechanical rupture of

the film or underlying microstructural heterogeneity that can locally alter the passive film
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characteristics and induce depassivation [Szklarska-Smialowska 1999; Soltis 2015]. The time
taken by an alloy to undergo passivity breakdown and commence localised nano-scale/micro-

scale metal dissolution is termed the incubation period.
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Figure 2.2. Overview of the corrosion-induced failure of aluminium as an engineering material
[McCafferty 2003; Soltis 2015; Bobby Kannan et al. 2011].

In lieu of the protective passive film at localised locations, the underlying metal surface
undergoes rapid dissolution owing to the high electronegativity of film-free aluminium
(standard electrode potential = - 1.66 V) [Vargel 2004]. Such localised dissolution results
in different forms of localised corrosion such as pitting corrosion when the occluded site forms
on an open surface, crevice corrosion when such sites develop within a crevice and
intergranular corrosion (IGC) when the dissolution occurs preferentially at the grain boundaries
(GBs). The nano- or microscale localised dissolution may cease if the conducive chemistry,
typically acidic pH, in the occluded site is lost and the passive film reforms, resulting in
metastability [Siitari et al. 1982; Pride et al. 1994; Lim et al. 2016]. However, if the passive
film fails to reform and the dissolving front propagates, developing the critical conditions (viz.,
critical pit depth and critical acidification [Pistorius et al. 1992; Pride et al. 1994]) necessary to
facilitate the conservation of aggressive pit chemistry, the occlusion becomes a stable corrosion

site. Subsequently, further dissolution becomes autocatalytic in nature [Baumgartner et al.



1988; Frankel 1998; Lim et al. 2016]. The period ranging from the incubation of an occluded
corrosion site until this stage associated with microscale dissolution is termed the period of

localised corrosion.

Upon reaching a critical size such that a critical stress intensity factor (AK,,) is overcome
[Kondo 1989], the micro-scale occluded corrosion sites transition to macro-scale cracks
[Connolly et al. 2006], termed environmentally assisted cracking (EAC). Thereupon,
depending on the crack growth kinetics, the structural failure of the material is imminent.

Typically, the period comprising pit incubation through localised corrosion accounts
for ~ 80% of the engineering life expectancy of the material, while that related to crack growth
and subsequent failure of the alloy forms only the remaining ~ 20%. Hence, to improve the
engineering life expectancy of materials from a corrosion perspective, the factors relevant to
maximising the period before crack initiation need to be understood. Efforts in this direction
can be directed to investigating the pitting performance of alloy systems, as pitting corrosion
bears a direct relationship with EAC [Kondo 1989]. Further, since corrosion pits and other
forms of localised corrosion (crevice corrosion and IGC [Baumgartner et al. 1988; Lim et al.
2016]) develop similar occluded chemistry, their investigation can provide critical mechanistic
insights regarding the overall localised corrosion performance of the alloy system. The primary
interest of this thesis is to understand the reliability of metastable pitting studies, which is a
promising method employed to quantitatively determine the stable pitting susceptibility of
alloy systems [Gupta et al. 2012] and understand the associated mechanistic and Kinetic aspects
thereof [Pride et al. 1994; Kim et al. 2007; Gupta et al. 2014].

2.3. Passivity

The phenomenon by which a specific class of metals develop protective surface film
upon their interaction with the environment rather than undergoing dissolution is termed
passivity. The protective film, typically nanometer-sized and predominantly comprised of
oxides and hydroxides, confer immunity by stifling the dissolution of the underlying metal
surface by acting as a kinetic barrier. Some of the spontaneously passivating alloy systems of
engineering significance, apart from aluminium, include stainless steel (SS), titanium and

nickel.
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The phenomenon of passivity has been scientifically recognised since the 18" century.
Lomonosov, Russia (1738), Wenzel, Germany (1782) and Keir, England (1790) documented
the non-reactive nature of an iron surface when it was exposed to concentrated HNO3 [Uhlig
1979]. Schonbein [Schonbein 1836] became the first person to term this phenomenon as
“passivity”. Nevertheless, the knowledge of the concept of passivity dates back to ancient
civilisations. The Iron Pillar in New Delhi, India (Figure 2.3 (a)) is one of the oldest
architectural marvels that serves as a classic testimony to this knowledge. Built by the
blacksmiths of the imperial Gupta monarch, this structure has remained corrosion-resistant for
over 1600 years. The superior corrosion performance of this structure is conferred by the

multiple layers of protective iron oxide films that have formed upon its surface (Figure 2.3 (b))

[Balasubramaniam 2000].
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Figure 2.3. (a) A photograph of the Iron Pillar in New Delhi, India, (b) comparative study of the various
passive layers formed upon mild steel, weathering steel and the Delhi Iron Pillar steel
[Balasubramaniam 2000].
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Passive films form natively on the metal surface and confer corrosion resistance.
However, not all films that form on a metal surface are passivating. For instance, the metal ions
dissolving away during active corrosion may deposit back on the surface as a salt film when

the electrolyte is supersaturated or the salt formed is sparingly soluble. These salt films are
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non-passivating as they are non-continuous, crystalline and weakly adhered to the metal surface
[Burstein 1994]. A typical example of this case is the formation of a bluish-green patina on the
corroded copper pipes. The spontaneously passivating aluminium also precipitates non-
passivating salt films during their active dissolution [Beck 1984]. These salt films promote and
regulate active corrosion within the occluded pit cavities, while passive films offer barrier-like
corrosion protection by preventing the dissolution of the underlying metal surface [Alkire et
al. 1988].

2.3.1. Pourbaix diagram

The thermodynamic conditions that favour the stability of passive films can be
investigated from the Pourbaix diagram, which is a plot of the potential versus pH constructed
using the thermodynamic laws of the Nernst equation and solubility products [Pourbaix 1966].
It is employed in determining the chemical and electrochemical equilibria between the metals
and their oxides when in contact with water and thereby defines the zones of corrosion,

passivity and immunity.

“'-2 -1 0 1 2 3 & 5 6 7 8 9 10 11 12 13 1t 15 'IEI '

: | — T T T 1T T T T T TT7 ,
El“;?@\“‘---.. PEMR r -6 -4 -2 o |,

1L H‘--"‘ ~— -1
08| T~ 408
05 A I Jos

-‘.‘h"{-___‘
oLl ~~1 04

2k h
0. AL,05.3H,0 02

0 :@\._‘_Hﬁ‘ hydrargillite Jdo
-02|- T4 4o ALO; 02

""h~_‘_h.
-4 |- ~~_] +ou
-06}- 1 06
-“‘-"“-\._-!
-08}- """--..____‘__- ~4-08
—

-1 Aav s B
12| 42
- A

3 14
15| 416
- T d-

o 0-2-4-8 5 18
-2 L \K d-2
22 4

Al y w2
g —-24
26l 1 411 R T R S S Tk Bl g -2,6
-2 -1 0 1 2 3 & 5 B 7 8 9 10 M 12 13 Ik 1516
pH

Figure 2.4. The Pourbaix (E-pH) diagram of aluminium [Pourbaix 1966].
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The E-pH diagram of aluminium (Figure 2.4) [Pourbaix 1966] reveals the following facts:

e Passivity in aluminium is conferred by the formation of hydrargillite (Al203.3H.0).

e The passive films that form upon aluminium are amphoteric in nature; i.e., they are
unstable in acidic and alkaline solutions.

e In acidic pH, Al dissolves as AI** and evolves hydrogen, while in alkaline pH, Al
dissolves as AlO?.

e Within the pH range 4 — 9, aluminium is covered with a passivating oxide film, wherein
its composition, structure, porosity, thickness and extent of hydration depends on the
combination of potential and pH.

2.3.2. Characteristics of the passive film

Aluminium undergoes spontaneous passivation and forms a hydrous oxide film upon
its exposure to aqueous solutions. A direct investigation of the precise characteristics of the
passive film has remained elusive owing to its small thickness that intercepts with the
interphase (metal and electrolyte) and the presence of high electric fields across this thickness
[Burstein 1994].

The typical composition of the initial oxide film that forms on aluminium upon its
exposure to water has been reported as pseudo-boehmite (AIOOH) [Vedder et al. 1969], which
has a lamellar structure [Boer et al. 1970] with its lamella oriented perpendicular to the metal
surface [Hart 1957]. This layer is highly porous on the surface exposed to the electrolyte and
dense near the metal-oxide interface [Alwitt 1974]. Upon prolonged exposure to water, a
bayerite (Al(OH)3) film forms on the pseudo-boehmite film [Hart 1957].

The structure, thickness and physicochemical properties of the passive film can vary
depending on the electrolyte and exposure temperature [Smialowska 1999]. For instance, the
anodic films formed upon exposing aluminium to borate and tartaric acid were thin, dense,
coherent, and amorphous, while those formed in sulfuric and phosphoric acids were thick,
porous, and crystalline [Szklarska-Smialowska 1999]. The passive film characteristics also

vary depending on the microstructural heterogeneity introduced by alloying additions, micro-
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defects (vacancies, voids) and macro-defects (shape of the intermetallics, inclusions)
[Szklarska-Smialowska 1999].

The passive film upon aluminium is known to exhibit very low electronic conductivity,
limiting the occurrence of redox reactions on its surface [Szklarska-Smialowska 1999].
However, Sato [Sato 1978] reported that the redox reactions could occur on sufficiently thin
passive films by electronic tunnelling. The passive film on aluminium has a bandgap of ~ 3 eV
[Menezes et al. 1989] and exhibits semiconductive properties depending on the alloy
composition and environment [Szklarska-Smialowska 1999]. The passive films with n-type

semiconductive properties promote pitting corrosion [Bianchi et al. 1970].

The pH of zero charge (pH,.) or the iso-electric point, which is the pH at which the
charge on the passive film is zero, is an important parameter that determines the susceptibility
of a passive metal surface to localised corrosion. The pH,. of the air-formed passive film on
aluminium upon its exposure to aqueous solutions is 9.5 [McCafferty et al. 1997]. Therefore,
in neutral pH solutions, the passive film upon aluminium bears a positive charge that enhances
its affinity to aggressive anions such as halides. This phenomenon forms the basis behind the
breakdown of passivity and subsequent localised corrosion in aluminium [McCafferty 2003].

2.4. Breakdown of passivity

The failure of passive film at localised locations exposes the underlying aluminium
surface to the environment resulting in its rapid dissolution and generation of acidity that curbs
the passive film reformation and promotes sustained dissolution [McCafferty 2003]. Following
is a brief overview of the various theories concerning the localised breakdown of passivity in

aluminium (Figure 2.5).

2.4.1. Penetration mechanism

The positive charge bestowed by the pH,. of the passive film upon aluminium
facilitates the adsorption of aggressive anionic species (such as CI°, Br and I) to its surface.
Upon adsorption, these anions penetrate the film at the film imperfections under the influence
of a high electric field (~ 10° V.cm™) [Evans 1927; Hoar et al. 1965] and reach the metal-oxide

(M/O) interface, inducing aluminium dissolution. The incorporation of such anions into the
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passive film is regarded to facilitate higher ionic conductivities along the penetration paths and
result in an autocatalytic process. Recently, Natishan et al. [Natishan et al. 2014], in their
review, validated this mechanism with their finding that the Cl~ions can incorporate and remain

mobile in the air-formed and anodically formed films of aluminium.

Though the penetration model could successfully explain the concept of E,;, and

induction time (t;), it does not address the dynamic electrochemical noise generated during

metastable pitting and the explosive growth of pits above E,;, [Soltis 2015].

( ) metal oxide electrolyle (b)
////1\\\ \ \ .
-+Me aq(corrosion)

\\\\}l :Héoq}(t'c:::\‘ohon)
\\\\\\ '

. — Clhaq
0\—\50"‘—5— SO'aq }penelrotnon

passive film
(20-1004)

____electrolyte with
aggressive ions

competition

-\—\C‘I(‘)"\\S—ClO'c AVANN passive film=— chioride film
\\ \{ vaq pit (aggressive ions)
AR gr'o\wl
(d) Metal Film Solution
Cation Ejection
. My~ WX (aad + Ve
{ — MX*
N Schottky
Pair
— R i
- - / l/ g eaction
,” N Migration  \_

~’| Anion Absorption

- g : X ..}
m"VMx' My + xe Cation \ ca Vé + X+ X[’,

«— Vacancy
Condensate

i
J /
m ! 4
\ /
N /
R >

Figure 2.5. Schematic illustration of the various models for passivity breakdown (a) penetration
mechanism [Bohni 1987], (b) film breakdown mechanism [Bohni 1987] (c) adsorption mechanism
[Bohni 1987] and (d) point defect model (PDM) [Urquidi et al. 1985].

2.4.2. Point defect model (PDM):

The point defect model (PDM) intends to explain the mechanism of passive film growth
by the mobility of vacancies within the passive film, particularly at the sites of film
imperfections induced by GBs, dislocations or inclusions [Soltis 2015]. The model assumes
that the metal cations migrate from the M/O interface to the film-solution interface while the
oxide vacancies incorporated with Cl~ ions move in the opposite direction under the influence
of a potential drop (¢). The sluggish mobility of the vacancies into the metal phase results in
their accumulation at the M/O interface, inducing stresses and the subsequent breakdown of

15



the passive film. An extension of this model results in the well-known semi-logarithmic

relationship between E,;, and [Cl™] (shown in Equation 2.1, wherein A and B are constants).

Eyit = A —Blog[Cl™] Equation 2.1

The limitation of this model resides in the utilisation of linear transport equations for
the migration of species under high electric fields (10° V.cm™) instead of the characteristic
exponential dependence [Strehblow 1984, 2002]. Further, since PDM was a deterministic

model, it could not explain the current fluctuations associated with metastable pitting.

2.4.3. Film breakdown mechanism

The film breakdown mechanism assumes that the internal stresses prevalent within the
passive film [Evans 1960] induce cracks or physical discontinuities (blisters) that allow direct
access of the anions to the underlying metal surface. In the absence of aggressive species, these
damages are considered to self-heal. Sato showed that at a critical film thickness (&.,i;), the
film pressure induced by the electric field across the film (electrostriction) and surface tension
would exceed the mechanical breakdown stress of the film, resulting in its rupture and pit
initiation [Sato 1971]. The &.,;; Was shown to decrease either with increasing field strength or
decreasing surface tension which was facilitated by the adsorbed CI-, resulting in pitting [Sato
1982]. In aluminium, blistering due to hydrogen evolution occurring beneath the passive film
was reported to induce mechanical rupture of the film, resulting in pit nucleation [Bargeron et
al. 1980a; Natishan et al. 1989].

2.4.4. Adsorption mechanism

The adsorption mechanism [Kolotyrkin 1963; Hoar et al. 1967] postulates that the
adsorbed CI ions catalyse the dissolution of metal cations from the oxide film by forming
transient complexes, leading to localised thinning and breakdown of the passive film. Such
passivity breakdown in aluminium is considered to occur by forming soluble metal chloride

salts upon the adsorption of CI" to the hydrated oxide surface [Foroulis et al. 1975].
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Though the adsorption mechanism successfully explained the increase in t; with the
film thickness, it fails to explain the dynamic electrochemical noise generated during

metastable pitting.

2.4.5. Localised acidification theory

Localised acidification theory, based on the pit stability work of Galvele [Galvele 1976;
Galvele 1981], assumes that a combination of electrolyte penetration through the passive film
and the rate at which the metals can dissolve play a critical role in the pit nucleation. This
model successfully explained the phenomenon of metastable pitting wherein the metal at the
locations of the cracks in the passive film is considered to undergo repassivation if critical

acidification is not established. The model also explained the dependence of E,;. on [Cl™] and
indirectly the dependence of Ej;, on film thickness by the concept of critical pit depth.

However, the model fails to explain the concept of t;.

2.4.5. Voids at the M/O interface

This model explains that the pit nucleation in aluminium is assisted by the formation of
physically or chemically distinct precursor structures such as voids or pores upon the
adsorption of CI to the passive film [Zavadil et al. 2003, 2006; Huang et al. 2004a; Huang et
al. 2004b]. The formation of nanoscopic voids is assisted by the cation and anion vacancy
saturation depending on the ionic transport properties of the oxide film when it is polarised
below E,;¢. Such nanoscopic void formation was reported to be independent of the underlying
metal microstructure [Zavadil et al. 2003, 2006]. A faster transport of the dissolved cations in
the intergranular boundary resulted in the formation of voids at the M/O interface, which upon
growth, induced stresses and induced localised depassivation [Marcus et al. 2008]. This model,
however, does not explain the passivity breakdown in alloys with an amorphous passive film
[Di Quarto et al. 2004].

2.5. Pitting corrosion

Pitting corrosion is the accelerated localised dissolution of metals within occluded sites

where the passive film had undergone local failure. Pitting corrosion progresses sequentially
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by three stages, namely: pit nucleation, metastable pitting and stable pitting. Figure 2.6
provides a schematic illustration of the various stages of pitting corrosion in aluminium and its

alloys.

QUASI-STABLE PITTING
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is incomplete
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interface through local defects
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pit cover acidification without pit cover
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Figure 2.6. The various stages of pitting corrosion in aluminium and its alloys [Soltis 2015].
2.5.1. Pit nucleation

Passivity breakdown in aluminium occurs either by the mechanical breakdown of the
passive film or chloride assisted penetrative depassivation at localised locations [Soltis 2015],
as discussed in Section 2.4. Localised depassivation exposes the underlying aluminium to the
environment. Bare aluminium, being highly electronegative, undergoes rapid dissolution
resulting in trenches termed corrosion pits. Water that ingresses at the M/O interface acts as
the electrolyte to support this dissolution [Szklarska-Smialowska 1999]. The CI- assisted
reactions at the M/O interface result in the hydrolysis of AI** ions, resulting in the generation
of acidic pH within the pit, inducing blisters. [Bargeron et al. 1977; Bargeron et al. 1980b;
Natishan et al. 1989]. Beck et al. reported that the current densities at a latent pit nucleus of 10
A° could be as high as 10° to 10° A.cm™ [Beck et al. 1979], a value that can result in rapid
acidification within the nascent pits. The hydrogen pressure in the blister induces its rupture
resulting in the formation of a corrosion pit. The internal hydrogen pressure required to rupture
an oxide film thickness of 100 A° was reported as 1.58 atm [Natishan et al. 1988]. McCafferty
calculated that the acidic pH within the corrosion pit associated with this pressure ranged
between 0.85 to 2.28 [McCafferty 2003].
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2.5.2. Metastable pitting

Metastable pitting is the second stage of pitting corrosion wherein the nucleated
corrosion pits that grow may fail to attain stability and undergo repassivation. Every nucleated
pit grows through a metastable pitting stage despite becoming metastable or stable. This fact is
evident from the same growth laws they follow during the initial stages of pit growth [lsaacs
1989; Pistorius et al. 1992]. As discussed in Section 2.5.1, the high dissolution rates,
homogeneous chemical reactions and restricted mass transfer within the pit anolyte result in an
acidic pH within the nucleated pit. The driving force critical to sustaining any further pit
dissolution resides in the combined action of a large potential difference (¢) across the pit and
conservation of acidity within the pit to prevent its repassivation. The pit covers and salt films
assist in establishing these conditions by providing the necessary ¢ and constricting the
migration of the aggressive chemistry out of the pit. Upon failing to maintain such critical pit
growth conditions, the pits undergo repassivation and the phenomenon is termed metastable
pitting.

Metastable pitting characteristics are investigated in the passive regime of an alloy
system at anodic potentials below E,;;. Metastable pitting is characterised by the appearance
of current transients during potentiostatic testing [Pride et al. 1994; Gupta et al. 2012] and
potential transients in the active direction during freely corroding conditions [Frankel 1998].
Burstein et al. described such fluctuations as the major source of true passivity breakdown
[Burstein et al. 1996a]. The frequency, shape, lifetime and charge accumulation of such current
transients have been employed in evaluating the mechanistic, kinetic [Pride et al. 1994; Kim et
al. 2007; Sato et al. 1998; Gupta et al. 2014] and quantitative aspects of the stable pitting
susceptibility of alloy systems [Gupta et al. 2012].

Mechanisms of pit repassivation

Pit covers are the remnants of the undermined passive film present over the pit mouth
[Burstein 1994; Frankel et al. 1987; Isaacs 1989; Isaacs et al. 1972]. The layer that precipitates
above the pit when the concentrated acidic pit anolyte meets the relatively dilute bulk solution
can also act as a pit cover [Frankel 1998]. The pores in the pit covers provide the ohmic
resistance necessary to furnish the potential difference (¢) across the pit and stabilise its

dissolution [Vetter et al. 1974]. Pit covers also act as diffusion barriers for the transport of
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aggressive pit anolyte out of the pit and thereby aids in conserving the aggressive pit chemistry.
The rupture of the pit covers may be driven either by the osmotic pressure [Natishan et al.
1989] or the hydrogen pressure within the pit that causes blisters in the case of aluminium
(Figure 2.7). The rupture of pit covers results in pit repassivation due to the loss of the diffusion
barrier to conserve the aggressive pit chemistry [Frankel et al. 1987].

Figure 2.7. The various stages of blistering in aluminium [a] stage 1, [b] stage 2, [c] stage 3
and [d] stage 4 [Natishan et al. 1989].

Salt films are the thin layers of corrosion products that precipitate within the pit interior
when the concentration of the dissolved metal cations in the pit anolyte exceeds
supersaturation, especially at high anodic potentials [Isaacs 1973; Beck 1990]. The formation
of such quasi-thermodynamic salt films has been associated with a characteristic potential such
that metastable pitting does not take place below this potential [Frankel et al. 1987; Hunkeler
et al. 1987; Beck 1990]. Beck reported that the salt film precipitation occurred when the
limiting current density (i;;,,) was lesser than the ohmically-controlled current density (i),

I.e., i;jm < ig and repassivation occurred when i;;,, > i, due to the salt film dissolution [Beck
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1990]. The time required for the precipitation of the salt film (t,,;;) can be calculated using

Sand’s equation, as shown in Equation 2.2.

Equation 2.2
AC
I\/tsqie = zF anet?

wherein AC is the difference in the concentration between the supersaturated pit anolyte and
the bulk electrolyte and D,,,; is the diffusivity of the metal cation. Salt films support the
diffusion-controlled propagation of pits [Frankel et al. 1987; Pistorius et al. 1992]. Some
researchers consider salt films as a necessary aspect for the transition of pits from metastability
to stability [Vetter et al. 1974; Beck 1990]. Vetter et al. reported that the ¢ lost during the
rupture of pit cover is recovered by the salt film precipitated within the pit resulting in its
stabilisation [Vetter et al. 1974]. Cook et al. showed that even a slight drop in the salt
concentration below its saturation level could result in the repassivation of the crystallographic
tunnels that form within the pits in aluminium [Cook et al. 2012]. The threshold concentration
for the transition of pit growth from ohmically-controlled crystallographic morphology to
diffusion-controlled electropolished morphology was reported as 90% saturation concentration
[Cook et al. 2002].

While the loss of pit covers and salt films are regarded as the primary factors that govern
repassivation, other factors such as the metallurgical aspects and pit geometry also play a vital
role in inducing pit repassivation. Corrosion pits in alloys often initiate at the second phase
particles due to micro-galvanic coupling with the matrix [Birbilis et al. 2005]. The second
phase particles that are anodic to the matrix undergo dissolution and result in deep pits, while
the cathodic entities promote matrix dissolution and result in circumferential pits. Ralston et
al. reported that the second phase particles stop acting as distinct electrochemical entities below
a critical precipitate size [Ralston et al. 2010], signifying the vital role of the metallurgical
factors in pitting corrosion. Repassivation also occurs when the second phase particles undergo
annihilation before generating the critical pit chemistry [Burstein et al. 2001]. The pit geometry
is another factor that plays a critical role in pit repassivation. Laycock et al. demonstrated that
the repassivation of metastable pits in SS depended on the structural development of the pits

rather than the collapse of the pit cover [Laycock et al. 2001b].
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Pit stability criterion

Based on the concept of Galvele’s localised acidification theory [Galvele 1976; Galvele
1981], the pit stability criterion was proposed. According to the pit stability criterion, a critical
combination of pit depth (r,,;) and pit current (I,,;;) is necessary for a pit to develop the acidic
pH required to attain stability. In SS, Williams et al. proposed that for a pit to transition from
metastability to stability, the condition I,,;:/r,,;; > 40 mA.cm™ should be satisfied [Williams et
al. 1994]. Pistorius et al. showed that the metastable pits that exceeded the product i,;¢. 7 >
3 mA.cm were capable of attaining stability by withstanding the loss of pit cover in SS
[Pistorius et al. 1992]. Their work also showed that the transition of pits from metastability to
stability was marked by a change in the linear dependence of i,,;;. ,;; to a constant value. The
pit stability criterion proposed for SS was later extended to aluminium by Pride et al. [Pride et
al. 19941, who suggested that the transition of pits from metastability to stability occurred upon

the satisfaction of the criterion L,;,. 7 > 102 A.cm™.

2.5.3. Stable pit propagation

The pits that sustain the critical conditions necessary for their propagation during the
metastable pitting stage reach a critical depth sufficient to conserve the aggressive pit chemistry
even in the absence of pit covers. At this stage, the pit is “autocatalytic” in nature [Hoar 1937].

A brief overview of the various models for stable pit propagation is presented below.

Ohmically controlled pit growth

Pickering et al. [Pickering et al. 1972] and Frankenthal et al. [Frankenthal et al. 1972]
speculated that stable pit propagation occurs under ohmic control. They reported that the pit
bottom potential (E},:+0m) Of an actively corroding pit would be relatively electronegative even
at high anodic potentials and thereby promote stable pitting. However, from their calculations
of ¢ and ionic concentrations as a function of pit depth, they found that the calculated ¢ was
insufficient to drive pitting and concluded that the hydrogen bubble provided the necessary ¢.
The model was considered flawed as it predicted an increase in pH within the pit anolyte, which
is contradictory to the conventional wisdom that the pH within the pit is acidic [Soltis 2015].

Diffusion controlled pit growth
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It is widely accepted that stable pit propagation occurs under diffusion control [Tester
et al. 1975; Isaacs 1973; Novakovski et al. 1966] due to high rates of anodic dissolution. Using
modelling, the evolution of pit depth and width, studied by Scheiner et al., showed that stable
pit propagation is governed by a diffusion-controlled mechanism [Scheiner et al. 2007, 2009].

Mixed ohmic and diffusion-controlled growth

Some researchers consider that the stable pit growth transitioned from ohmic control to
diffusion-control [Frankel 1990; Beck 1984]. The potential at which this transition occurs is
termed the transition potential [Laycock et al. 1997, 1998b]. Laycock et al. determined the
transition potential from the polarisation curve and later using Equation 2.3 with artificial pit
electrodes of SS [Laycock et al. 1997, 1998b].

Er = Eory + ba 1097+l Rine Fauation 2.3

corr

wherein E; is the transition potential, E,,,, is the corrosion potential, b, is the anodic Tafel
slope, i;;, is the limiting current density, i.,, IS the corrosion current density and R;,,; is the
solution resistance within the pit. The transition potential was independent of the passive film
characteristics indicating that it is a strong function of pit propagation than pit nucleation
[Laycock et al. 1998b, 2001a; Burstein et al. 2009].

Localised acidification

Galvele suggested that the stable pit propagation is driven by localised acidification and
calculated the minimum degree of acidification required to attain and sustain stable pit growth
[Galvele 1976]. The model adopted a uni-directional pit geometry and assumed that the metal
dissolution was followed by hydrolysis, and the transport of species was governed by Fick’s
first law. Their model presented a simplified version wherein complexing reactions and further
degrees of hydrolysis were ignored. The bulk solution was treated as a supporting electrolyte.
Their study revealed a critical value of ;.. 7 (wherein r,,;, is the pit depth and i is the current
density at the pit bottom) to achieve the critical pH necessary to sustain the pit dissolution.
Galvele further improved this model by including the reactions pertaining to hydrolysis and
the precipitation of corrosion products [Galvele 1981].

Crystallographic tunnelling
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Pitting corrosion in aluminium is known to propagate by the accumulation of local
tunnelling events termed crystallographic tunnelling (Figure 2.8) [Edeleanu 1960; Nisancioglu
et al. 1978; Kaesche 1990], which occurs when the current available for dissolution becomes
insufficient to grow a conventional hemispherical pit [Newman 1995].

b

Figure 2.8. A resin replica demonstrates the evidence of crystallographic tunnelling in AA5083 [Moore
et al. 2008].

During tunnelling, the chemistry within the individual tunnels could be more aggressive
than the average chemistry present within the entire hemispherical envelope of the pit. The
active tunnel tips may develop current densities as high as 30 A.cm2, while their walls may
remain passive due to the reformation of passive film or precipitation of a salt film [Soltis
2015]. The tunnels also respond to the reduction in currents by narrowing their propagation
front [Hebert et al. 1988; Alwitt et al. 1990]. Kaesche described that a passivated tunnel would
dissolve again when the electrolyte retained within the tunnels gets enriched with aluminium

halide [Kaesche 1990]. Many such tunnels may later coalesce to form larger tunnels.

The pit dissolution at the propagating front is driven by mass transport through a thin
salt film which provides the ¢ and conserves the critical chemistry necessary for the tunnel
dissolution just above the salt film. Some researchers argue that the tunnel tip grows under
ohmic control [Hebert et al. 1988], while others consider the growth to be under diffusion

control [Goad 1996]. Burstein et al. reported that the individual crystallographic tunnels grow

24



under diffusion control, though the entire hemispherical pit in which the crystallographic

tunnelling occurs would follow an ohmic pit growth law [Burstein et al. 1996b].

2.6. Role of alloying additions

Alloying followed by ageing and/or work hardening treatments and the incorporation
of impurities during the manufacturing processes impart heterogeneous microstructures
comprising precipitates, constituent particles and dispersoids in aluminium alloys [Scamans et
al. 2010]. These second phase particles exhibit electrochemical properties significantly
different from the matrix [Buccheit 1995], rendering them either anodic or cathodic to the
matrix, resulting in micro-galvanic coupling and subsequent localised corrosion [Birbilis et al.
2005]. Unlike pure aluminium, wherein pitting is primarily governed by the passive film
characteristics [McCafferty 2003], pitting in aluminium alloys is driven by the type of alloying
addition [Szklarska-Smialowska 1998] or impurity and the (electrochemical and metallurgical)

characteristics of the second phase particles they engender [Birbilis et al. 2005].

In their review, Smialowska suggested that based on the investigation of homogeneous
binary metastable aluminium alloys, the mechanism of inhibition of pit growth due to the
alloying additions could be classified as follows: (a) solubility of passive film in acidic
solutions, (b) enrichment of solute in the passive film and (c) retarding of pit dissolution
kinetics [Szlarska-Smialowska 1998]. Smialowska discussed the first mechanism by
demonstrating the correlation between the solubility of oxidised species of the alloying element
at acidic pH and the pitting potential [Szklarska-Smialowska 1992]. Many researchers
discussed the mechanism of passive film enrichment by the alloying elements [Frankel et al.
1990; Davis et al. 1990; Inturi et al. 1993]. The addition of Ta, Mo and Cr were considered to
enrich the passive film resulting in the ennoblement of E,;. [Szklarska-Smialowska 1998].
However, subsequent works using thin films [Frankel et al. 1993] showed that the alloying
additions influenced the pit dissolution kinetics more than the passive film characteristics.
Several studies focused on understanding the mechanism of how the alloying additions drive
pit dissolution Kinetics. Sato et al. 1998 (a) suggested that Zn in the solid solution activated
aluminium for pit propagation but did not influence pit nucleation. In another study, they
suggested that the presence of Mg in solid solution did not activate aluminium but enhanced
its repassivation by preferential dissolving resulting in aluminium enrichment [Sato et al. 1998

(b)]. The presence of Cu in the solid solution increases E,;; and E, [Yasuda et al. 1990]. Kim
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et al. using metastable pitting studies, attributed the better pitting performance of Al-Cu

homogenised alloy to the two stages of repassivation [Kim et al. 2007].

Detail investigation of the electrochemical characteristics of the various second phase
particles present in commercial aluminium alloys by Birbilis et al. 2005, emphasises that a
first-order classification of the second phase particles as anodic and cathodic is insufficient. In
fact, several second phase particles, including Al;Fe [Nisancioglu 1990], Mg, Al; [Liu et al.
2010] and Al,CuMg (S phase) [Hashimoto et al. 2016] are known to undergo incongruent
dissolution and therefore alter the pitting characteristics. The electrochemical nature of the
second phase particles also influences the pit morphologies. The presence of noble second
phase particles results in circumferential pits due to the undermined matrix surrounding them,
whereas the selective dissolution of anodic entities results in deep pits [Buchler et al. 2000;
Ilevbare et al. 2004; Schneider et al. 2004]. Ralston et al. 2010 showed that the precipitate in
Al-Cu-Mg alloy ceased to act as a distinct electrochemical entity below a critical precipitate
size. A similar conclusion and the role of Cu in promoting grain refinement in Al-Mg-Si alloy

was discussed by Kairy et al. 2016.

2.7. Investigation of pitting corrosion

The pitting susceptibility of alloy systems may be investigated using electrochemical,
chemical or natural exposure methods. The choice of the technique depends on the objective
of testing, which could range from quantitatively evaluating the pitting performance of alloy
systems to deriving a mechanistic understanding of the kinetics involved in the pitting process.
Techniques such as potentiodynamic polarisation and Electrochemical Impedance
Spectroscopy (EIS) furnish insights into the bulk pitting performance of the alloy systems. In
contrast, techniques such as the scanning or micro-electrochemical methods assist in deriving
a mechanistic understanding of the localised pitting behaviour. Pit investigation tests are
invariably followed by post-mortem studies using (optical/electron) microscopy, profilometry
or Atomic Force Microscopy (AFM) for failure analysis to examine the morphology,

dimensions, location and distribution of the pits.
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2.7.1. Potentiodynamic polarisation

Potentiodynamic polarisation is the traditional method for investigating the pitting
performance of alloy systems. The test procedure involves scanning the potential at a fixed
scan rate from cathodic to anodic potentials and simultaneously recording the current response
of the specimen, as described in ASTM G61-86. Though this standard is conventionally
adopted for the pitting assessment of Fe, Ni and Co-based alloys, a similar procedure is adopted
for testing the pitting susceptibility of aluminium alloys [Pride et al. 1994]. The typical cyclic
potentiodynamic polarisation response of pure aluminium recorded at a scan rate of 0.5 mV.s
! (both forward and backward) in aerated 0.01 M NaCl is shown in Figure 2.9.

Analysis of the potentiodynamic polarisation plots yields the characteristic potentials,

namely corrosion potential (E.,,,-), pitting potential (E,;.), transition potential (E7), protection
potential (Ey,.), metastable pitting potential (E,,,) and other parameters such as the corrosion
current density (ico) and passive current density (ipgssive). These parameters aid in

determining the pitting susceptibility of alloy systems. The significance of these parameters is

discussed below.
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Figure 2.9. The cyclic potentiodynamic polarisation response of pure aluminium at a (forward &
reverse) scan rate of 0.5 mV.s?, reversed at 1 mA.cm2 in aerated 0.01 M NaCl.
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Pitting potential (Ep;; )

In a potentiodynamic polarisation plot of a passivating metal-alloy system, E,;, is the
anodic potential above which the current transitions from an almost constant i,y t0 @ sharp,
sudden and rapid increase. In their review [Soltis 2015], Soltis reported that the concept of
pitting was introduced by Brennert in 1936 [Brennert 1936]. Conventionally E,,;, is considered
as the potential above which the stable pits propagate and below which metastable pitting is
possible [Sasaki et al. 1996]. E,,;; is also considered as the potential above which co-operative
interaction among the pits occur [Scully et al. 2008]. Mechanistically, E,;; is also described as
the potential required for the maintenance of a salt film inside the pit [Laycock et al. 1997,
1998b] since the dissolving pit can generate chemistry that is aggressive enough to prevent
repassivation [Inturi et al. 1993]. At E,;., the pit geometry transitions from crystallographic to
polished hemispherical due to the change in kinetics from ohmic-controlled pit propagation to
diffusion-controlled propagation [Beck 1984; Frankel 1998].

Epi: can also be determined using potentiostatic methods by the so-called ‘point to
point” measurement. This test method involves determining the extent of pit damage after
exposing the alloy at a constant potential for a specific period [Schwenk 1964, 1965].
Galvanostatic methods employed to determine Ej; [Schwenk 1964] were later proven
ambiguous owing to the periodic oscillations of E,; that occur over several orders of

magnitude [Rosenfeld et al. 1967].

Repassivation potential (E,.)/Transition potential (Ey)

Pourbaix et al. introduced the concept of repassivation potential (E,) [Pourbaix et al.
1963]. In the reverse scan of a cyclic potentiodynamic polarisation curve, E, is the potential
below which the current decreases proportionally with potential. The classic E, witnessed in
SS, i.e., the potential at the intersection of the reverse scan with the forward scan does not occur
in aluminium and its alloys [Yasuda et al. 1990; Comotti et al. 2013]. Hence, the potential at
which the curve transitions from diffusion-limited propagation (i.e., i varies independent of E)
to ohmic-limited propagation (i.e., i varies as a function of potential) is termed the pit transition
potential (E7) in aluminium. The proper repassivation potential (E,) for aluminium can be
determined from ASTM D6208-07.
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Mechanistically, E, is defined as the minimum potential required to conserve critical
pit chemistry and, therefore, the potential below which metastable pitting is not possible
[Frankel et al. 1993]. The factors influencing pit growth can be studied from the difference of
E, and E,;, i.e., when E;;, — E,. is small, the influence of the passive film is minimal such that
pitting is dominated by pit growth kinetics [Li et al. 2018]. On the contrary, when E,;; — E. is

large, pitting is dominated by both the passive film characteristics and pit growth kinetics [Li
et al. 2018].

Though E, furnishes insights regarding the repassivation Kinetics, the pitting
susceptibility of alloy systems is not primarily investigated from E, as it varies significantly
depending on the scan rate, pit depth and current density at the instant of current reversal [Wilde
etal. 1971].

Protection potential (Ep;o¢)
Protection potential (E,,.,) is the potential at which the current reaches its lowest

anodic current density during the reverse scan [Comotti et al. 2013], as shown in Figure 2.9.
The difference in the potentials Ep,;; — Epro, 1., the width of the hysteresis aids in

understanding the localised corrosion susceptibility of aluminium alloys.

Metastable pitting potential (E,,)

Using slow scan-rate potentiodynamic polarisation studies, Tang et al. introduced a
parameter called the metastable pitting potential (E,,,) which is defined as the potential at which
the first current transient appears in a potentiodynamic polarisation plot [Tang et al. 2014]. E,,
and E,;, exhibit a linear relationship signifying the relevance of E,, in determining the stable

pitting susceptibility of alloy systems.

Passive current density (i,gssive)

Passive current density (i,4ssive) IS the current density exhibited by passive metals in

their passive region. It results from the constant rate of metal dissolution into the environment

and film thickening processes. The i,4ssive IS also considered to arise from the summation of

numerous breakdown and repair events occurring on the passive film surface [Frankel 1998;
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Burstein et al. 2009]. A higher i,,ssive IS attributed to a higher pit nucleation frequency in SS
[Williams et al. 1994]. In fact, a higher local i,,,sive recorded at localised locations at lower
anodic potentials were the locations that eventually developed into pits at higher anodic
potentials in SS when tested in chloride solutions [Zhu et al. 1997]. Such observations
emphasise that the i,,sve IS @ measure of the pitting susceptibility of passivating alloy

systems.

2.7.2. Critical pitting temperature (CPT)

Critical pitting temperature (CPT), a concept proposed by Brigham et al. [Brigham et
al. 1973], is the temperature above which stable pitting occurs. At CPT, the condition i;;,,, >
Ipassive Promotes stable pitting [Laycock et al. 1998a; Moayed et al. 2006] while below this
temperature the condition i, < ipgssive Causes repassivation of the metastable pits. CPT is
considered to exhibit a sharp transition with an accuracy of ~ 1°C. It is also independent of [CI
] in the range of 1 — 5 M CI" [Brigham et al. 1973; Ovarfort 1989] and pH in the range of 1 — 7
[Soltis 2015] for SS.

CPT can be investigated by scanning the potential at a constant temperature or scanning
the temperature at a constant potential. CPT can also be determined from the electrochemical
noise measurements (ECN) [Zhang et al. 2012] and EIS [Ebrahimi et al. 2012]. The CPT of
aluminium in HNO3z was first reported by Burstein et al. using thermammetry as 38.6°C
[Burstein et al. 2004]. Their results suggested that metastable pitting was possible below CPT.
Recently, Li et al. suggested that the CPT is a statistically distributed parameter and not a

deterministic parameter [Li et al. 2018].

2.7.3. Induction time (t;)

Induction time (t;) is the time required by a metal surface to develop pits upon its
exposure to the environment. Induction time is dependent on the parameters that affect the
breakdown of passivity, such as the concentration of aggressive species, potential, passive film
thickness and temperature. In aluminium, the increase in t; with anodic potential is attributed
to the increase in the oxide film thickness [Nguyen et al. 1979; Foroulis et al. 1975]. The
relationship between t; and [CI™] is shown in Equation 2.4. The parameters k and n are

constants.
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l — k[Cl—l]n Equation 2.4
t

i

2.7.4. Electrochemical Impedance Spectroscopy (EIS)

Pitting corrosion in aluminium can be investigated from the characteristic parameters
of an EIS spectrum. The model developed by Mansfeld et al. aids in investigating pitting
corrosion of aluminium using area fraction values, capacitance and polarisation resistance from
an EIS spectrum recorded at E.,,,- [Mansfeld et al. 1988; Mansfeld et al. 1992]. For freely
corroding samples, the initiation of a visual pit is accompanied by an increase in the polarisation

resistance (R,), constant capacitance and a sharp decrease in impedance in the capacitive

region of the spectra, i.e., a slope of -1 in the log|Z| — log f plot wherein f is the frequency
[Mansfeld et al. 1992]. The passivation behaviour of aluminium can also be investigated from
the variation of time constants [de Wit et al. 1996]. An increase in the anodic potential
decreases the capacitance and increases the time-constants from two to three, signifying an

increase in the ionic transport within the passive film [Martin et al. 2005].

2.7.5. Scanning and micro-electrochemical methods:

Scanning electrochemical methods viz. scanning electrochemical microscopy (SECM)
[Niu et al. 2009], scanning vibrating electrode technique (SVET) [Lin et al. 2000], scanning
kelvin probe (SKP) [Muster et al. 2006], local-EIS (LEIS) [Niu et al. 2009] and other micro-
electrochemical methods [Birbilis et al. 2005; Birbilis et al. 2009] are employed in
understanding the localised pitting mechanism. These techniques permit electrochemical
mapping of the local current, potential and pH distribution on a corroding surface. They have
been successfully employed in understanding the physicochemical nature of the electroactive
defective sites on a passive film surface [Serebrennikova et al. 2001; Casillas et al. 1993],
dynamic electrochemical nature of the second phase particles [Birbilis et al. 2005; Birbilis et
al. 2009] and chemistry within the dissolving pits including pH [Ding et al. 2009; Oltra et al.
2010; Paik et al. 2000]. Figure 2.10 illustrates the local ionic current densities measured using

SVET over Mg,Al;, Al and their junction as a function of various pH.
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Figure 2.10. The SVET ionic current density maps of (a) a junction between Al and Mg.Als (B) phase
recorded at (b) pH =2, (c) pH =7 and (d) pH =12 [Li et al. 2019].

Scanning electrochemical studies have shown that the dynamic electrochemical activity
of the second phase particles requires meticulous consideration instead of a first-order
classification based on their nobility [Birbilis et al. 2005; Birbilis et al. 2009]. They have also
enabled an understanding of the precursor events that trigger localised corrosion [Williams et
al. 1998]. SECM studies have also helped to successfully demonstrate the relationship between
the electron transfer rates, oxide conductivity and localised corrosion [Serebrennikova et al.
2001; Serebrennikova et al. 2002]. By inducing pitting at selected locations with the chloride
generated at the probe tip, SECM has also been used to map the corrosion initiation as a
function of potential [Still et al. 1997].

2.7.6. In situ visualisation of pit events

In situ/real-time visualisation of pit evolution is one of the most powerful techniques to
understand and evaluate the pitting susceptibility of alloy systems. However, the dynamic
nature of pitting corrosion complicates such visualisation and hampers mechanistic
investigation of pitting corrosion. For instance, it is difficult to determine when and where a
pit event would occur. In aluminium and its alloys, this complexity is further augmented by the
corrosion products and pit covers at the pit sites that are reflective akin to the metal surface,
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making the pit locations visually unresolvable [Frankel 1998]. Hence indirect investigation

routes are adopted to visualise the pit events in situ.

Newton and Holroyd discussed a simple time-lapse video technique for investigating
pitting corrosion in aluminium and its alloys [Newton et al. 1992]. Isaacs et al. used pH-
sensitive agar gels to determine the pit locations in several aluminium alloys based on the pH
changes during pit dissolution (Figure 2.11) [Isaacs et al. 2000]. Buchler et al. used fluorescent
dyes to locate the pit dissolution sites, which allowed them to study the inhibitor efficiency
[Buchler et al. 2000]. Ellipsometry has been used by several researchers for the visualisation
of pitting [NASA-CR-132301]. In-situ confocal laser scanning microscopy was used to
visualise the selective dissolution of second phase particles in AA2024-T3 [llevbare et al.
2004]. In situ synchrotron X-ray microtomography has remained another promising method

for the in situ investigation of pit growth [Ghahari et al. 2011].

2 h, 0 min zh.sinln 2 h, 16 min
2 h, 32 min 2 h, 40 min 2 ﬁ, 48 min

Figure 2.11. The temporal evolution of pitting on AA1100 studied in situ using pH-sensitive agar gels
containing 1 M NacCl [Isaacs et al. 2000].

2.7.7. Atomic emission spectroelectrochemistry (AESEC)

Introduced to the field of corrosion by Ogle, Atomic emission spectroelectrochemistry

(AESEC) is a promising technique that allows an in situ determination of the kinetics of
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corrosion from the dissolution rates of various elements [Ogle 2019]. A method termed time-
resolved volumetry (TRV) coupled with AESEC was developed to determine the moles of
hydrogen evolving during NDE. [Lebouil et al. 2014]. Gharbi et al. demonstrated incongruent
dissolution of the intermetallic phases in AA2024-T3 using AESEC [Gharbi et al. 2016].
Recently, an in situ ICP-OES study was performed to understand hydrogen evolution upon
aluminium [Yu et al. 2020].

2.7.8. Artificial pits

Artificial one-dimensional (1D) and two-dimensional (2D) pits provide a simplified
version of the natural three-dimensional (3D) pits and are employed in understanding the
mechanism and kinetics of stable pit growth [Beck 1984; Frankel 1990]. The characteristics of
the salt films that precipitate in the pit interior and assist in the pit stability were investigated
using 1D pits of aluminium [Beck 1984]. The transition of pit growth from diffusion-control
to ohmic-control was also demonstrated using 1D pits of aluminium [Cook et al. 2012]. The
study of 2D pits using thin films of aluminium enable a precise determination of the pit
dissolution area while also generating results proximate to the 3D pits [Frankel 1990]. Frankel

showed that the 2D pits grew under ohmic control at low potentials and transitioned to diffusion

control at higher potentials [Frankel 1990]. The pit depth was found to vary with t'/2 when the
pits grew under ohmic control [Hunkeler et al. 1981, 1984].

2.7.9. Exposure tests

Exposure tests are employed in understanding the pitting characteristics from the
density, geometry and dimension of the pits formed after exposing the samples to the desired
environment for a specific duration. Exposure tests are often carried out to validate the results
from other pitting tests and are rarely used as a solitary test for determining the pitting
susceptibility since the duration required for deriving a deterministic conclusion could be
significantly high. The examination and evaluation of pitting corrosion after exposure tests are
carried out according to ASTM G46 — 94.

2.7.10. Chemical methods

As early as 1960, Smialowska, in their review [Szklarska-Smialowska 1971], reported

that a group of researchers relied on investigating pitting corrosion by chemical methods
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instead of electrochemical techniques. They believed that the simultaneous occurrence of
anodic and cathodic reactions on the sample surface during chemical test methods closely
represented the natural corroding conditions as opposed to electrochemical techniques that
studied only the anodic reactions during polarisation. The chemical methods used electrolyte
solutions containing chloride with substances that had a higher redox potential than Ey;.. In
their review, Smialowska described that the results derived from the chemical methods were
not significantly different from the electrochemical methods [Szklarska-Smialowska 1971]. In
modern days, many researchers adopt electrochemical routes instead of chemical routes to

investigate pitting corrosion.

2.8. Metastable pitting investigation

Metastable pitting events are characterised by the appearance of potential perturbations
during open circuit potential (OCP) or current transients in the so-called anodic direction (more
positive current) during potentiostatic testing of passive metals at anodic potentials below (less
positive than) the potentiodynamically determined E,;. [Frankel 1998]. The basis of treating
each current transient as a signal arising from individual metastable pitting events [Pistorius et
al. 1992; Frankel 1998] forms the unique feature of the metastable pitting studies over other
techniques discussed in Section 2.6. Analysis of the various features of the current transients,
namely their shape, duration and charge accumulation, provide substantial knowledge on the
kinetics and mechanism involved in the evolution of metastable pit events, without the need
for sophisticated testing [Pistorius et al. 1992; Pride et al. 1994]. Further, since metastable and
stable pits follow the same growth law during the initial stages of pit growth [Isaacs 1989;
Pistorius et al. 1992], the investigation of the stable pitting susceptibility from metastable
pitting characteristics becomes more relevant. Therefore, metastable pitting studies have
gained considerable significance over the conventional Ey;, in unambiguously predicting the

stable pitting propensity of alloy systems [Cavanaugh et al. 2009; Gupta et al. 2012].

2.8.1. Metastable pitting rate (MPR)

Metastable pitting rate (MPR) is determined from the number of current transients
recorded per unit time and surface area of the sample. Williams et al. defined a relationship
between MPR and the probability of stable pit formation in SS through stochastic modelling
[Williams et al. 1985a, 1985b] as shown in Equation 2.5.
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A = Alexp (—ut.) Equation 2.5

wherein A is the rate of stable pitting, A is the frequency of metastable pitting, A is the surface
area of the specimen, u is the probability that the metastable pits would repassivate and .. is
the critical age required for the metastable pits to transition to stability. This relationship was
later experimentally verified by Balkwill et al. [Balkwill et al. 1991]. Recently, Gupta et al.
showed that the pitting susceptibility of several aluminium alloys determined from MPR was
consistent with the density of pits recorded at freely corroding conditions [Gupta et al.
2012](Figure 2.12). Such studies demonstrate the efficiency of MPR in the quantitative

evaluation of the stable pitting susceptibility of alloy systems.
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Figure 2.12. A comparative study of the pit density measured using profilometry after exposure of
various aluminium alloys for 14 days versus the metastable pitting rate measured at Ej;, — 25 mV
[Gupta et al. 2012].

2.8.2. Parameters of current transients

Critical insights regarding the mechanistic and kinetic aspects of pitting can be derived
from the various parameters of the current transients (Figure 2.13), namely: peak current

(Ipeax), Pit growth time (t,), pit repassivation time (t,.) and shape of the current transients (i.e.,

the variation of I,;, with t).

36



Current (nA)

Ipassiwe

Time (s)

Figure 2.13. A typical current transient with its metastable pitting parameters recorded during the
potentiostatic testing of Al — 5 wt.% Mg aged at 100°C for 40h at E,;, — 25 mV in 0.01 M NaCl.

Kim et al. showed that the presence of Cu in the solid solution of aluminium decreased
the pitting propensity of Al-Cu alloys by reducing I,.q, and resulting in two stages of
repassivation [Kim et al. 2007]. Sato and Newman observed that the presence of Zn as an
alloying element in aluminium increased I,qk, ty and pit growth rate (Ipeq/ty) with little
effect on pit nucleation [Sato et al. 1998]. The shape of the current transients is also employed
in understanding the pit growth kinetics as inferred from the relationship of current (1) vs time
(t). The initial growth rate of both the metastable and stable pits in SS follow the same
relationship of I ~ t2 which is attributed to the propagation of pits under a pit cover [Frankel

1998]. Upon the precipitation of a salt film and reaching the critical depth necessary for

sustained pit propagation, stable pits were observed to propagate at a rate of I ~ t'/2 [Pistorius
et al. 1992; Frankel 1998].

2.8.3. Charge accumulated by the current transients (C-ansient)

The charge accumulated by the current transients, determined by integrating the area
under the I - t curve, is employed in determining the mass loss at the pit site. This prospect of
determining the mass loss at an individual pit site directly from the electrochemical signal is
one of the unique advantages of metastable pitting studies. When the exact fraction of the
dissolving species and area of the pit are known (or by assuming a hemispherical pit geometry),
the volume of the pit (V,;,) and pit radius (r,,;) can be estimated from Ct,.gnsiene [Frankel et al.

1987; Williams et al. 1994; Pistorius et al. 1992; Pride et al. 1994]. The V};; and r,,;, estimated
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in this manner has a wide range of implications in determining the stable pitting susceptibility

of alloy systems, as discussed in Section 2.8.

2.9. Pit radius (r;,) estimated from C,gpnsien: — Significance and
limitations

The pit radius (r;;;) estimated from Ci,qnsiene Provides a quantitative assessment of the
mass loss at the pitted site. The distribution of the metastable r,;, estimated from Cyqnsient
was reported to be comparable with the distribution of the actual r,;, that was recorded on the
corroded surface [Pride et al. 1994, Williams et al. 1994] (Figure 2.14). Similar inferences were
derived from the ex-situ AFM investigations of single metastable pit events in 304 SS [Guan
et al. 2016a]. Such prospects make Cyrqansien: @ remarkable feature of the metastable pitting
data. Further, since the stable pits are autocatalytic in nature and may eventually transition to
EAC [Kondo 1989], determining the number of stable pits from metastable pitting studies
furnishes the critical information necessary for predicting the engineering life of alloy systems.
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Figure 2.14. The comparison of the distribution of the actual vs estimated metastable pit sizes in pure
aluminium [Pride et al. 1994].
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The 7, determined from current transients has direct relevance in understanding the
stable pitting susceptibility of alloy systems. The transition of pits from metastability to
stability is dependent on the size of the pits [Buzza et al. 1995]. In an independent study,
Trueman concluded that a critical Cpyqnsien: €quivalent to a hemispherical 7,,;, of 6.75 pm was
necessary for the transition of pits from metastability to stability in AA2024-T3 [Trueman
2005]. Such transition in the stability of pits at a critical r;,;, agrees with the critical acidification
theory proposed by Galvele [Galvele 1981; Galvele 1976]. With this theory as a basis, the pit
stability criterion (Ipeqx/rpic > 102 A.cm™) developed by Williams et al. in SS [Williams et al.
1994] and Pride et al. in pure aluminium [Pride et al. 1994] could successfully determine the
transition of pits from metastability to stability using the current transient data. Thus, the 7,
and V,;, determined from Cypgnsiene 1S @ promising candidate for determining the pit stability

and the engineering life of aluminium alloys.

Limitations of Ci,-gnsient

While certain studies report that the distribution of r,;, estimated from Cy.g5,5ien agrees
with the actual distribution of r,,;, witnessed on a pitted surface [Pistorius et al. 1992; Pride et
al. 1994], several studies have reported that the estimated and actual r,;. values do not agree
[Guan et al. 2015; Guan et al. 2014]. Pistorius et al. reported that the size of the larger pits was
underestimated while that of the smaller pits was overestimated in SS [Pistorius et al. 1992].
Recently, using in situ optical monitoring of metastable pit evolution, Sander et al. reported
that the mass loss determined at the pit site using a profilometer in SS was smaller than its
associated Cirqnsien: [Sander et al. 2020]. They attributed this discrepancy to the capacitive
charging of the surface. In an Al -5 wt. % Mg alloy, the distribution of the metastable 7,;,
determined from Cyrgnsiene Was found to be significantly smaller than that determined using
ex-situ SEM and TEM investigations [Guan et al. 2020; Guan et al. 2015]. This discrepancy
was attributed to the multiple pit reactivations occurring from the same location since the
number of actual pits witnessed was smaller than the total number of current transients
recorded. In an Al-Mg-Si alloy with cathodic second phase particles, the MPR was reported to
be significantly smaller than the actual number of pits due to the dominance of negative current
from the localised reduction reactions that resulted in depreciated current transients [Guan et
al. 2014].
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In aluminium and its alloys, the severely underestimated r,;. is attributed to the
occurrence of hydrogen evolution within the pit that is considered to consume a significant
fraction of the actual pit dissolution charge (C,;) [Frankel 1998]. Beck reported that the
in,/lanoaic Was 0.16 during stable pit propagation of pure Al in AlICIs solution [Beck 1984].
Recently, this ratio was deduced as 10% in AA2024 using 1D pits in aerated 0.1 M NaCl
[Bonzom et al. 2016]. Frankel using two-dimensional (2D) pits in thin films of pure aluminium,
reported that the iy, remained constant at 1.6 A.cm™ when i,,,4ic fanged between 18 to 30
A.cm? in de-aerated 0.1 M NaCl [Frankel 1990]. Boag et al. stated that the HE consumed ~
40% of the total anodic current during the stable pit formation in AA2024-T3 when tested in
aerated 0.1 M NaCl [Boag et al. 2010]. Other values reported for this ratio include 6% in 0.5
M NaCl [Drazi¢ et al. 1999] and 20% in 12 M HCI [Frankel et al. 2015] during the investigation
of NDE in aluminium. Based on such works, the C,-gnsient recorded from the current transients
is considered to be depreciated. To account for this error, the incorporation of an additional ~
16 % charge to Cy-gnsient DECame a practice [Kim et al. 2007; Guan et al. 2016b] though Pride
et al. using derivative methods showed that this discrepancy would be minimal [Pride et al.
1994].

Another important assumption adopted in the estimation of r,,;; from Ciygnsient is the

consideration of hemispherical pit geometry. The geometry of pits that form upon aluminium
is complex. Stable pits that propagate under mass transport control are etched and
hemispherical, while metastable pits that propagate under mixed ohmic and mass transport
control are crystallographic in nature [Frankel 1998]. The crystallographic pits tend to
propagate as tunnels (shown in Figure 2.8), depending on the pit chemistry in the tunnels
resulting in irregular pit geometries. Yasuda et al. 1990 reported that the pits in single crystals
of pure aluminium were faceted while those in Al-Cu alloys were irregular. Therefore,

assumption of hemispherical pit geometry to estimate r,;; from Ciygnsiene [Pride et al. 1994]

could be erroneous without the knowledge of the actual pit geometry.

2.10. The reliability of r,;, and V,,;, estimated from Ce,gnsient

The foregoing discussions in Section 2.8 indicate that the reliability of r,;, and V,;;
determined from Cignsient In determining the actual 7, and V,;, has not been investigated

systematically in aluminium. Hitherto, the investigations that focus on comparing the estimated
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versus actual r,,;; were performed on the distribution of pits rather than associating the current
transients to their respective metastable pit events [Williams et al. 1994; Pride et al. 1994; Guan
et al. 2015]. Such correlations preclude a deterministic understanding of which metastable pit
on the electrode surface is associated with a particular current transient. Further, adopting the
same iy, /ignoaic = 16% from stable pit propagation [Beck 1984] to metastable pit growth [Kim
et al. 2007] needs to be validated as the rate of HE decreases with potential for the same current
density [Cook et al. 2012]. Pride et al. showed through derivative approaches that the fraction
of Ciransiene 10St to HE was minimal [Pride et al. 1994]. In such a case, it becomes crucial to
understand what other factors depreciate the reliability of the 7;,;, estimated from Ciygnsient-
The works of Guan et al. showcase the possibility of multiple co-occurring pit events resulting
in overlapped current transients [Guan et al. 2014] and pit recurrences resulting in a smaller
number of current transients as compared to the actual number of pits witnessed on the corroded
surface [Guan et al. 2015]. Though the occurrence of such multiple overlapping current
transients and pit reactivations is widely acknowledged, the error they introduce in the context
of metastable r,,;, estimations from C,4,siene has often been overlooked. More specifically, a
comparison between the magnitude of error introduced by the spatiotemporal evolution of pit
events and the conventionally held HE has remained unexplored. Such insights being critical
to understanding the factors that limit the reliable assessment of metastable r,,;, from current
transients, forms the motive of the present dissertation. Briefly, the work herein is an attempt
to investigate if the conventional notion of treating each current transient as a signal arising
from single discrete pit events is valid in the context of metastable 7, estimations

from Ctransient-

The challenge in establishing a correlation between the metastable pit event and its
relevant current transient resides in the elusiveness of locating the metastable pit events due to
their dynamic nature and reflective pit covers that impede their visualisation. This dissertation
attempts to develop an in-situ imaging technique that can directly correlate the current
transients to their associated metastable pit events and thereafter probe the causes for the

inconsistencies (if any) witnessed between the actual and estimated 7. or Vyy;.
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2.11. Summary

An extensive literature review concerning pitting corrosion in aluminium and its alloys,
focusing on the significance and limitations of Ct.gnsien: in determining the actual 7y, or Vi,
has been presented. In summary, the failure of aluminium as an engineering structure (Section
2.2) by pitting corrosion results from passivity breakdown (Section 2.3 and 2.4) and progresses
sequentially via three stages: pit nucleation, metastable and stable pitting. The various models
in the literature concerning the different stages of pitting is discussed (Section 2.5). The
techniques employed in the investigation of pitting corrosion (Section 2.6) focus either on the
quantitative assessment of the bulk pitting characteristics or understanding the local
mechanistic and Kinetic aspects of pitting. On the contrary, metastable pitting studies provide
a comprehensive assessment of pitting that includes a combination of quantitative, mechanistic
and Kinetic assessment of pitting (Section 2.7). Notably, the r,,;, determined from the Cy,qnsient
plays a crucial role in assessing the stable pitting susceptibility of alloy systems and, therefore,
the engineering life of aluminium alloys (Section 2.8). In this context, the discrepancies
witnessed between the r,;, estimated from current transients and measured from the pit surface,
reported in the literature, are introduced (Section 2.9) as an issue that has remained topical.
This issue limits the utilisation of metastable pitting studies as a deterministic tool for
investigating pitting corrosion to make engineering decisions for material selection and alloy

development.

This dissertation attempts to develop an in-situ imaging method for mapping the
metastable pitting locations using a novel approach. Subsequently, the role of various factors,
namely, hydrogen evolution within the pits, spatiotemporal evolution of pit events, pit

geometry and the electrochemical nature of second phase particles, on the reliability of r,;,

estimated from Ci,qnsient NAs been investigated.
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Chapter 3

Experimental methods

The materials, experimental methods, characterisation techniques and data analysis employed

in the investigation of the objective of this dissertation have been presented.

3.1. Materials selection

Pure aluminium, commercially pure aluminium (referred to as CP-Al hereinafter) and
model binary Al — 5 wt. % Mg alloy were chosen for the present study. Pure aluminium is
devoid of second phase particle. Hence the electrochemical data generated from pure
aluminium was used as a baseline for preliminary feasibility studies. Commercially pure
aluminium comprises AlsFe constituent particles. These particles are cathodic to the Al-rich
matrix and induce matrix dissolution [Park et al. 1999]. The Al —5 wt.% Mg alloy, on the other
hand, generates Mg2Als (B) phase-precipitates upon aging, which are anodic to the matrix and
undergo selective dissolution [Lyndon et al. 2013]. The motive for selecting these materials

was to investigate the inconsistencies witnessed in the r,;, estimated from Cyqnsiene @S @

function of the electrochemically distinct second phase particles.

Pure aluminium and commercially pure aluminium were supplied by Alfa-Aesar. Al —
5 wt.% Mg was cast in-house at Monash University by melting pure Al (99.9%) and pure Mg
(99.9%) in a muffle furnace. After melting Al at ~ 720°C, Mg was added and subjected to
constant stirring for 1 h in the molten state. The mixture was later cast into a graphite crucible
preheated to 300°C. The chemical composition of the selected alloys analysed using
Inductively Coupled Plasma — Atomic Emission Spectroscopy (ICP-AES) is presented in Table
3.1
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Table 3.1. The chemical composition analysis of the materials used in the present study.

Element Al Mg Fe Cu Cr Ni Zn

Pure aluminium Rest | 0.026 | 0.006 | 0.003 | 0.002 | ND | 0.005

Commercially pure aluminium | Rest | 0.037 | 0.361 | ND 0.046 | ND | 0.102

Al -5 wt. % Mg Rest | 4.887 | 0.028 | ND ND ND | 0.007

3.2. Materials processing

The cast blocks of the Al — 5 wt.% Mg alloy specimens were cold-rolled (thickness
reduction of 5%) using a Buhler roller mill to fabricate thin plates with a thickness of ~ 1 mm.
The thin plates were subjected to solutionising heat treatment. Al — 5 wt.% Mg binary alloy
plates were homogenised at 430°C for 17h, water quenched, solutionised (referred to as soln.
Al-5Mg hereinafter) and aged in a silicone oil bath at 100°C for 40h (referred to as Al-5Mg
hereinafter) to facilitate the precipitation of P phase-precipitates. The selected ageing
temperature curbed excessive sensitisation and promoted generation of an optimum number of
time-resolved metastable current transients during potentiostatic testing, permitting analysis of
the different stages of pitting. The Al-5Mg specimens were stored under refrigeration after
artificial ageing to stifle natural ageing at room temperature. These thin plates were later

machined to fabricate electrodes with a small surface area, as described in Section 3.4.

3.3. Microstructural characterisation

The specimens for microstructural characterisation were prepared by grinding the
samples to a 5000 grit SiC paper finish, followed by ultrasonically cleaning them in ethanol
for 300 s. The samples were transferred to a Chennai Metco polishing wheel and polished until
0.25 um diamond finish at 300 rpm. The samples were later ultrasonically cleaned in ethanol
for 600 s and wiped with soft tissue paper to remove any residues of the polishing suspension
adhered to the surface. The Al-5Mg specimens do not reveal Mg»Als (B) phase-precipitates by
phase contrast in the Back Scattered Electron (BSE) mode of imaging using Scanning Electron
Microscope (SEM) without etching. Therefore, it was etched using ammonium persulfate
(((NH4)2S20s) for 140 min (optimised based on preliminary experiments) at room temperature,

as discussed elsewhere [Yang et al. 2013].

44



The microstructure of CP-Al was investigated using Environmental Scanning Electron
Microscope (ESEM) (Model: FEI Quanta 200), which was attached with an Energy Dispersive
X-Ray Analyser (EDAX). The microstructure of Al-5Mg was investigated using a Field
Emission Gun-Scanning Electron Microscope (FEG-SEM) (Model: JEOL JSM-7600F) fitted
with an EDAX (Model: Oxford Instruments 80 mm?). All the microstructures were investigated

in BSE mode to enable phase contrast-enhanced imaging of the second phase particles.

The microstructures of pure aluminium. CP-Al and Al-5Mg are shown in Figure 3.1,
Figure 3.2 and Figure 3.4, respectively. The microstructure of CP-Al exhibited second phase
particles with two different morphologies, namely clusters of irregularly shaped particles and
others with round morphologies, as indicated with arrows. Both these particles were confirmed
to be AlzFe constituent particles using EDAX, as shown in Figure 3.3. The microstructure of
aged Al-5Mg, shown in Figure 3.4, revealed discontinuous 3 phase-precipitates along the grain
boundaries (GBs) with their dimensions in the order of 1012 + 87 nm lengthwise and 310 + 36
nm breadthwise. The presence of M g,Al; precipitates in the etched microstructures of Al-5Mg
was confirmed based on the ICP-AES data that demonstrated the formation of a binary Al-Mg
alloy and comparison of the precipitate geometry and its dimensions with the literature [Guan
et al. 2016].

100 pm

Figure 3.1. The BSE image of the microstructure of pure aluminium.
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Figure 3.2. The BSE image of the microstructure of commercially pure aluminium.
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Figure 3.3. The elemental composition studies of the second phase patrticles present in
commercially pure aluminium demonstrating the presence of Al;Fe IMPs for (a) pit clusters and
(b) round shape particles.
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Figure 3.4. The BSE image of the microstructure of aged Al-5Mg (etched in (NH4)2S20s for 140 min).
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3.4. Electrode fabrication

Metastable pitting potentiostatic studies require the electrode specimens to be
fabricated with a small surface area to enable better resolution of the nA to pA sized current

transients for the following reasons:

(@) The small surface area of the electrode results in a corresponding decrease in the
background passive current density (i,qssive)-

(b) The small surface area also scales down the number of prospective pit sites, permitting
the generation of a manageable number of metastable pit events that enables the
separation and detailed analysis of a single current transient-pit event pair.

(c) The interfacial capacitance on a small electrode specimen is negligible [Riley et al.
1991], which allows the measurement of rapid metastable transients associated with pit
nucleation events characterised by the breakdown and repassivation of the passive film.

To prepare the ‘small surface area’ electrodes (i.e., the so-called microelectrodes), the
thin rolled plates of the alloy specimens subjected to heat treatment (as detailed in Section 3.2.)
were machined using Wire Electrical Discharge Machining (Wire-EDM) (Accutex AU-300i).
The rolled plates could not be sliced using a slow-speed saw as the plates were soft, resulting
in severe deformation of the resulting electrodes. The fabricated electrodes were abraded on all
sides to remove the deformation layer introduced by Wire-EDM machining. The final surface
area of the electrodes used in the present study ranged between 1.75 mm? to 0.5 mm?.

3.5. Specimen preparation for electrochemical testing

The electrode specimens for electrochemical testing were prepared by winding an
insulated copper wire to one of the ends of the electrode to provide an electrical connection.
The electrodes were then placed carefully on a double-sided tape within the Teflon mount with
the aid of tweezers. A quick-setting adhesive was not used to fix the electrode on the double-
sided tape as it could generate high local temperatures during the setting process. Though this
temperature should not significantly alter the microstructure, the process was avoided to
minimise the ambiguities related to the modification of surface characteristics, considering the
high sensitivity of the ‘small surface area’ electrodes. The electrical continuity between the

electrode and the copper wire was constantly verified during the entire specimen preparation

48



process. The specimens were later mounted using a slow-setting araldite resin which prevented
the formation of crevices along the edges of the microelectrode and porosity within the resin
mount. The mounted electrode specimens were finally checked for electrical continuity,
labelled and stored. The image of a mounted ‘small surface area’ electrode specimen is shown

in Figure 3.5.

Figure 3.5. Photograph of an Al-5Mg electrode with a surface area of 1.5 mm?2.

The metastable pitting parameters, such as pitting rate, peak current and pit lifetime,
determined from the current transients tend to increase with increasing surface roughness in
aluminium [Tian et al. 2018]. Therefore, the surface of the specimens for electrochemical
testing was carefully prepared by grinding it until 2500 or 5000 grit SiC paper finish under
ethanol. During the final stages of grinding, the sample was constantly checked under an
inverted microscope for the presence of crevices and scratches. The specimens were then
ultrasonically cleaned in ethanol for 300 s before electrochemical testing. The specimens were
not polished further using diamond suspensions as surface contamination induced by these
suspensions could not be removed successfully using ultrasonication which resulted in
significantly altered electrochemical data.

Some efforts were directed to further reducing the surface area of the electrodes to
improve the resolution of the potentiostatic data. For this purpose, two different methods were
adopted: (a) application of nail polish as a lacquer (Figure 3.6) and (b) the application of an
adhesive electrical insulation tape [Chiba et al. 2012]. The application of nail polish as a lacquer
altered the electrochemical response of the sample and resulted in under-film corrosion, as

shown in Figure 3.6. On the contrary, the utilisation of electrical insulation tapes successfully
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helped in reducing the surface area without compromising the electrochemical response.
However, with a significant reduction in the surface area, metastable pitting became a rare
event that compromised the objective of the study. Hence the surface area of the electrode
specimens was not modified using lacquers or insulation tapes. Instead, the whole surface area

of the electrode specimen was investigated.

Figure 3.6. Optical image of an Al-5Mg electrode surface subjected to area reduction using nail polish
as a lacquer.

3.6. Small electrode specific requirements for electrochemical testing

Metastable pitting corrosion generates current transients with current amplitudes in the
range of nA to pA. Such electrochemical signals are prone to be lost within the stray electrical
noise arising from gadgets (e.g., plugged in laptops) and other electrical devices (e.g.,
fluorescent lamps) surrounding the setup. The magnitude of this interference could be imagined
to be as bad as that witnessed during the frequency modulation in a radio. A sample
potentiodynamic polarisation response of aluminium in the presence of stray electrical
interference, recorded during our preliminary studies, is shown in Figure 3.7 (a).

For this purpose, the electrochemical setup requires shielding with a properly grounded
Faraday cage so that the stray electrical noise is filtered from interfering with the charge within
the cage, i.e., the electrochemical cell. A faraday cage is a container made of a conductive

material such as a metallic mesh or metallic plates or a box covered with metallic foils such as
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aluminium. An essential requirement in the faraday cage design is that the opening in the
faraday cage should be minimal as the wavelength of the noise entering through the opening is
twice that of the opening, including the noises with smaller wavelengths. Figure 3.7 (b) shows
the improvement in the electrochemical data quality with proper shielding using a grounded
Faraday cage.
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Figure 3.7. Comparison of the potentiodynamic polarisation data generated (a) in the absence
of and (b) in the presence of proper grounding and Faraday cage shielding.

In order to sense the small current, with amplitudes as low as nA to pA at the small
surface area of the electrodes, the Saturated Calomel Electrode (SCE) was placed in a luggin
(luggin gel made from agar-agar and KCI) with the luggin tip placed in the best proximity to
the electrode surface. This setup also helped to overcome any possible ohmic drop during the
electrochemical measurements. The Pt-mesh used as the counter electrode was also placed
closer to the working electrode surface.
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3.7. Setup for electrochemical testing and in situ optical imaging

The electrochemical cell for in the situ optical timelapse imaging during potentiostatic
testing was 3D printed using Created Pro Flashforge (Monash University, Australia). The

photograph of the cell used in the present study is shown in Figure 3.8.

Figure 3.8. Top view of the 3D printed electrochemical cell.

The mounted microelectrode specimen was placed in an up-facing position with its
insulated copper wire guided through the socket at the edge of the cell. The SCE placed in a
luggin was used as the reference electrode. The platinum mesh used as the counter electrode
was extended through its slot shown in Figure 3.8 to the proximity of the working electrode.
The electrolyte for all the studies was chosen as 50 ml of 0.01 M NaCl (prepared with millipore
water) exposed to ambient conditions. The fill height of the electrolyte over the electrode
surface was optimised to 8 mm + 1 mm. Below this fill height or solution thickness (i.e., the
thickness of the electrolyte above the specimen surface), the electrochemical data was not
repeatable due to the effect of the thin electrolyte layer. The whole electrochemical setup was
placed inside a grounded Faraday cage during electrochemical experimentation. The SCE
placed in the luggin was calibrated against the mother/master SCE reference electrode regularly

to ensure its reliable operation.
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Figure 3.9. (a) The photograph and (b) schematic illustration of the electrochemical cell setup used for
potentiostatic polarisation and in situ imaging combination studies.

The photograph and schematic illustration of the experimental set-up used for
performing in-situ optical imaging of the electrode surface during electrochemical testing is
shown in Figure 3.9. Electrochemical studies were performed using Gamry® Reference 600
potentiostat, which was calibrated periodically. In situ optical 2D timelapse imaging of the
entire electrode surface was carried out using an Olympus upright microscope (Model BX41M-
LED) fitted with a Tucsen ISH 500 camera. The light source in the optical microscope was
chosen as LED instead of a halogen lamp so that the temperature of the electrolyte is not
affected and subsequently the electrolyte does not evaporate during the course of testing. The
objective lens of type MPLN5X/0.100/-/FN22 or MPLN10X/0.2500/-/FN22, which provided a
magnification of 50X or 100X, respectively, was employed. The choice of the objective lens
depended on the dimensions of the electrode used for the study. The video was recorded at a
rate of ~ 3 frames per second (fps) with a resolution of 2584 x 1936 pixels. The video was
compressed using Xvid 1.1.3 software and later sequentially decoded by frames at the required

timescale for image analysis.

3.8. Potentiodynamic polarisation

The open circuit potential (OCP) was allowed to stabilise for 900 s before the initiation
of polarisation. Potentiodynamic polarisation experiments were performed using the ‘Gamry
Framework’ interface wherein the potential was scanned at a forward scan rate of 0.5 mV.s™

from — 100 mV vs OCP until a current density of 1 mA.cm was reached. The potentiodynamic
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polarisation experiments allowed the determination of E,;; so that the test potential for
subsequent potentiostatic experiments could be chosen. The minimum value (excluding
outliers) of E,,;; determined from a dataset of 15 experiments was chosen as the reference E,;;
so that the probability of the onset of stable pitting during potentiostatic metastable testing can

be reduced.

3.9. Potentiostatic polarisation

Potentiostatic polarisation experiments were carried out at E,;; — 25 mV with data
points recorded at a frequency of 10 Hz. This test potential was chosen based on the preliminary
experiments that revealed that this potential could generate current transients associated with
the different pitting stages, i.e., pit nucleation, metastable and quasi-stable pit events (discussed
further in Section 3.12). The selected potential also enabled the generation of visible hydrogen
bubbles at the metastable pit locations, as discussed further in Chapter 4. At least 30

experiments were carried out on each alloy specimen.

3.10. In situ visualisation of pit events and their analysis

The pits in aluminium are known to evolve anomalous hydrogen at anodic potentials
due to a mechanism termed the Negative Difference Effect (NDE) [Frankel et al. 2015]. This
phenomenon was employed to visualise the metastable pit locations in situ based on the

hydrogen bubbles evolving from their locations.

The timelapse video recorded by the camera was compressed using Xvid 1.1.3 software
facilitated by the camera software TC Capture. The time lag between the electrochemical signal
and imaging was calibrated at the beginning and during the experiment by comparing the
timestamp of the data from the potentiostat and camera to ensure that it does not exceed 0.1 s.
This video was later analysed using Movavi Video Suite 18 by sequentially decoding the video
by frames. The critical parameters from the in situ timelapse images required for investigating
metastable pitting, namely the diameter of the bubble (dy.,51e) @nd the locations undergoing
metastable pitting were analysed using the ImageJ image analysis software. The scale bar for
analysing the video snapshots required calibration using a standard sample. For this purpose,
the image of a steel ruler was recorded using a calibrated camera attached to a standard

microscope. From the scale bar provided by this microscope and the dimensions in the ruler,

54



the scale bar for the snapshots in the video was calibrated. The dj,,,5p1. Was calculated from the
average of the values determined by three methods: (a) an average was calculated from the
largest vertical and horizontal dimensions of the bubble, (b) the image was inverted to a gray-
value image from which the average of the largest vertical and horizontal dimensions were
calculated, (c) the circumference of the bubble was measured and the radius of the bubble
("puppie) Was calculated uring the formula: circumference of the bubble = 2nry,,,5.. The pit
locations on the sample surface were mapped using the ‘analysis using grids’ option in the
ImageJ software. For the dissertation, results from 15 repeatable experiments performed on

each alloy specimen of interest have been reported.

3.11. Bubble dynamics and its analysis

The evolution of current transients was associated with the simultaneous growth and
dissolution of adsorbed hydrogen bubbles at the respective metastable pit locations. Since the
objective of this dissertation resides in understanding the metastable pitting characteristics from
the HE occurring at the pit locations, the dynamics of bubble evolution requires critical
consideration. The following text presents a brief overview of the dynamics of hydrogen bubble
evolution at a pit location.

The faradaic current from the pit dissolution drives the electrogeneration of hydrogen
by NDE [Frankel et al. 2015]. Within the V,;¢, the electrogenerated hydrogen is initially present
in its dissolved form, which later nucleates as a hydrogen bubble when its concentration
exceeds supersaturation [Epstein et al. 1950]. Therefore, the formation of a hydrogen bubble
within a pit is a combination of both the electrochemical and physicochemical factors.
Therefore, the d,,,,p. at any instant varies as a function of the supersaturation concentration
of hydrogen within the V,;., rate of generation of hydrogen and the rate of its dissolution. Upon
cessation of faradaic current from pit dissolution current, the electrogeneration of hydrogen
and therefore its feed into the bubble are curbed. This phenomenon leads to the chemical

dissolution of the bubble into the electrolyte resulting in its shrinkage and disappearance.

The parameters associated with HE were determined as follows. The cumulative
dpuppie Maybe calculated from the sum of the maximum d,,,,. and the subsequent

increments in dpyppe. The estimation of the volume of hydrogen (Vyg pupbie) from dpyuppie
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requires an assumption of the bubble shape as the contact angle of the bubbles with the pit
surface was not measured due to experimental limitations. Since the hydrogen bubbles
remained adsorbed to the surface, their three-dimensional shape would be a segmented sphere
[Glas et al. 1964]. Yang et al. reported that the contact angle of electrogenerated hydrogen
bubbles adsorbed to a Pt electrode surface for a maximum instantaneous dj,ppie Of 50 um
recorded in the present study, was ~ 100° through the liquid [Yang et al. 2015]. They also
reported that this value would change dynamically depending on the electrode material, bubble
growth rate, and radius. Herein, for the sake of simplification and to assume a worst-case
scenario, the geometry of the adsorbed hydrogen bubbles was considered as a complete sphere
so that an extreme case representing maximum Vyg puppie 1S @accounted for. Accordingly, the

volume of the hydrogen bubble (Vi puppie) May be calculated using Equation 3.1.

3 .
_4 dpubbl Equation 3.1
VHE bubble =5 X T X (—uz e)

For the hydrogen evolution reaction as per Equation 3.2,

2H* 4+ 2¢e~ - H, Equation 3.2

the charge consumed by hydrogen evolution (Cy5) may be calculated from Equation 3.3.

C _ ZupFVue Equation 3.3
HE ™ 924 x 103

wherein zyg = 2, F is the Faraday constant with a value of 96485.33 C.mol* and the value 22.4

x 10° cm? in the denominator represents the volume (in cm®) occupied by 1 mol of Hz at STP.

The instantaneous HE current density (i, ) was determined from the instantaneous area
of the pit (4,;;) and instantaneous Cyg calculated from the instantaneous change in dpyppie
(i.e., dpubbiet=x+j — Apubbiet=x; Wherein j is the interval of time). Herein, the instantaneous
Apic represents the hemispherical surface area of the pit calculated from the C,,;; accumulated

by the transient until the specified instant, t = x (as discussed further in Section 3.13).
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3.12. Analysis of potentiostatic polarisation data

The schematic illustration of a typical current transient with its characteristic
parameters is shown in Figure 3.10. The following parameters are described: L,4ssive IS the
background passive current, I, is the current at any instant t = x along the transient, L,;, is the
instantaneous pit current at any point along the current transient determined from the relation:
Lyit = Li— Ipgssiver Ipear 1S the peak current determined from the relation: Lyeqx = I peak-
Lyassive, tg is the pit growth time (i.e., the time required for I,,;; to reach L,.qy), t, is the pit
repassivation time (i.e., the time required for L,;; to reach I,qgipe from Lyeqr), tpic is the pit
lifetime wherein t,;.= t, + t,.. Segregation and counting of the individual current transients
from the noise in the i),y Was accomplished using an automated script based on the criteria
developed by Cavanaugh et al. [Cavanaugh 2009b] and later described by Sander et al. [Sander
et al. 2020]. According to these criteria, the current transients should satisfy the following
conditions for it to be treated as a signal arising from metastable pits: (a) The current density
increases by at least 1.5% from I, 4ive, (D) the t,;; > 1.5 s, () the current density decreased
to 1.5% from I,,4ssive after reaching I,.4i. The pitting rate was calculated from the number of

current transients recorded per second per square centimetre of the electrode surface.

Current transients may be classified based on the nature of pit propagation and the
recovery of I, 10 I,qcqive at the end of the current transient as follows: (i) pit nucleation
transients if Iygssiveena < Ipassivepegin With N0 apparent propagation (Figure 3.10) (ii)

metastable transients if I,4ssive ena < 1.

passive,pegin @Nd exhibits propagation (Figure 3.11 (a)),

(iii) quasi-stable transients if I,qssive ena > Ipassive,pegin (Figure 3.11 (b)) and (iv) stable pit
events when there is no apparent current transient but an abrupt and drastic increase in the noise

and absolute value of 1,44 (Figure 3.11 (c)). Quasi-stable transients have been deemed as

stable transients in literature [Gupta et al. 2012]. However, in the present work, they have been
explicitly termed as ‘quasi-stable transients’ (Figure 3.11 (b)) to unambiguously distinguish

them from stable pitting (Figure 3.11 (c)).
The single peaked transients may also be classified depending on the relative durations
of pit growth time (t,) and pit repassivation time (t,) as (i) Type I if t, > t,. (Figure 3.12 (a)),

(ii) Type Il if t; < t, (Figure 3.12 (b)). The transients that exhibited multiple peaks, i.e., more
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than one peak with a current amplitude > 75% of I,.qx, Were not classified under the above-
stated categories and may be designated as ‘unclassified’ (Figure 3.12 (c)). The classification
of current transients based on the type of pit propagation (nucleation/metastability/quasi-
stability) enables an understanding of the extent of repassivation. In contrast, the shape (Type

I / 11 or unclassified) of the transients provides insights regarding the relevant pitting
mechanism.

Current (nA)
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Figure 3.10. A typical (pit nucleation) current transient with its respective metastable pitting
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Figure 3.11. The different types of current transients depending on the recovery of I, at the end
of the current transient (a) metastable transient, (b) quasi-stable transient and (c) stable pitting.
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3.13. Determination of the pit dissolution charge (Cp;,)

The charge accumulated by the current transient (Cyransient), determined by integrating
the area under the /-t curve, may be employed in the determination of pit volume (V};;) and its

equivalent hemispherical pit radius (r,;). A detailed account of the various steps involved in

this estimation is presented below.

Commercially pure aluminium undergoes pitting by the dissolution of Al-rich matrix as per
Equation 3.4, under the influence of AlzFe constituent particles.

Al - AT +3e” Equation 3.4
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Binary Al-Mg alloys undergo pitting corrosion by the selective dissolution of Mg2Als (B)
phase-precipitates as they are highly electronegative [Lyndon et al. 2013]. The B phase-
precipitates may also undergo incongruent dissolution by the selective leaching of Mg [Liu et
al. 2009; Liu et al. 2010]. In the present study, the pitted locations revealed trenches (upon
microscopic investigation), indicating that the entity had undergone complete dissolution.
Hence, the B phase-precipitates may be assumed to have undergone congruent dissolution as

per Equation 3.5.

Mg,Al; - 2Mg?*t +3 A3 + 13 e” Equation 3.5

In the binary Al-Mg alloy, though the pits may initiate preferentially at the B phase-precipitates,
the surrounding Al-rich matrix (according to Equation 3.4) and the neighbouring B phase-
precipitates may also undergo subsequent dissolution. This fact is evident from the magnitude
of the Cirqnsient, recorded in the present study, which is significantly larger than the minimum

charge required for the dissolution of single  phase-precipitates (~2.8 pC [Guan et al. 2015]).

The total pit dissolution charge (C,;.) may be calculated from the sum of Cy (from Equation

3.3) and Ciyqnsient @S per Equation 3.6.

Cpit = Ctransient T Cug Equation 3.6

The pit volume (V. ,; wherein y = B or the Al-rich matrix depending on the species

undergoing dissolution) can be calculated using Faraday’s law from C,;, using Equation (3.7).

Voo = CpueM Equation 3.7
plt:y Zpr

wherein M and p are the molar mass and density of the dissolving entity, respectively and z,,
(wherein y = B or the Al-rich matrix depending on the species undergoing dissolution) is the
no. of electrons generated during dissolution. The values associated with these parameters for
an exclusive dissolution of the  phase-precipitate (according to Equation 3.5) are M = 129.55
g.mol, p=2.24 g.cm™ and zp = 13 while that for an exclusive dissolution of the Al-rich matrix
(according to Equation 3.4) are M = 26.98 g.mol™, p=2.70 g.cm™ and Zmatrix = 3. The corrected
Vit (Vpit,correctea) TOr the dissolution of the B phase-precipitates in Al — 5 Mg should lie

between Vy;¢ g and Vyit maerix depending on the percentage contribution of the B phase and the
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Al-rich matrix to the Cy,;.. An exclusive dissolution of the Al-rich matrix in this case, i.e.,
Vpitmaerix Calculated from 100% C,;, would result in a negative difference of ~ 33.33% as
compared to Vp,;; g determined from an exclusive dissolution of the  phase, such that V,;; g >
|74

pit,corrected >0.67 Vpit,ﬁ-

The pit geometry was assumed to be a hemisphere with its entire surface area being active for
dissolution. Therefore, the pit radius, 7,;., (wherein y = f or the Al-rich matrix depending
on the species undergoing dissolution) equivalent to V,,;.,, may be calculated using Equation
3.8. A change in the assumption from an exclusive dissolution of  phase-precipitate to an
exclusive dissolution of the Al-rich matrix in the Al — 5 Mg alloy introduces a negative error
of ~ 9.97% in the r,;. 5. Accordingly, the corrected 7, (Tpit,correctea) depending on the
percentage contribution of the B phase and the Al-rich matrix would be 7,;¢ g > it corrected =
0.9 it -

1 Equation 3.8
3 1 3
Titx = (E X T X Vpit)

The active pit surface area (4,;.) of the hemispherical pit may be determined from r,;. , using

Equation 3.9.

Ajir =2 XX Equation 3.9

pi rz?it,x
The instantaneous pit current density (i,;.) was calculated from the instantaneous change in
Lyi¢ (i.8., Ipit t=x+j — Dpit,e=x; Wherein j is the interval of time) and instantaneous A,,;;. Herein,
the instantaneous A,;. represents the hemispherical surface area of the pit calculated from the

C

pit accumulated by the transient until the specific instant, ¢t = x.

The pit stability value can be determined from the ratio of I,.,, and the pit radius at I,.q
(Tpitpeak) @ shown in Equation 3.10. The 7;; yeqi Was estimated from the charge accumulated

by the transient at /¢ .

Pit stability value = —2<_ Equation 3.10

Tpitpeak
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The pit growth rate may be determined from the ratio of /.4, and t, as shown in Equation

3.11.

Pit growth rate = I”t’;‘”‘ (3.10)

9

3.14. Post-mortem studies

After potentiostatic testing, the samples were ultrasonically cleaned for 300 s to remove
any remnant corrosion products. The pits on the electrode surface associated with the current
transients of interest were investigated ex-situ using SEM (Hitachi S3400 N). This
investigation did not require applying a conductive coating to overcome charging arising from
the surrounding resin, allowing a detailed investigation of the pit locations. In secondary
electron (SE mode), the pit locations were analysed to gather information regarding the pit
mouth dimension, geometry and pit location. In BSE mode, the area surrounding the pit
location was analysed to investigate the presence of second phase particles that could have
initiated the pit. In Al-5Mg, the BSE mode of investigation did not provide any critical insights
as the precipitates did not provide a phase-contrast without etching.

The 3D optical profilometer (Alicona Infinitefocus) was used to determine the actual
3D pit volume (V¢ qceuar) at the pit location of the metastable pit associated with its respective
current transient. During analysis, the sample was first focused and the pit was located at low
magnification. Subsequently, the analysis was carried out at higher magnification, i.e., at
1000X. The software was used to correct the surface tilt and then measure the depth after
averaging the surface roughness to zero. The 3D images of the pits and their depth profiles
were recorded. Later, the Vy;; qcrua: Was measured and employed to compare it against the V,,;,

estimated the current transients using Faraday’s law.
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Chapter 4

A novel approach for the in situ visualisation of
metastable pitting events from hydrogen evolution

4.1. Background

Pitting corrosion is a dynamic process governed by a favourable combination of
thermodynamic and kinetic conditions. Several factors, such as the presence of locally distinct
passive film characteristics [Szklarska-Smialowska 1999], heterogeneous microstructures
[Birbilis et al. 2005] and surface roughness [Burstein et al. 1995a], influence the evolution of
pit events, making the deterministic prediction of the pitting sites in real-time elusive. Recently,
Sander et al. 2020 visualised the evolution of metastable pit events in-situ in stainless steel. In
aluminium and its alloys, the optical visualisation of pit evolution is further obscured by the
presence of reflective pit covers [Frankel 1998] over the pit mouth. These challenges are
augmented during metastable pitting as the metastable pit events are short-lived (few seconds)

and occur in small sizes (few micrometres).

Owing to the intricacies involved in the direct in situ visualisation of pit events in
aluminium, researchers adopt an indirect approach wherein the pit locations are mapped based
on the factors that change during pitting, such as the pH and current. Ellipsometry is the most
widely adopted in situ visualisation technique (NASA-CR-132301) but is limited by the
complexities involved in determining the ellipsometric parameters for pit propagation [Kruger
et al. 1976]. Scanning electrochemical and micro-electrochemical methods enable mapping the
local current densities or potential differences that evolve during pitting corrosion [B6hni et al.

1995]. Zhu et al. successfully demonstrated that the locations that exhibited higher local

1G. Sridhar, N. Birbilis and V.S. Raja, CORROSION (Revision).
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Ipassive Values were the exact locations that eventually underwent pitting at higher anodic
potentials [Zhu et al. 1997]. Despite the advantages, the utilisation of scanning and micro-
electrochemical methods to investigate metastable pitting is limited by the excessive time
required for scanning the surface that fails to capture the dynamic metastable pit events. Isaacs
visualised the pit events in situ based on the pH changes that occur during pitting using pH-
sensitive agar gels [Isaacs et al. 2000]. Buchler et al. used fluorescent dyes to study the
evolution of pit events in situ [Buchler et al. 2000]. These methods may alter the natural
corrosion response of the alloy due to the ambiguities introduced, such as crevice corrosion in
the case of pH-sensitive gels and the interaction of dyes with the surface. llevbare et al.
employed in-situ confocal laser scanning microscopy to study pitting corrosion in AA 2024-

T3 from the in situ 3D surface profiles [llevbare et al. 2004].

As discussed in the preceding paragraph, the conventional techniques adopted for the
in situ visualisation of pit events in aluminium alloys pose limitations for mapping the dynamic
metastable pit events. Further, these techniques do not permit evaluation of the hydrogen
evolving at the pit surface during active pitting. For this purpose, a simple methodology that
can facilitate both the mapping of metastable pit events and an in situ evaluation of the
hydrogen evolution at the metastable pit locations needs to be developed.

Hydrogen evolution during the pitting corrosion of aluminium and its alloys is a well-
known phenomenon [Kaesche 1962; Bargeron et al. 1980a]. At anodic potentials, HE occurs
from the active pit surface as a consequence of anodic dissolution [Frankel 1990] rather than
on the passive film as a cathodic reaction. This phenomenon of an anomalous increase in HE
rates with anodic potentials, counterintuitive to the Tafel rate equation, in aluminium and other
metals such as magnesium is termed the Negative Difference Effect (NDE) [Frankel et al.
2015]. Recently, Frankel et al. suggested that the mechanism behind such superfluous HE
during NDE was the enhanced catalytic nature of the pit surface for HE that develops as a
consequence of anodic dissolution [Frankel et al. 2015]. The present study explores the
utilisation of hydrogen bubbles evolving at the metastable pit locations to investigate their

dynamic evolution and map their locations.
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4.2. Objective

Develop an in situ visualisation method to map the dynamic metastable pit locations in
situ to correlate them with their respective current transients. For this purpose, pure aluminium
(referred to as pure Al), solutionised Al-5Mg (referred to as soln. Al-5Mg) and aged Al-5Mg
(referred to as Al-5Mg) specimens were used.

4.3. Results and discussion

4.3.1. Preliminary electrochemical characterisation
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Figure 4.1. The potentiodynamic polarisation plot of pure Al, soln. Al-5Mg and Al-5Mg specimens
used herein.

The potentiodynamic polarisation response of pure Al, soln. Al-5Mg and Al-5Mg alloy
specimens used in this study are shown in Figure 4.1. The E,;, of these specimens is shown in

Table 4.1.
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Table 4.1. The pitting potential (E,;. ) of pure Al, soln. Al-5Mg and Al-5Mg determined from the
potentiodynamic polarisation plots shown in Figure 4.1.

SI. No Specimen E,i; (MV)vs SCE
1 Pure aluminium -593 +13
2 Solutionised Al — 5 Mg - 679 £ 37
3 Al -5 Mg -710 + 32

4.3.2. Requirements

Signal to noise ratio

The current transients of the metastable pitting events range in the order of pA to nA.
These electrochemical signals are lost within the stray electrical noise (from gadgets)
surrounding the electrochemical cell when the amplitude of the stray noise is greater than that
of the current transients, as discussed in Chapter 3. For this purpose, a grounded Faraday cage

was placed around a properly grounded electrochemical cell in the present study.
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Figure 4.2. The potentiostatic polarisation data of pure aluminium recorded (a) without a
Faraday cage and (b) with a Faraday cage at Ej;; — 50 mV in 0.01 M NaCl.

Figure 4.2. shows the comparison of the potentiostatic polarisation data of pure

aluminium recorded at Ep,;; — 50 mV in 0.01 M NaCl with and without proper grounding. The
inset in Figure 4.2(a) shows periodic oscillations in the i,y associated with the stray

electrical noise. With proper grounding, such oscillations disappeared in the potentiostatic

trend, as witnessed from Figure 4.2 (b). Optimising the signal-to-noise ratio is, therefore, vital
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during the investigation of metastable pitting so that the spikes arising from the stray electrical
noise are not misinterpreted as metastable pits. The signal-to-noise ratio may also be enhanced

by optimising the ‘Bandwidth’ option in the potentiostat.

Electrolyte selection

The aggressiveness and conductivity of the electrolyte are important factors to be
considered during electrolyte selection. The aggressiveness of the electrolyte determines the
MPR and extent of pit propagation, while the conductivity of the electrolyte plays a vital role
in reducing the solution resistance and enabling reliable measurement of the electrochemical
signals. Less aggressive solutions (such as 10 uM NaCl) significantly reduce the probability of
metastable pitting events. Figure 4.3 and Table 4.2 present the potentiostatic polarisation data
of soln. Al-5Mg recorded at Ej,;;— 25 mV in 0.05 M NaCl vs 0.01 M NaCl. The data

demonstrate that reduction in the [CI] reduced the MPR and resulted in spatially resolved

transients.
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Figure 4.3. The potentiostatic polarisation data of soln. Al-5Mg recorded in 0.01 M NaCl vs
0.05 M NaCl at Epit -25mV.
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Table 4.2. The potentiostatic polarisation data of soln. Al-5Mg recorded in 0.01 M NaCl vs 0.05 M
NaCl at E;¢ - 25 mV.

NaCl concentration (M) ‘ 0.05 M NaCl ‘ 0.01 M NacCl

MPR (cm2.s1) ‘ 27+5 ‘ 14 +2

On the contrary, aggressive solutions such as (0.1 M NaCl) increase the probability of
stable pitting during metastable pitting investigation. Figure 4.4 presents the potentiostatic

polarisation response of pure aluminium at E,;, — 25 mV in 0.1 M NaCl. The figure illustrates
that the electrochemical noise arising from the propagation of a stable pit event (I,,;; ranging in
the order of pA) masked the signals from metastable pitting events (I,,;, ranging in the order of

nA to pA) and thereby limits the effective investigation of metastable pitting events.
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Figure 4.4. The potentiostatic polarisation data of pure aluminium recorded at Epl-t -25mVin
0.1 M NacCl.

The foregoing discussions signify the need for trial-and-error experiments to optimise
the electrolyte composition. With preliminary studies, the concentration of NaCl for the present

study was optimised as 0.01 M.
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Potential

The selection of an optimum polarisation potential is essential for the following
reasons: (i) the MPR scales down with the applied polarisation potential [Pride et al. 1994] and
(i) the hydrogen evolution decreases as a function of applied potential [Cook et al. 2012]. At
larger underpotentials to E,;;, metastable pitting becomes a rare event and at potentials closer
to E,;¢, the probability of stable pitting increases. Therefore, optimising the applied potential
is essential for generating an optimum number of measurable and temporally resolved current
transients. Figure 4.5 demonstrates this phenomenon with the potentiostatic polarisation data
of pure aluminium recorded at E,;; - 100 mV and Ej;; — 25 mV in 0.01 M NaCl. Figure 4.5 (a)
recorded at E,;. — 100 mV demonstrates that the metastable pitting is a rare event whereas
Figure 4.5 (b) recorded at Ey,;, - 25 mV exhibits an optimum number of both pit nucleation and
pit propagation transients (as shown in Figure 3.12 (c)). Table 4.3 presents the comparison of

the MPR for the potentiostatic polarisation data presented in Figure 4.5.
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Figure 4.5. The potentiostatic polarisation data of pure aluminium recorded in 0.01 M NaCl at
(@) Epit - 100 mV and (b) Ep;¢ - 25 mV
Table 4.3. The potentiostatic polarisation data of pure aluminium recorded at Epl-t — 100 mV and

Epic—25mV in 0.01 M NaCl

Polarisation potential (V) ‘ Epi;— 100 mV ‘ Epit—

MPR (cm2.s1) ‘ 0.02 + 0.001 ‘ 8+0.9
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The hydrogen evolution decreases as a function of applied potential [Cook et al. 2012].
Therefore, to generate visually resolvable hydrogen bubbles at the metastable pit locations to
enable their mapping, the applied polarisation potential should be above E,.. From preliminary
experiments, a threshold potential was observed to be associated with the generation of pit
propagation transients which was in agreement with the E,. reported in other studies [Pride et
al. 1994].

Based on the preliminary experiments, Ej,;.- 25 mV was chosen as the optimised

polarisation potential for the present work as it enabled the generation of both an optimum

MPR and visually resolvable hydrogen bubbles at the metastable pit locations.

Electrode surface area

The surface area of the electrodes used in the present study ranged between 1.75 mm?
and 0.5 mm?. Further reduction in the electrode surface area was attempted to improve the
resolution of the potentiostatic polarisation data by adopting two different methods: (a)
application of nail polish as lacquer and (b) the application of an adhesive electrical insulation
tape, as discussed in Chapter 3. However, with a substantial reduction in the surface area, the
formation of a metastable pit became a rare event and compromised the objective of the study.
Hence the surface area of the electrode specimens was not modified. Instead, the whole surface

area of the electrodes was investigated for understanding the evolution of metastable pit events.
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Figure 4.6. The potentiostatic polarisation data of Al-5Mg recorded in 0.01 M NacCl at Epl-t -
25 mV using a working electrode with an area of (a) 2.1 mm? and (b) 0.8 mm?.
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Table 4.4. The potentiostatic polarisation data of Al-5Mg with a surface area of 2.1 mm?2 vs 0.8 mm? at
Epl-t -25mVin 0.01 M NacCl.

Surface area of the electrode (cm?) ‘ 2.1 mm?2 ‘ 0.8 mm?

MPR (cm=2.s1) ‘ 30+5 ‘ 14+2

Figure 4.6 and Table 4.4 present the comparison of the potentiostatic polarisation data
of Al-5Mg with a surface area of 2.1 mm? vs 0.8 mm? in 0.01 M NaCl at E,;; — 25 mV. The
data demonstrate that a decrease in the electrode surface area resulted in a decrease in the MPR
and i,4ssive- The optimised electrode surface area for the present study ranged between 1.75

mm? and 0.5 mmZ.

4.3.3. Feasibility

Potentiostatic metastable pitting experiments performed with the optimised
specifications discussed in the previous section (Section 4.3.2) resulted in the generation of
visually resolvable hydrogen bubbles at the metastable pit locations during the simultaneous
evolution of current transients. The formation, growth and dissolution of a hydrogen bubble at
a metastable pit location during the simultaneous evolution of its corresponding current

transient is shown in the timelapse images of Figure 4.7.
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Figure 4.7. Timelapse video showing the simultaneous in situ evolution of a metastable pit event and
its associated current transient during the potentiostatic testing of Al -5 Mg alloy at E,;. - 25 mV in
0.01 M NacCl.

Figure 4.8 demonstrates that the location of hydrogen evolution during in situ imaging
was the metastable pit location using SEM images captured post electrochemical experiments.
Figure 4.9 presents the metastable pit location and its respective current transient associated

with the metastable pit event presented in Figure 4.7.

FIGURE 4.8. In situ image of the bubble at the metastable pit location (snapshot) associated with the
transient in Figure 4.8 (b) ex-situ SEM image of the corresponding pit location after potentiostatic
testing.
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FIGURE 4.9. (a) The current transient and (b) an SEM image of its associated pit location with
dimensions, recorded during the potentiostatic testing of Al — 5 Mg alloy at Ej,;; - 25 mVin 0.01 M
NacCl.

The hydrogen bubble at the metastable pit location was visible after a waiting time (t,,)
of 1 s post the commencement of its associated current transient [Glas et al. 1964]. The
occurrence of such t,, before the visualisation of pH changes at the pit locations was reported
in a related study using pH-sensitive agar gels in aluminium and its alloys [Sasaki et al. 2004].
In the present study, this duration may be attributed to the induction time necessary for the
electrochemical processes to generate acidity and therefore dissolved hydrogen (the term
dissolved hydrogen herein represents molecular hydrogen unless otherwise stated)
[McCafferty 2003], followed by the physicochemical processes that govern its desorption into
the gaseous phase (bubble) upon reaching supersaturation [Epstein et al. 1950; Glas et al. 1964;
Vogt 2011]. As revealed by the timelapse images in Figure 4.7, the nucleated hydrogen bubble
remained adsorbed to the metastable pit location and underwent growth and shrinkage in its
size following a corresponding change in ;.. Similar observations concerning the entrapment
of hydrogen bubbles at the pit locations by columnar aluminium hydroxide corrosion products
have been reported elsewhere during the pitting experiments conducted in neutral NaCl
solutions [Rudd et al. 1980; Cook et al. 2002].
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current transient recorded during the potentiostatic polarisation of Al — 5 Mg alloy at E},;; —25 mV in
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FIGURE 4.11. The variation of calculated pit volume, V,,;. s (um?3) with the diameter of the bubble,
dpubpie (M) for the metastable current transient presented in Figure 4.9.

76



The hydrogen bubbles remained adsorbed to the pit site and underwent growth and
shrinkage (by dissolution) in their dy,,pp. following a corresponding change in I,;;, as shown
in Figure 4.10. However, this variation did not follow a proportional relationship owing to the
chemical aspects involved in the bubble dynamics, as discussed in Chapter 3. Upon cessation
of anodic dissolution at the end of the current transient, hydrogen from the bubble adsorbed to
the pit surface underwent dissolution into the electrolyte resulting in its shrinkage [Epstein et
al. 1950]. This phenomenon can be witnessed from the decrease in dpy,ppe When V.,  reached
a constant value after the pit dissolution time (,¢ aissorution) Of 6 S in Figure 4.11, which is a
plot of the temporal variation of d,;,pe and Vy,;; g for the metastable transient shown in Figure

4.10. Figure 4.12 illustrates the variation of dyyp. With L,;, during a quasi-stable current

transient.
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FIGURE 4.12. The variation of bubble diameter, dp,,,, (MM) with pit current, 1,;, (nA) of a quasi-
stable current transient recorded during the potentiostatic polarisation of Al — 5 Mg alloy at E,;; —
25 mV in 0.01 M NaCl.

The duration of the hydrogen bubbles (t,,»p1) Varied depending on the pit stability.
When the transients were metastable (Figure 4.10) in nature, the t;,,55. Was consistent with

the t,,;.. However, for quasi-stable transients (Figure 4.12), the t,,,;. €Xceeded t,;. indicating
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incomplete repassivation and ongoing dissolution at the pit site concomitant with the
unrecovered charge (i.e., a difference in I,gssive pegin @Nd Ipgssive,ena, iNdicating incomplete
repassivation of the pit event) witnessed at the end of the current transient. The hydrogen
bubble that evolved during the transient in Figure 4.12 underwent gradual dissolution at 191 s,
which was ~ 20 s post the end of the transient. This extended lifetime of the bubble, post the
end of the current transient, was higher than the maximum duration of 2 s required for the

chemical dissolution of bubbles during the metastable pitting events.

The discussions herein demonstrate that the in situ optical imaging method of mapping
the metastable pitting locations based on hydrogen evolution at the pit sites enabled a
successful correlation of the current transients to their respective metastable pit events. The
method also offers a wide range of insights concerning the mechanism relevant to pitting
corrosion and other localised corrosion phenomena. This technique may also be extended to
investigating the localised corrosion phenomena of other alloy systems and notably in alloy

systems where the direct visualisation of the corrosion propagation is obscured.

4.3.4. Limitations

In Figure 4.10, the increase in L,;, at 389 s was associated with a corresponding increase
in dpuppie at 389.5 s, as indicated by annotation 1. The time-lag of ~ 0.5 s recorded between
the L,;; and dp,pp May be attributed to the factors that govern the bubble dynamics akin to
those that occur during t,. This delay, combined with the competitive flux of hydrogen
diffusing into and dissolving away at the bubble interface depending on the bubble growth rate,
result in different values of dj,,pe for similar values of I,,;, (annotations 2 & 3 in Figure 4).
For this reason, an instantaneous correlation of iy, to i,; could be misleading; instead, a

correlation of the total Cyf to Cy;, is meaningful.

The generation of visible hydrogen bubbles at the metastable pit locations required the
current transients to exceed a critical Cyrqnsient. Therefore, the pit events associated with the
pit nucleation transients, that are short-lived and bear Ci;-gnsien: P€IOW 100 NC, could not be
visualised with the proposed in situ imaging method. Nevertheless, since the pit propagation

events are more critical than the pit nucleation events in understanding the pitting susceptibility
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of alloy systems [Laycock et al. 1997] (discussed further in Chapter 6), the inability to study

pit nucleation events did not alter the inferences derived from the present study.

4.4. Conclusions

The major conclusions from work in this chapter are as follows:

» The novel approach adopted to image the metastable pit events based on the inherent
tendency of aluminium to evolve hydrogen during active pit growth was successful in
correlating the current transients to their respective metastable pit events. The method
also allowed a direct evaluation of the hydrogen evolution occurring at the metastable
pit site.

> An optimisation of the following parameters was required: (a) signal-to-noise ratio, (b)
surface area of the electrode, (c) concentration of the electrolyte and (d) polarisation
potential for the feasibility of the in situ imaging method proposed herein.

» During metastable pit growth, the hydrogen bubbles remained adsorbed to the pit
location and underwent growth and shrinkage in d,, ;5 following a corresponding
change in I;;.

» The in situ visualisation method limited the imaging of pit nucleation events and an

instantaneous correlation of iy, with i,;;.
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Chapter 5

In situ investigation on the role of hydrogen evolution
on the estimated metastable pit sizes

5.1. Background

The charge accumulated by the measurable current transients recorded during the
potentiostatic testing of passive metals at anodic potentials below E,;, is regarded to represent
the extent of anodic dissolution and mass loss within the respective metastable pit locations
[Cavanaugh 2009a; Cavanaugh et al. 2009; Gupta et al. 2012]. However, in aluminium and its
alloys, HE occurring within the pits is considered to consume a significant fraction of the
anodic charge [Frankel 1998], resulting in depreciated current transients and therefore
underestimated pit sizes. Using 1D pits, Beck reported that the ratio of HE current density to
the total anodic current density (iy,/ignoaic) in pure aluminium was 0.16 in saturated AlCl3
solution [Beck 1984]. Recently, this ratio was deduced as 10% in AA2024 using 1D pits in
aerated 0.1 M NaCl [Bonzom et al. 2016]. Frankel, using 2D pits in the thin films of pure

aluminium, reported that the i, remained constant at 1.6 A.cm when ig,,4:ic fanged between

18 to 30 A.cm? in de-aerated 0.1 M NaCl [Frankel 1990]. Boag et al. stated that the HE
consumed about 40% of the total anodic current during stable pit formation in AA2024-T3
when tested in aerated 0.1 M NaCl [Boag et al. 2010]. Other values reported for this ratio
include 6% in 0.5 M NaCl [Drazi¢ et al. 1999] and 20% in 12 M HCI during the investigation
of NDE in aluminium [Frankel et al. 2015]. Considering the significant amount of charge lost
to HE during pit propagation, incorporating an excess charge (~16%) to the charge determined
from the current transients became a practice during the investigation of metastable pitting in

aluminium and its alloys [Kim et al. 2007; Guan et al. 2015]. The notion of utilising the same

IG. sridhar, N. Birbilis and V.S. Raja, CORROSION (Accepted).
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ratio of iy, /iznoaic from the stable pit propagation studies to the investigation of metastable pit

propagation could have stemmed from the fact that both the metastable and stable pits follow
the same growth law [Isaacs 1989].

In an extensive study of metastable pitting in aluminium, Pride et al. discussed that the
distribution of the metastable r,,;, estimated from the current transients was not significantly
different from the actual values determined using ex-situ imaging of the potentiostatically
tested specimens [Pride et al. 1994]. It was also shown through derivative approaches that the
charge lost to HE within the metastable pits would not substantially alter the estimated
metastable r,,;.. The apparent contradiction of this conclusion with those deduced from the
stable pit propagation studies may arise from the differences in the rates of HE depending on
the pit stability. As discussed by Frankel et al., HE at anodic potentials is a catalytically
enhanced process [Frankel et al. 2015] that requires a catalytically active pit surface. Though
both the metastable and stable pits follow the same growth law, the catalytic nature of the pit
surface could vary depending on factors such as the potential, pH and therefore lead to
differences in the rates of HE. Using 25 pum artificial 1D pits in aluminium, Cook et al. showed
that for the same anodic current density, the noise due to HE decreased as the potential was
progressively stepped down to the repassivation potential [Cook et al. 2012]. They attributed
this phenomenon to the gradual loss of salt films which was speculated to catalyse anodic
dissolution and its concomitant HE. Therefore, understanding the rates of HE within metastable
pits is essential to evaluate the error it introduces in the metastable r,;, calculated from current
transients rather than adopting such values from the stable pit propagation studies. The present
study is an attempt to investigate this aspect by determining the volume (V) and, therefore,
the charge of hydrogen (Cyg) evolving at the real-time metastable pit locations in an aged Al-

Mg binary alloy.

In situ temporal evolution of hydrogen at the metastable pit locations on the electrode
surface was optically recorded during their potentiostatic testing at 25 mV below E,; to
determine the charge consumed by HE (Cyg) from the 2D size of the bubbles. A study
involving the utilization of the 2D bubble area to determine the moles of hydrogen generated
upon Mg due to NDE was reported using a methodology termed time-resolved volumetry
(TRV) [Lebouil et al. 2014]. In the present study, binary Al — 5 wt. % Mg alloy in aged

condition was chosen such that the anodic dissolution of the Mg2Als (B) phase-precipitates [Liu
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et al. 2010; Lyndon et al. 2013] during pitting could be investigated. Complete dissolution of
this phase was expected to generate maximum hydrogen than what would be expected from
the solitary dissolution of Al since the dissolution of both Mg and Al should evolve hydrogen
due to NDE [Frankel et al. 2015].

5.2. Objective

The role of hydrogen evolution (HE) on the 7,,;, and Vp;, estimated from Cp,qnsiene Was
investigated by (a) determining the ratio Cyg/C,;; during metastable pit growth and (b)

comparing the actual V,;; with the V,;, estimated from Ctygnsient-

5.3. Results and discussion

5.3.1. Estimation of Vg from dp,ppie

The quantum of charge lost to HE within the metastable (Figure 4.9) and quasi-stable
(Figure 4.11) pits may be determined from the volume of hydrogen calculated from the
cumulative dpyppie, 1.€., Ve pubpie- FOr this purpose, it is vital to evaluate if the fraction of
hydrogen lost in its dissolved form and, therefore, unaccounted in the calculation of the
hydrogen volume from d ;1. is Negligible. The total volume of hydrogen (V) dynamically
generated within a pit is the sum of the volume of dissolved hydrogen in its supersaturated
concentration within the pit (A), the measurable volume of hydrogen in the bubble as
determined from dpyppie i-€., Vyg pubbie (B) and the volume of hydrogen chemically dissolving

away from the bubble (C), as indicated by Equation 5.1.

Total volume of hydrogen, Vyz =A+B+C Equation 5.1

Component A in Equation 5.1 may be considered negligible if the mass transfer rate of
the dissolved hydrogen from the pit to the bubble is not the rate-controlling factor. Rousar and
Cezner reported that the fraction of dissolved hydrogen in the vicinity of a growing bubble
would be negligible when the current density for HE exceeded 1 mA.cm™ [Rousar et al. 1975;
Vogt 2011]. Therefore, to evaluate if the fraction of dissolved hydrogen within the pit is

negligible, it is essential to estimate the instantaneous HE current density (iy,). Figure 5.1 and
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Figure 5.2 present the temporal variation of the instantaneous i,;, and iy, associated with the

metastable transient in Figure 4.9 and the quasi-stable transient in Figure 4.11, respectively.
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FIGURE 5.1. The instantaneous iy, and i,;; during the metastable current transient presented

in Figure 4.10.

From the plots in Figure 5.1 and Figure 5.2, it is evident that the i, during pit growth

was greater than 1 mA.cm demonstrating that the volume of dissolved hydrogen within the

pit left unaccounted in the calculation of Vi from dy,,ppe Would be negligible. Nevertheless,

considering the lag in the variation of L,;, with dj,y,p.¢, it may be argued that the mass transfer

rate of dissolved hydrogen to the bubble could be a rate-determining step. For this purpose, the

volume of dissolved hydrogen within the pit needs to be determined. The supersaturation

concentration of dissolved hydrogen in the vicinity of a Pt electrode was reported to increase

asymptotically as a function of current density and reach a constant value of 1.16 x 10%

mol.cm for current densities higher than 300 mA.cm [Shibata 1963]. By incorporating this

value considering a worst-case scenario, the volume of dissolved hydrogen within the V,,;; g

for the transient in Figure 4.9 would be 8.78 x 10! cm® and therefore correspond to a charge



consumption of 0.75 nC. Therefore, component A in Equation 5.1 may be considered

negligible.
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FIGURE 5.2. The instantaneous iy, and i,; during the quasi-stable current transient presented in
Figure 4.12.

Component C, which represents the volume of hydrogen dynamically dissolving away
from the bubble, may also be considered negligible during bubble growth as the vicinity of the
bubble remains supersaturated with dissolved hydrogen within the Nernst boundary layer.
Also, at the bubble periphery, which is possibly exposed outside the boundary layer, hydrogen
dissolution would still be minimum as the saturation concentration, or the solubility of
hydrogen is 7.5 x 10" mol.cm™ at 28 °C [Glas et al. 1964]. A critical consideration of the

volume of hydrogen lost by chemical dissolution from the bubble is presented below.

The dynamic chemical dissolution of hydrogen occurring from the bubble into the
solution is a diffusion-controlled dissolution process [Krieger et al. 1967], which may be
determined from the sum of the volume of hydrogen that dissolves (V ;ssoweq) at the bubble-

electrolyte interphase and that which diffuses away (Vyifryuseq) from the bubble, as shown in

Equation 5.2.
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Equation 5.2
Vchemical dissolution = Vdissolved + Vdiffused

The Vaissorwea Maybe determined from the dissolution rate of the bubble after the pit stops
growing. For this purpose, the slope (b) of the plot of d;,,,,51e VS t after the pit dissolution time
(Epit aissotution) Was determined from a dataset of 10 transients. The slope b was determined as
0.7 + 0.15 um.s™t which results in a dissolution rate (Rg;ssoieq) Of ~ 1.8 X 1013 cmi.st. The
Vaissowea during the pit dissolution time (¢t aissoution) May be determined using Equation
5.3. The tpi¢ aissorution herein is the time required for the estimated metastable pit size to reach

a constant value.

Equation 5.3
Vdissolved = Rdissolved X tpit dissolution

The volume of hydrogen that diffuses away from the bubble (Vy;ffyseq) during bubble growth,

may be calculated by determining the flux of hydrogen (/;, in mol. s1) using Fick’s law of

diffusion (Equation 5.4).

Equation 5.4

_ DHZAbubble(Cs,HE - Cbulk,HE)

wherein, Dy, is the diffusion coefficient of hydrogen in cm?.st, Apuppie 1S the radial surface
area of the bubble in cm? (calculated using the equation Apyppie = 477 Eppie)s Csne and
Cruir ne are the saturation concentration and the bulk concentration of hydrogen respectively

in mol.cm™ and § is the diffusion layer thickness in cm.

The parameter Dy, (in cm®s™) maybe determined from the slope (m) of the plot of d7,,;,;. VS

t using Equation 5.5, as discussed by Houghton et al. 1962 [Houghton et al. 1962].

Equation 5.5

2

D —304m[273]x10‘5
He =520l T

wherein a = 0.0176 is the Bunsen coefficient for the dissolution of H, in water [Winkler 1891]

and T is temperature in K which may be assumed as 273 K. The value of m determined from
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a dataset of 10 current transients is 20.6 + 4.1 pm?.s™. The resulting Dy, is ~ 3.46 x 10" cm?.s

1

The value of J,, maybe calculated by incorporating the values of Dy, = 3.46 X 1010 cm?.st,
Csnp = 7.5 x 107 mol.cm™ at STP [Glas et al. 1964], Cyyy ze = 0 mol.cm™ in Equation 5.4.
The diffusion layer thickness (8) may be assumed as 6.8 x 10 cm [Frankel 1990]. The Apuppie

may be calculated from the maximum d;,,,; 1., t0 consider a worst-case scenario.

The number of moles of hydrogen (n,) dissolved away during the t,; gissotution Maybe

calculated using Equation 5.6.

Ny, = ]HZ X Upit dissolution Equation 5.6

Therefore, the volume of hydrogen that has diffused away (Vy;ffuseq) May be calculated using

Equation 5.7.

Equation 5.7
Vdiffused =224 X 103 X nHZ

wherein 22.4 x 10° is the volume occupied by 1 mol of H, at STP.

The total volume of hydrogen lost by chemical dissolution (V.pemical dissotution) May be

determined from Equation 5.2.

The calculation of V,jemical dissorution TOr the metastable transient in Figure 4.9 is shown in
Table 5.1. From the table, it is evident that the charge consumed by the volume of hydrogen
lost to chemical dissolution during pit growth was only a few pC. A similar calculation for the
quasi-stable transient in Figure 4.11 with a t,;¢ gissotution OF 22 S Yields a Vepemicar aissotution
0f 6.92 x 1012 cm® and a corresponding charge of 59.4 pC. Hence the volume of hydrogen lost
dynamically by the chemical dissolution of molecular hydrogen from the bubble into the

solution may be considered negligible.
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Table 5.1. The calculation of V yemica aissotution @Nd ChE aissowution TOr the metastable transient in Figure

4.10.
Pit growth | Surface Flux of No. of Volume of Volume of Volume of Charge
time, area of the | diffusing moles of H, diffused, | H, H, consumed by
Lpit dissotution| DUDDIE, hydrogen, H,, Vaiffused dissolved, Chemically V chemica dissotutior
(S) Abubzble ]Hz ny, (cm3) Vdissotved dissolved, ’
(Cm ) (mol.s'l) (mol) (Cm3) Vchemical dissolu| CHE,dissolution
(cm?) (pC)
6 5.55 x 10% | 2.12 x 108 1.27 x 10Y | 2.84x 10 | 1.08 x 102 | 1.36 x 10?2 | 11.68

The calculations herein indicate that the charge consumed by the volume of hydrogen
dynamically dissolved away, i.e., Component C in Equation 5.2 was only a few pC for the
metastable and quasi-stable transients in Figures 4.9 and 4.11, respectively. From the
discussions, it may be concluded that the volume of hydrogen determined from dj,ppie
(component B in Equation 5.2) presents a proximate measure of the actual volume of hydrogen

evolved within the pit.

5.3.2. The ratio Cyg/C,; and its role on the r,;; estimated from Ceransient

The estimated Cyg/Cp;; for the metastable transient and quasi-stable transients

presented in Figures 4.9 and 4.11 are 0.019 and 0.051, respectively, as shown in Table 5.2.

Table 5.2. The estimation of Cyg/Cy;, pit volume (V,; z) and hemispherical pit radius (7, ) for the
metastable and quasi-stable current transients presented in Figure 4.10 and Figure 4.12, respectively.

Transient/ | Cumulative | Volume of | Charge of | Charge Charge | Pitvolume, | Hemispherical | Cug
. bubble the hydrogen | of the of the pit radius, Cpie

pitting diameter, bubble, evolution, | transient, | pit, Vyiep
type 5 Tpit,p

dbubble VHE CHE Ctransient Cpit (Cm ) (|.lm)

(um) (cm?) (nC) (nC) (nC)
Metastable | 14.78 1.68 x 10° | 14.44 734.77 749.21 3.44 x 10t 2.54 0.019
Quasi- 30.47 14.8 x 10° | 127.18 2369.91 2497.09 | 1.15x 10 | 3.80 0.051
stable

The values of Cyg/C,;, varied, however, depending on the Cyygpsient as shown in Table

5.3. The resultant HE induced error in the 7;; correctea Was found to be less than 2%. This

87



observation indicates that the fraction of the total pit dissolution charge lost to HE and,
therefore, unavailable for the potentiostat to sense during the generation of current transients
was minimal. This observation is in agreement with Pride et al., wherein, through derivative
approaches, they showed that the influence of HE upon the underestimation of the calculated

metastable pit sizes was less than 5% [Pride et al. 1994].

TABLE 5.3. The ratio Cyz/C,;. determined for different ranges of Cyqysiene fOr the transients recorded
during the potentiostatic polarisation of aged Al — 5 Mg at Epit — 25 mV in 0.01 M NacCl.

SI. No Ctransient (nC) CHE/Cpit

1 100 - 500 1.51+0.04
2 500 - 1000 242 +0.26
3 1000 - 5000 5.16 +1.04

The ratio Cyg/Cp;. (an analogous parameter t0 iy, /ignoaic TOr the same A, and t;)
for the metastable/quasi-stable pit events recorded (at anodic potentials below E;.) in the
present study was smaller than the iy, /izneqic Values (at potentials above E,;.) witnessed
during stable pit propagation [Beck 1984; Frankel 1990] in aluminium. This disparity may be
explained as follows: In aluminium, HE within the pits at anodic potentials is catalyzed by the
active pit surface [Frankel et al. 2015; Frankel et al. 2013], which ceases to evolve hydrogen
when the pit stops growing. During active pit propagation, the critical concentration (C.,;;)
maintained within the pit, typically 48% [Frankel et al. 1996] to 80% [Beck 1984] saturation
concentration of AICl; in aluminium, engenders pH as low as 0.45 [Beck 1984] which
promotes HE at to the negative pit bottom potentials. The higher exchange current densities for
HE [Zheng et al. 2016; Sheng et al. 2015] (i, ;) at the low pH values within the pit anolyte
may also support HE similar to NDE as discussed by Frankel et al.[Frankel et al. 2013]
Therefore, HE from an active pit surface in aluminium bears a direct correlation to the factors
that govern pit propagation, such as the potential and pH within the pits. From the work of
Cook et al. [Cook et al. 2012], it is evident that at applied anodic potentials below E,;; , HE
rate decreases with potential for a constant i,,,qic. This observation may be attributed to the
changes in the pit chemistry concomitant to the rate of pit propagation and stability of
metastable pits that vary with applied potential [Laycock et al. 1997]. During metastable pit
growth at applied anodic potentials below Ey;; , the C,,;, that gets lost due to the rupture of pit
cover by hydrogen bubble [Natishan et al. 1989] is not replenished, resulting in pit
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repassivation [Cook et al. 2002]. The multiple peaks within a metastable current transient
validate that the concentration of the pit anolyte is not consistently above C.,;; i.e., the pH
dynamically varies, resulting in a dynamically changing i,y that results in reduced rates of
HE. Besides, any further dissolution within the metastable pits after hydrogen blistering would
occur by anisotropic dissolution, i.e., selective dissolution through local tunnelling events
within the pit interior [Cook et al. 2002] and therefore reduced volume of HE. On the contrary,

at potentials closer to or greater than E;; , i.e., during stable pit propagation, the high rates of

pit propagation assisted by the salt film or mixed ohmic-diffusion control buffer the C.,;; in
the event of pit anolyte dilution and thereby promote sustained HE [Beck 1984; Laycock et al.
1997]. Such differences in the pit chemistry changes that govern pit propagation explain why

the Cyp/Cpie for metastable/quasi-stable pits in the present study was smaller than the

in,/lanoaic reécorded at anodic potentials above E,,;, for stable pits.

The discussions herein suggest that the occurrence of HE within the pits does not impart
a percentage error greater than 2% in the metastable pit sizes estimated from the current
transients. In aluminium [Pride et al. 1994] and its alloys [Guan et al. 2015], the non-faradaic
current consumed during the discharging of the oxide film surrounding the active pits due to
their capacitive behaviour was reported to be negligible. Such insights signify that the charge
consumed by a single current transient should represent the pit size of an individual pit event.
Therefore, it may be concluded that the underestimation of the metastable pit sizes in
aluminium and its alloys reported in literature should arise from the association of such pit
locations with multiple current transients depending on their spatiotemporal evolution. Re-
activation of pit events due to the partial dissolution of second phase particles [Burstein et al.
2001] may lead to the charge accumulation at the pit location being associated with multiple
current transients. Besides, the superposition of multiple transients may camouflage the signal
arising from the re-activating pit events under a seemingly single current transient and make
them unavailable for pit size calculations [Guan et al. 2016b]. The implications of such aspects
would be magnified in microstructurally complex alloys wherein the kinetics of dissolution
induced by metallurgically and chemically distinct second phase particles would present a
complex case. This aspect is commonly overlooked when estimating pit sizes from current
transients due to the inherent complications related to identifying the re-activating and

simultaneously occurring pit events from the potentiostatic current transient data. A detailed
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investigation of the error introduced by the spatiotemporal evolution of pit events towards the

metastable pit size calculations has been discussed in Chapter 6 [Sridhar et al. 2021].

5.3.3. Comparison of actual vs estimated V;;

A comparative study of the actual pit volume (Vy;; 4ceuqr) Measured using a 3D optical
profilometer (Alicona Infinite Focus) at the metastable pit location versus the estimated pit
volume (Vpit correctea) determined from Faraday’s laws (as discussed in Chapter 3) was carried
out to validate if the fraction of C,;; lost to C,; was negligible. Figure 4.8 shows the transient
and its associated metastable pit location that was considered for this comparative study. The
cumulative dpyppie aNd Crransiene during this event was 25.68 um and 2382.37 nC,
respectively. Accordingly, the Cyg/C,;, for this event was 0.035. From Figure 4.8 A-2, it is
evident that the pit mouth was irregular in geometry. The largest vertical and horizontal
dimensions through the centre of the pit were 7.19 um and 6.95 um, respectively. Hence, an
assumption of hemispherical pit geometry and calculation of the corresponding hemispherical
Tpi Would not provide a deterministic conclusion. Therefore, the determination of pit volume

is essential to derive a reasonable comparison. Figure 5.3 (a) and (b), which present the top and
the side view of the pit, respectively, indicate that this pit had a maximum depth of 2.47 pm.

The Vyit actuar Measured at this pit location using the 3D optical profilometer was 82.23 + 6.4
um®. Table 5.4 presents the comparison of Vpitactuat VErsUS Vpit correctea fOr CyplCpir 0F 0.035
determined during this transient and Cy/Cy,;, 0f 0.16 reported by Beck [Beck 1984]. The data
in Table 5.4 indicates that the values of V¢ gcruqi Were in the range of Vit correctea fOr both
CuglCpir = 0.035 and Cyg/C,;e = 0.16. However, without an accurate knowledge of the
percentage contribution of the  phase-precipitates and the Al-rich matrix to the C,;, a

deterministic conclusion could not be arrived for this study. In addition, the difference in

Vpit,correctea Was Not significantly different enough to overcome the measurement error of the

3D optical profilometer to derive a deterministic conclusion.

Table 5.4 Comparison of the actual and estimated Vpit for the transient/pit in Figure 4.9.

Vpit,corrected at Cyy/Cy; = 0.035 Vpit,corrected at Cyg/Cpy = 0.16 Actual Vy

(um?) (um?) (um?)

98.93 (Vpit,ﬁ) z Vpit,corrected 274.28 (Vpit,matrix) | 110.69 (Vpit,ﬁ) B Vpit,corrected =83.12 (Vpit,matrix) | 82.23+6.4
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FIGURE 5.3. The 3D optical profilometric image: (a) top view and (b) side view of the metastable pit
associated with the transient shown in Figure 4.9.
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5.4. Conclusions

The present in situ study evaluates the error introduced by hydrogen evolution (HE)
occurring within pits on the estimation of metastable 7,,;, from the C.gnsient. Following are

the key conclusions:

> The HE current density (iy,) during metastable pitting studies was higher than 1 mA.cm?
indicating that the bubble diameter (dpyppie) Was a proximate measure of the volume of
hydrogen generated within the pit. Therefore, the d; ;5. Was employed in understanding
the fraction of the pit dissolution charge (C,;.) lost to hydrogen evolution (Cy).

> The fraction of the net pit dissolution charge consumed by HE, Cys/C,; Was observed to
vary from 0.019 to 0.052 depending on the Cy,qnsiens- BY incorporating these values from
the present study, the percentage error in the hemispherical metastable r,,;, calculated from
Ctransient WS @ maximum of 2%.

» Therefore, it was concluded that the charge consumed by HE within the pits might not be

a critical factor in the underestimation of metastable r,;, determined from current transients

recorded at anodic potentials below Ey,;;.
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Chapter 6

The role of the spatiotemporal evolution of pit events

on the estimated metastable pit sizes

6.1. Background

The charge accumulated by the current transients (Cirgnsient), determined by
integrating the area under the I — t curve, provides a quantitative assessment of the mass loss
incurred at the pitted site and therefore aids in the estimation of metastable pit sizes (i.e., pit
radius (r,;¢) calculated by assuming a hemispherical pit geometry) [Frankel 1998; Pistorius et
al. 1992; Pride et al. 1994]. The estimated pit sizes were reported to be consistent with the
distribution of the actual pit sizes in SS and pure aluminium [Williams et al. 1994; Pride et al.
1994]. The pit stability criterion, Lyeqi/Tpitpear > 102 A.cm™ [Williams et al. 1994; Pride et
al. 1994], developed based on Galvele’s pioneering works [Galvele 1981; Galvele 1976], using
the estimated 7,,;, values, enable the determination of the current transients associated with
stable pit events. In an independent study using extreme value statistics, a critical Ciqnsient
i.e., a critical V,;; with an equivalent r,,;, of 6.75 um, was found to be associated with the pits
that transitioned from metastability to stability in AA2024-T3 [Trueman 2005]. Such prospects
of estimating the actual r,;; or V,;, parameters which directly relates to pit stability [Buzza et
al. 1995] and critical in predicting the pit-to-crack transition [Kondo 1989], augments the
relevance of Cy,4nsient @S @ parameter of significance in understanding the pitting susceptibility

of alloy systems.

. sridhar, N. Birbilis and V.S. Raja, Corrosion Science, Volume 182, 15 April 2021, 109276
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Despite its competence, the utilisation of Cignsien: @S @ reliable parameter in
determining the actual metastable 7,,;, has remained topical. In aluminium, the occurrence of
copious hydrogen evolution within the pits is regarded to depreciate the Cirgnsient [Frankel
1998] by ~ 16% [Beck 1984]. Though Pride et al. showed that the difference in the distribution
of the estimated versus actual metastable pit sizes was only marginal in pure aluminium and
that the Cyr was minimal [Pride et al. 1994], severe discrepancies have been reported in
aluminium alloys [Guan et al. 2015; Guan et al. 2014]. In particular, the discrepancy witnessed
in the estimated r,,;, in a binary Al-Mg alloy was attributed to the possibility of multiple pit
reactivations as the number of actual pits was smaller than the total number of current transients
recorded [Guan et al. 2020]. On the contrary, in an Al-Mg-Si alloy with cathodic second phase
particles, the number of actual pits was found to be larger than the number of current transients,
indicating the possibility of multiple co-occurring pit events, i.e., the presence of overlapped
current transients [Guan et al. 2014]. Though such possibility of the occurrence of multiple
overlapping current transients [Gupta et al. 2012; Guan et al. 2016b; Wang et al. 2016b] and
pit reactivations [Burstein et al. 2001; Sasaki et al. 2004] is widely acknowledged, the error
they introduce in the context of metastable r,;, estimation from Ci.gnsien: has often been
overlooked. More specifically, a comparison between the magnitude of the error introduced by
the spatiotemporal evolution of pit events and the conventionally held HE has remained
unexplored. Such insights being critical in understanding the factors that limit the reliable
assessment of metastable r,;, from current transients, forms the motive behind the present
work. Accordingly, the work herein is an attempt to investigate if the conventional notion of
treating each current transient as signals arising from single discrete pit events is valid in the
context of metastable r,;; estimations from Cy,gnsient-

To understand the role of the (electrochemical) nature of the second phase particles,
binary Al-Mg alloy with (so-called “anodic”) M g, Al; (B) phase precipitates and commercially
pure aluminium, which comprised a population of (so-called “cathodic”) Al;Fe constituent

particles were studied herein.

6.2. Objective

The inconsistencies introduced in the 7, estimated from Cyqnsiene Dy treating each

current transient as a signal arising from single discrete pit events were investigated as a
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function of the electrochemical nature of the second phase particles by understanding the
following: (a) is each current transient associated with a single discrete pit event or multiple
co-occurring pit events, i.e., overlapped current transient? (b) does each subsequent transient
arise from a recurring pit event or a new discrete pit event? and (c) do the answers to the

questions (a) and (b) vary as a function of electrochemically distinct second phase particles.

6.3. Results

6.3.1. Electrochemical characterisation
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Figure 6.1. The potentiodynamic polarisation response of CP-Al and Al-5Mg recorded at a
scan rate of 0.5 mV.s1in 0.01 M NacCl.

The typical potentiodynamic polarisation response of Al-5Mg and CP-Al in 0.01 M
NaCl is presented in Figure 6.1. Based on the preliminary potentiostatic-imaging experiments,

the potential for the potentiostatic studies was chosen as 25 mV below E,,;,, which was - 0.605
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Vsce for CP-Al and - 0.710 Vsce for Al-5Mg. The selected polarisation potential facilitated the
generation of visually resolvable hydrogen bubbles at the pit locations, which permitted their
mapping and association with the relevant current transients. The chosen potential also enabled
the generation of an optimum number of current transients and minimised the probability of

the formation of stable pits during the test duration.
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Figure 6.2. The potentiostatic polarisation trend of Al-5Mg tested at E,;; — 25 mV (- 0.710 Vsce) in 0.01
M NacCl. The inset plot shows the onset of quasi-stable transients at 829 s.

The potentiostatic trend of Al-5Mg and CP-Al recorded at E,;; — 25 mV in 0.01 M
NaCl is presented in Figure 6.2 and Figure 6.3, respectively. The CP-Al exhibited a higher
cumulative number of current transients and charge accumulation (Figure 6.4 and Table 6.1)
than Al-5Mg, demonstrating the higher metastable pitting propensity of CP-Al. The higher
pitting rate and charge accumulation of current transients in CP-Al could be attributed to the
cathodic Al;Fe IMPs that stabilise the pit location by supporting cathodic reaction
[Nisancioglu 1993]. However, it should be noted that this inference could be different had the
comparison been made at iso-potentials. Both the potentiostatic trends in Figure 6.2 and Figure
6.3 exhibited all types of current transients, unlike SS, which predominantly exhibits transients
of Type | [Pistorius et al. 1992; Frankel et al. 1987]. This observation suggests that the kinetic
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factors governing the propagation of each pit event were distinct though the events evolved
from the same type of second phase particles. The inset in Figure 6.2 and Figure 6.3 presents
the instant of onset of quasi-stable transients in the potentiostatic trends, i.e., when an increment
in the noise in i, 4sive Was witnessed after the first quasi-stable transient. From in situ imaging,
these increments seem to arise from the unrecovered charge at the respective quasi-stable pit
locations rather than representing an increase in the number of pit events. The presence of
combined positive-negative transients was observed in the potentiostatic trend of CP-Al
(Figure 6.11) that comprised cathodic AlsFe constituent particles is in agreement with the

literature [Speckert et al. 2011].
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Figure 6.3. The potentiostatic polarisation trend of CP-Al tested at Epl-t —25mV (- 0.605 VscE) in
0.01 M NaCl. The inset plot shows the onset of quasi-stable transients at 1176 s.

Table 6.1. The pitting rate and the charge accumulated by the pit events during the potentiostatic

polarisation of Al-56Mg and CP-Al at E,,;, - 25 mV in 0.01 M NaCl.

Material Pitting rate (cm=2.s?) Charge accumulated by pit
events (uC)

Al-5Mg 14 +2 17.04 +0.30
CP-Al 56 +6 51.36 + 0.02
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Figure 6.4. The plot of the cumulative no. of pit events witnessed in Al-5Mg and CP-Al when tested at
Epit—25mV in 0.01 M NaCl.

6.3.2. Spatio-temporal investigation of current transients associated with pit events:
Minuscule breakdown events:

In situ timelapse imaging revealed a ubiquitous occurrence of several short-lived
minuscule pit events with diameters < 2 pum during the entire test duration. These events
activated multiple times from the same location and co-occurred with numerous similar pit
events. Figure 6.5 illustrates the in situ timelapse image of the minuscule breakdown events
recorded upon AI-5Mg. The I —t trend shown in the inset of Figure 6.5 indicates that the
minuscule pit events were not associated with measurable current transients. This observation
is not surprising since the co-occurrence of multiple pit events of similar magnitude would

result in a collective increase in iy4sive rather than resulting in temporally resolved current

transients.

The minuscule events witnessed may be ascribed to the breakdown and healing
episodes of the passive film, termed as breakdown events, supporting the view that the i,,4sive

is composed of many such events rather than the passage of a constant charge [Frankel 1998,
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Burstein et al. 2009]. Besides, a significant fraction of these events (~ 99 %) did not transition
to propagating pit events, substantiating this inference. A detailed investigation of the pit sizes
associated with these pit events was not possible due to the limitation posed by the magnitude
of noise in i,4.sive and the resolution of imaging. However, since the electrochemical signals
arising from these events were insignificant, their influence on the pit sizes estimated for

measurable current transients may be regarded as negligible.

0.330 ¥

Aged Al -5 Mg

0.320

0.315 4 A

0.3104

i/ pAom?

0.305

620 625 630 635 640 645 650 656
Time/s

Table 6.5. The snapshot of minuscule breakdown events recorded during in situ imaging-
potentiostatic testing of Al-5Mg at E,;; — 25 mV in 0.01 M NacCl.

Pit nucleation transients:

Pit nucleation transients, such as that presented in Figure 6.6, were associated with the
rapid pit events that exhibited a lifetime lesser than 3 s. A detailed spatiotemporal investigation
of these pit events was limited by the low frame rate of video recording. Figure 6.7 presents an
in situ snapshot of the pit nucleation events recorded on Al-5Mg during potentiostatic testing
at Ep;: - 25 mV. Among the events that could be imaged, a significant fraction (~ 99%) of them
underwent repassivation without propagation, which is in agreement with the works of Burstein
[Burstein et al. 2001; Burstein et al. 1992]. This observation supports the notion that the
investigation of pit propagation events is more critical than the pit nucleation events for
understanding the phenomenon of pit stabilisation, as they represent the larger pits that develop
the conditions necessary for stability [Laycock et al. 1997]. Therefore, the insights derived
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from the following sections regarding the utilisation of metastable pitting data in investigating

the stable pitting propensity of alloy systems are not altered by the inability to analyse the pit

nucleation events. The evolution of pit propagation events was witnessed to be occasionally

preceded by the occurrence of pit nucleation events in their vicinity which may be attributed to

the local weakening of passive film induced by these events [Burstein et al. 1995b].
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Figure 6.6. A pit nucleation transient recorded during the potentiostatic testing of Al-5Mg at
Epir —25mVin 0.01 M NaCl.
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Figure 6.7. The snapshot of pit nucleation events recorded during the in situ imaging-
potentiostatic testing of CP-Al at E,,;; — 25 mV in 0.01 M NaCl. Inset shows the potentiostatic

trend at the juncture of image capture.
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Single peaked propagation transients: Type | and Type Il

Single discrete pit events

Single peaked transients of Type | represent the pit events that underwent gradual
propagation followed by rapid repassivation, i.e., t, > t,. Figure 6.8 presents the variation of
dpuppie at the pit location (identified using in situ imaging) with I,,;» during a single-peaked

propagation transient of Type I.
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Figure 6.8 The variation of current with bubble diameter during a single-peaked pit propagation
transient of Type I observed in the potentiostatic trend of Al-5Mg recorded at E;; — 25 mV in 0.01 M
NacCl.

The pit propagation during Type | transients is driven by the resistance of the porous
pit covers that govern the diffusion of metal ions out of the pit [Frankel 1998]. During the
repassivation phase (t,) at the end of the transient, the bubble underwent rapid dissolution after
reaching a maximum d,,p;e OF 10 um, indicating the loss of pH necessary to sustain HE. This
observation indicates that a rapid dilution of the pit anolyte has occurred, which could be
induced by the rupturing of pit covers by the hydrogen bubble [Natishan et al. 1989]. The
transient in Figure 6.8 was associated with the propagation of a single discrete pit event and

therefore followed the conventional theory that each current transient represents single discrete
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pit events [Frankel 1998, Pistorius et al. 1992]. The error in the estimated r,,;. 5 for this transient
arises from disregarding Cy. The Cyg for a cumulative dpusbie Of 10 pum witnessed during this
transient is 4.5 nC. The total C,;, may be calculated from the sum of Cyg and Cirgnsient Of
268.03 nC as 272.53 nC, which yields a V,;, z of 12.53 um? and an equivalent Tpir,p O 1.82
um. The pit stability value for this transient is 0.496 mA.cm™. The pit growth rate of this event

is 5.23 nA,st. The percentage underestimation of the metastable pit size, in this case, is 0.55%.

Single peaked Type Il transients were characterised by rapid growth followed by slow

repassivation, wherein t, < t,. as shown in Figure 6.9.
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Figure 6.9 The variation of current with bubble diameter during a single-peaked pit propagation
transient of Type Il observed in the potentiostatic trend of Al-5Mg recorded at E,;; — 25 mV in 0.01 M
NacCl.

The dpuppie at the pit location varied following a corresponding change in IL,;;
(identified using in situ imaging), similar to the Type | transients. Pride et al. attributed the
higher t,- witnessed during these transients to the time required for the sluggish reformation of
the oxide film in addition to the gradual dilution of the pit solution in aluminium [Pride et al.
1994]. In SS, Riley et al. explained that a phenomenon termed constructive dissolution resulted
in a two-stage repassivation [Riley et al. 1991]. Kim and Buccheit observed a similar two-stage
repassivation and attributed it to the influence of Cu in an Al-Cu alloy [Kim et al. 2007]. From
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Figure 6.9, it is evident that the estimated pit diameter (d,;.) increased during t,., i.e., after the

Iy

gradual repassivation during t,. This fact is supported by the observation of a gradually

ear At 139.2 s, indicating that the anodic dissolution prevailed at reduced rates in addition to

dissolving bubble during t, after L,.4 in contrast, to the rapidly dissolving hydrogen bubbles
in the case of Type | transients. The transient in Figure 6.9 was associated with a single discrete
pit event that did not undergo further activation. The Cyj for the cumulative dp,,ppe Of 7.8 um
observed during this transient was 2.13 nC which when added to the Ci,qnsient Of 142.7 nC
yields a Cy;; of 144.83 nC, V. s of 6.66 um? and an equivalent hemispherical Tpit,p OF 1.47
um. The pit stability value for this transient is 2.46 mA.cm™. The growth rate of this pit event
is 61.21 nA/s. By disregarding Cyg, a percentage underestimation of 0.54% is incurred in the

hemispherical pit radius estimated from the C;rgnsient-

Multiple recurring and co-occurring pit events

Single-peaked current transients are typically considered to be associated with single
discrete pit events wherein extensive pit dissolution is anticipated at L,.q,. However, with in
situ imaging, it has been identified that the single-peaked current transients could also be
associated with multiple co-occurring pit events, counterintuitive to the conventional theory.
Figure 6.10 presents the transients associated with the co-occurrence of multiple discrete pit
events (pity and pitz) during Transient B and the consecutive reactivation of the same pit
location (pit1) during the Transients A and B, in CP-Al. The metastable pitting parameters
associated with the pit size estimation of these events are tabulated in Table 6.2. The charge
relevant to pit: and pit. during their simultaneous occurrence in Transient B was resolved based
on the relative ratio of their dy,,,p; (Table 6.2). With an estimated hemispherical 75, matrix OF
2.02 um (i.e., Vpirmarrix Of 17.32 um®) at the end of Transient A, the event pit: led to
consecutive reactivation of the same pit location during Transient B. The true hemispherical
Tpitmatrix €quivalent to the total C,,;; accrued by pit: from both the transients A and B is 2.48
um (i.e., @ Vpitmatrix Of 31.96 um?). In the absence of spatiotemporal insights, the pit size
(Tpitmatrix) at this location would have been underestimated by 19% if the conventional
approach had been adopted. The pit stability value and pit growth rate for pit; during Transient
A are 2.57 mA.cm™ and 600 nA.s?, respectively.
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Figure 6.10. The consecutive current transients associated with the multiple activations of pitl during
Transient A and B and the simultaneous occurrence of pit: and pit2 during Transient B, recorded
during the potentiostatic testing of CP-Al at E,,;; — 25 mV in 0.01 M NaCl.

Table 6.2. The metastable pitting parameters of the current transients associated with pit: and pit2
presented in Figure 6.10.

Pit  Transient  No. of pit Cumulative Charge Charge Cpie = Total anodic Final calculated
activation  bubble consumed  consumed Ciransient +  ChATQE hemispherical
diameter, by the by Cuk consumed at pit radius,
dpubbie transient, hydrogen (nC) the pit Tpitmatrix
(um) Cransient evolution, location, (um)
(nC) CHE Ctotal =
(nC) Cpit, + Cpir,
(nC)
1 A First 14.04 489.43 12.45 501.88 925.84 2.48
1 B Second 8.32 421.37 2.59 423.96
2 B N/A 6.75 68.31 1.38 69.69 69.69 1.05
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The multiple pit reactivations witnessed herein may be attributed to the presence of
stable cathodic AlsFe constituent particles that promote localisation of pit dissolution due to
their strong cathodic activity. In the case of pit, the true estimated 7, maerix DEING 1.05 pm
(i.e., Vpit matrix Of 2.41 um?) would have been overestimated if the Cygnsiens Of Transient B
was entirely attributed to pito. The above discussions indicate that the pit sizes can be both
underestimated and overestimated depending on the spatio-temporal evolution of pit events.
Besides, it is evident that the single peaked transients may indeed comprise multiple
overlapping current transients from co-occurring pit events without a precise transition point
that marks the initiation of a co-occurring pit event. This observation signifies that the
deconvolution of overlapped current transients is not straightforward and requires further
computational analysis. The occurrence of multiple pit events during a single-peaked current
transient contradicts the conventional notion of treating each current transient as signals arising

from single discrete pit events.

The Cyg/Cpie Tor pity and pitz during the Transients A and B were 0.016 and 0.020,

respectively. These values do not introduce an error greater than 1.5% in the estimated pit sizes,
emphasising that the error introduced by the spatiotemporal evolution of pit events was more
significant than that introduced by HE.

Combined positive-negative current transients:

The appearance of combined positive-negative current transients in the potentiostatic
trend of CP-Al (Figure 6.11) is in agreement with the work of Speckert and Burstein [Speckert
et al. 2011]. A continuous liberation of hydrogen bubbles from the pit locations was witnessed
during the occurrence of such transients. The charge of one negative spike between 1282 s and
1283 s was -1.370 nC. By considering this charge to be entirely responsible for HE, the
evolution of a spherical bubble with a d,,,,5 Of 3.38 um is anticipated at the pit location. The
average dpyppie Witnessed during this timeframe was 3.26 pum. This observation indicates that
the HE was the dominant reduction reaction during the occurrence of combined positive-
negative current transients in CP-Al. During each consecutive combined positive-negative
transient, the same location reactivated multiple times. The total C;,-gnsien: @nd Cyg for all the

5 transients being 82.13 nC and 3.1 nC, results in an accrued C,;, of 85.23 nC and calculated

hemispherical 7,;; of 1.12 um (i.e., Vpit marrix Of 2.94 uUm3). The Ciransiene and Tpit,matrix
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estimated for an individual positive-negative transient being 17.05 nC and 0.66 um (i.e.,
Vyit matrix 0F 0.59 um?) respectively, indicates that the error in the estimated pit size is 41.07%
if each subsequent combined positive-negative transient were to be treated as a discrete pit
event. This observation indicates that the severe localisation of pit events in the presence of
cathodic second phase particles could result in a series of combined positive-negative transients
that result from recurring pit events. This phenomenon leads to a significant underestimation

of the metastable pit sizes in aluminium alloys with cathodic second phase particles.
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Figure 6.11. Combined positive-negative current transients observed in the potentiostatic
trend of CP Al recorded at Ej;; — 25 mV in 0.01 M NaCl.

Multi-peaked pit propagation transients: Type unclassified

Single discrete pit events

A significant fraction of the current transients in the potentiostatic trend of Figure 6.2
and Figure 6.3 exhibited multiple peaks and can be categorised as Type unclassified. Figure
6.12 illustrates a multi-peaked propagation transient associated with the occurrence of a single
pit event in CP-Al. The multiple peaks within the transient were associated with the dynamic

pit propagation processes occurring within the same pit location, as evident from the variation
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of dyyuppie following a corresponding change in I,;, in Figure 6.12. A similar inference was
also reported by Sasaki et al. in a related study using pH-sensitive agar gels [Sasaki et al. 2004].
This observation indicates that the multiple peaks within a current transient may not necessarily
arise from overlapping multiple pit events but from the multiple episodes of pit growth and
repassivation occurring within the same pit location. For the transient in Figure 6.12, the
Ctransient 0F 2499.79 nC and Cyg of 539.52 nC result in a Cp; of 2741.76 nC, Vyit matrix OF
94.64 pm® and an equivalent hemispherical Tpitmatrix Of 3.56 um. The percentage
underestimation of pit size, in this case, is 2.53% which is introduced by not accounting Cyp.
The relevant pit stability value and pit growth rate is 4.31 mA.cm™ and 158.67 nA.s*
respectively.
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Figure 6.12. The variation of current with bubble diameter during a multi-peaked propagation transient
of Type Unclassified observed in the potentiostatic trend of Al-5Mg recorded at E,;; — 25 mV in 0.01 M
NaCl.
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Multiple recursive pit events

Figure 6.13 presents the multi-peaked current transients associated with the reactivation
of pit events from the same location during different timespans in Al-5Mg, as identified from
in situ imaging. Table 6.3 presents the metastable pitting parameters associated with the pit

events in Figure 6.13. This case demonstrates that the recursive pit events may not necessarily

occur sequentially.
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Figure 6.13. The multi-peaked current transients associated with the reactivation of the same pit
location (a) first activation (b) second activation, recorded during the potentiostatic testing of Al-5Mg
at E,;; —25 mVin 0.01 M NacCl.
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In Figure 6.13, the transient associated with the primary pit event that resulted in further

activation of the pit location exhibited a t,;; of 48 s and a charge equivalent 7,,;, s 0f 2.99 um
(i.e., Vpip of 55.87 um?®). It is important to note that in order for this pit to reach a
hemispherical 7, s 0f 2.99 um, an extensive propagation after the I, at 923 s was required.

This observation indicates that the so-called “repassivation phase” of the transient [Pride et al.
1994; Kim et al. 2007] may not represent true pit re-passivation in reality. Instead, the pit seems
to propagate under a constant current density of 55 mA.cm during this period. The oscillatory
noise in the region between 929 s and 964 s should arise from crystallographic tunnels
propagating at the pit location [Kaesche 1990; Sasaki et al. 2002] since the current available
for a hemispherical pit propagation is low [Newman 1995]. The final spike at 965 s marks the
dissolution of the salt film that leads to the repassivation of the pit. Cook et al. discussed a
similar jump in current due to the loss of salt film while investigating 1D pit electrodes of pure
aluminium [Cook et al. 2012]. At the end of the so-called “repassivation”, the transient did not
recover to the I,ssive pegin (i-€., the event was quasi-stable), indicating that the location was
active and prone to further activation. The pit stability value and the pit growth rate associated
with this transient is 8.9 mA.cm™ and 33.33 nA.s™! respectively. The transient in Figure 6.13(b)
was associated with the second activation of the same pit location wherein the presence of
multiple peaks within this transient represents the complex and dynamic pit propagation
processes involved. By disregarding the transient in Figure 6.13(b) associated with pit

recurrence, pit size at the pit location is underestimated by 8.86%.

Table 6.3. The metastable pitting parameters of the current transients associated with the first and
second activation of the same pit location for the transients presented in Figure 6.13.

No. of the Charge Calculated Cumulative Charge Coie= Total anodic Final
pit consumed hemispherical bubble consumed Ciransient ~ ChATGE calculated
activation by the pit radius from diameter, by +Cyg consumed, hemispherical
transient, Ciransients dyubbie hydrogen (nC) Ciotal = pit radius,
Ctransient rpit,event,[} (“m) eVOlUtIOI’], Cpitl + Cpitz Tpit,g
(nC) (um) Cyg
(nC) (Hm)
(nC)
First 921.86 2.73 22.24 49.47 971.33 1215.35 2.99
Second 222 1.7 16.98 22.02 244.02
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Multiple co-occurring pit events

Figure 6.14 illustrates the current transient associated with the simultaneous occurrence
of pit events (pit2 and pits) during the growth of pit; at 862 s and 886 s, respectively, as
identified using in situ imaging, in CP-Al. The presence of an undissolved bubble at pit; (Figure
6.14) at the beginning of the transient indicates that this location has remained active from the
previous pit propagation. The metastable pitting parameters associated with these pit events are
tabulated in Table 6.4.
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Figure 6.14. The simultaneous occurrence of multiple pit events (pit1, pitz and pits) during an
overlapped current transient recorded during the potentiostatic testing of CP-Al at E,;; — 25 mV in 0.01
M NacCl.
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Table 6.4. The metastable pitting parameters of the co-occurring pit events during an overlapped
current transient presented in Figure 6.14.

Charge of  Calculated Pit Cpie from  Cumulative ~ Charge Charge Cpic = Final calculated
the hemispherical event  prior bubble consumed  consumed by  C,,.nsient hemispherical
transient, pit radius from events diameter, by the + Cyg pit radius,
Ctransient Ctransientr (nC) dbubble (“m) hydrogen individual (nC) rpit,matrix
(nC) T pitmatrix evolution,  current (um)
(um) Cyr transients,
(I']C) Ctransient
(nC)

8387.31 5.17 1 7525.55 54.39 723.6 7799.17 1.605x10*  6.40

2 N/A 10.3 4,91 451.98 456.89 1.96

3 N/A 7.99 2.30 136.16 138.46 1.32

From Figure 6.14, it is evident that there was no precise transition point that marked
the commencement of pitz or pits within this transient, demonstrating the complexity involved
in decoding the individual overlapped current transients. By treating each current transient as
signals arising from single discrete pit events, the size of pit; would have been underestimated
by 19.14 %. The size of the events pit, and pitz would have been either overestimated or
disregarded from the calculation. This observation supports the findings of Guan et al., who
reported that the number of pits observed on the pitted surface was larger than the number of

current transients in an Al-Mg-Si alloy with cathodic second phase particles [Guan et al. 2014].

Irreqular pit geometries

An assumption of hemispherical pit geometry is often adopted to estimate the
metastable 7,,;, from current transients [Frankel 1998]. The present study demonstrates that the
current transients may also originate from occluded geometries such as the pit propagation
along abrasion lines and filiform-type propagations. Figure 6.15 presents the current transient
associated with the propagation of a pit event along an abrasion line that led to the formation
of multiple pit events in the vicinity of a primary pit location in Al-5Mg. As witnessed from
the plot, the pit: underwent extensive pitting until it reached a V,,;, s of 51.97 um?® at 210 s.
Following this event, the pit events pit> and pits initiated at locations to the left of pit:. The
duration between 215 s and 220 s was associated with pit propagation which was visible as
black spots along the abrasion mark of pit; to generate pits to the right of piti. Such preferential
pit propagation along the abrasion lines that lead to progressive dissolution was also reported
by Isaacs et al. in AA7075 [Isaacs et al. 2000]. They suspected such propagation to be induced
by the diffusion of acidic pH from the high concentration of dissolved corrosion products at

the pitted site along the abrasion marks. The type of second phase particles also influences the
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pit geometry. The presence of Mg in Mg, Al; (B phase) precipitates in aluminium is known to
propagate with a filiform-like geometry [Lunder et al. 1994]. Ambat et al. 2006 showed similar
morphologies on the surface and faceted pit interiors in aluminium alloys comprising Fe.
Yasuda et al. 1990 reported that the presence of Cu in aluminium promoted irregular pitting in
contrast to faceted pitting observed in pure aluminium. Therefore, the assumption of
hemispherical pit geometry to determine 7,;; from Ciygnsiene in aluminium alloys could result

in ambiguity.
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Figure 6.15. The multi-peaked pit propagation transient associated with the lateral propagation of pits
along an abrasion line. The primary pit event (pit1) induced pitting in its vicinity (pitz, pits and pita)
during the potentiostatic testing of Al-5Mg at E,;; — 25 mV in 0.01 M NacCl.
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Since the pit geometry of the location associated with the transient in Figure 6.15 was
non-hemispherical, an estimation of hemispherical r,,;, and other related metastable pitting
parameters would be ambiguous. For instance, the estimated hemispherical 7,;, of 3.5 um
equivalent to the C,;, for the transient in Figure 6.15 would be an extreme overestimation of

the actual pit depth. Such overestimation of pit size by an inappropriate consideration of pit
geometry has also been reported elsewhere [Hisamatsu et al. 1974]. The current transients in

Al-5Mg were also observed to result in a filiform-type propagation, as shown in Figure 6.16.

Figure 6.16. Filiform-like propagation of pitting recorded in situ during a metastable pit propagation
transient generated during the potentiostatic testing of Al-5Mg (at the potential of E,;; — 25 mV) in 0.01
M NacCl.

The above discussions indicate that depending on the surface roughness and
concentration of corrosion products resulting from extensive pit dissolution, the current
transients may arise from the lateral propagation of pits or other occluded geometries rather
than a uniform hemispherical pit dissolution. Therefore, the utilisation of an estimated
hemispherical metastable pit radius/depth (r,,;) to determine the pit stability criterion could be
misleading. Instead, a critical pit volume (V,;.), which does not involve a shape factor, could

be a more suitable parameter in determining the pit stability.
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Localised pit clusters

The temporal evolution of a cluster of pit events within a localised location in Al-5Mg
is presented in the timelapse images shown in Figure 6.17. Figure 6.18, Table 6.5, and Table
6.6 present the current transients and metastable pitting parameters associated with these pit
events.
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Figure 6.17. The timelapse images associated with the evolution of a cluster of pit events within a
localised location during the potentiostatic testing of Al-5Mg at E,,;; — 25 mV in 0.01 M NaCl.

The pit events, namely pit1 and pito, co-occurred during the transient in Figure 6.18(a)
while the events pits and pits reactivated multiple times from the same location. The shape of
the current transients in Figure 6.18, being distinct, indicates that pit propagation Kkinetics in
each case was different, though they were all influenced by the occurrence of pit events in their
vicinity. Such localised clustering of pit events may be attributed to the lateral spreading of
aggressive species from the prior pits that locally weaken the passive film [Punckt et al. 2004].
Seys et al. reported that the so-called “secondary pit initiation” occurred in the vicinity of a
primary pit event when the dissolved hydrogen pinned the originally mobile dislocations and

generated new pit initiation sites [Seys et al. 1974]. The localised clustering of pit locations
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may also be attributed to the localised clustering of second phase particles in the microstructure
[Hughes et al. 2006; Boag et al. 2010; Harlow 2011]. Localised clusters of IMPs in AA2024-
T3 were observed to act as local cathode clusters resulting in localisation of pitting termed co-

operative corrosion [Hughes et al. 2010]. Liao et al. 1998 observed that the sub-surface

clustering of particles increased the severity of pitting.
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Figure 6.18. Multi-peaked propagation transients associated with the evolution of a cluster of pit
events within a localised location shown in Figure 6.17 (a) co-occurrence of pit event 1 and 2 (b) pit
event 3 (c) pit event 3 — reactivation (d) pit event 4 (e) pit event 5 (f) pit event 5 — reactivation.
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Table 6.5. The metastable pitting parameters of the transients associated with the localised cluster of
pit events presented in Figure 6.18.

Pit Charge Pit Calculated Peak Calculated Pit stability Pit Peak

event  consumed volume, hemispherical current, pitradiusat  value, growth current
by the pit, Vpiep pitradius, i Ipeak Lyear Lyeak!Tpitpeak rate, density,
Cpie = (um?) (nm) (nA) Tpitpeak (mAJem) Lpearlty Ipeak
Ciransient + (le) (nA/S) (A/sz)
CHE
(nC)

1 193.12" 8.88 1.62 62.58 0.94 0.67 31.29 113

2 246.42" 11.33 1.76 76.48 1.00 0.77 38.24 1.22

3 469.24™ 2157 2.18 356.71 1.18 3.02 82.96 4.08

4 153.41 7.05 1.50 94.24 1.19 0.63 20.94 1.06

5 561.4" 25.81 231 115.06 2.23 0.52 4.43 0.37

* The events pit1 and pit2 were simultaneously occurring.
“*The events pits and pits were recursive events wherein the first transient associated with these events is shown in Table 6.6.

Table 6.6. The metastable pitting parameters associated with reactivating pit events pits and pits in

Figure 6.18.
Pit Cp;e O first Calculated Cpie Ofthe  Total Final The percentage
event activation Tpiep from second Cpit (NC)  calculated error in the pit
(nC) first activation  activation Tpitg size estimation
(Hm) (nC) (Hm) (%0)
3 469.24 2.18 480.73 949.87 2.75 21.45
5 561.4 231 2900.61 3462.01 4.24 46.23

From Table 6.5, it is evident that the first transient associated with the pit location that
underwent multiple pit reactivations exhibited a V,,;; g greater than 20 um?3. This value concurs
with the other estimated V,,;; s Values witnessed for recursive pit events in the present study. It
should be noted that the other parameters, such as the pit growth rate (I,¢qx/t,) Or pit stability
value (Ipear/Tpitpear) Were not successful in deciphering the recurring pit events, signifying
the importance of V,,;, in metastable pitting studies. For instance, though pits exhibited a higher

pit growth rate and pit stability value than pits (Table 6.5), both the transients resulted in
multiple recursive pit events as they transitioned to pit stability. This observation agrees with
a critical pit dissolution volume being crucial in determining the pit stability [Trueman 2005].
From the transients studied herein, it is also evident that the pit stability value of the recursive
pit events that eventually transitioned to stability could be in the order of ~ 10 A.cm™ which

is smaller than ~ 102 A.cm™ proposed for the formation of stable pits [Pride et al. 1994]. This
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inference indicates that the metastable pit propagation events with a pit stability value as low

as a few mA.cm™ could undergo multiple recurrences as they transition to stability.

6.3.3. Comparative study of the reliability of estimated metastable pit sizes in Al-5Mg and
CP-Al

The inconsistencies witnessed in the metastable 7,;. estimated from Ciqpnsiene Were
introduced by not accounting for the following factors: (a) charge lost to HE (Cyg), (b) the

spatiotemporal evolution of pit events.

The fraction of total pit dissolution charge (Cp;;) consumed by HE (Cy), i.e., the ratio
Cug/Cpi maybe employed in investigating the error introduced by HE on the estimated
metastable 7,;,. The ratio Cyg/C,;; Was observed to be dependent on the magnitude of

Ctransient With its values ranging between 0.014 to 0.055 in Al-5Mg and 0.016 to 0.081 or CP-
Al. The maximum error in the estimated metastable pit sizes (r,,;¢) introduced by HE, occurring

within the pits, would not be greater than 1.51% in Al-5Mg and 2.47% in CP-Al.

The average rate of occurrence of the transients associated with recursive pit events for
a set of 10 experiments performed under similar test conditions was 0.04 + 0.01 cm2.st in Al-
5Mg and 0.35 + 0.11 cm™.s in CP-Al. The high scatter in this data is inevitable due to the
stochastic nature of metastable pitting. Nevertheless, it can be observed that the average rate of
occurrence of transients associated with recursive pit events was higher by an order of ~ 1 in
CP-Al. This observation may be attributed to the presence of stable AlsFe constituent particles
that enhance pitting in their vicinity. In contrast, anodic  phase-precipitates in Al-5Mg seem
to dissolve away before the pits attained a critical pit depth to perpetuate pitting. This inference
concurs with the severe underestimation of pit sizes in aluminium alloys [Guan et al. 2014]. In
the present study, the maximum error introduced in the estimated hemispherical r,,;, associated
with the pit recurrences was 41.44 % in CP-Al during the occurrence of combined positive-
negative current transients and 46.23% during the anodic current transients in Al-5Mg. The
critical estimated hemispherical 7,,;; equivalent to the Ctrgnsien: OF the primary pit events that

resulted in multiple recurrences was 2.15 + 0.16 um (i.e., V,,;; of 20.96 + 0.01 pmq) in Al-5Mg
and 1.98 + 0.05 pum (i.e., V,;; of 16.22 + 0.003 pm?) in CP-Al.
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The average rate of transients associated with the co-occurring pit events in Al-5Mg
and CP-Al was 0.01 + 0.003 cm2.s* and 0.94 + 0.3 cm™.s* respectively, indicating that this
rate was higher by an order of ~ 2 for CP-Al. This observation supports the findings of Guan
et al., who reported that the number of actual pits was higher than the MPR in an Al-Mg-Si
alloy with cathodic second phase particles [Guan et al. 2014]. They attributed the inconsistency
to the localised occurrence of both anodic and cathodic reactions to the extent that the Cr,-gnsient
was almost nullified, making them indecipherable. However, the present study suggests that a
significant reduction in MPR in CP-Al results from higher stochasticity of pit events that results
in overlapping current transients. The highest error in the estimated pit sizes due to

simultaneously occurring pit events reported in the present study was 19.14 %.

The above discussions signify that the percentage error in the estimated metastable 7,
introduced by the spatiotemporal evolution of pit events was higher than that introduced by HE
occurring within the pits. Further, the discussions indicate that the error in the estimated pit
sizes due to the spatiotemporal evolution of pit events was significantly higher in CP-Al than
Al-5Mg. This inference maybe attributed to the presence of stable cathodic second phase
particles that aggravate pitting in the case of CP-Al compared to Al-5Mg that has  phase-
precipitates, which can dissolve away before attaining stability.

6.4. Discussion

The conventional notion of treating each current transient as a signal arising from a
single discrete pit event could introduce error in the metastable 7;,;, estimated from Cyqnsient
by assuming a hemispherical pit geometry. The results from the present study revealed that the
larger pits that exceeded a critical V,;;, underwent multiple reactivations in the process of
developing and sustaining the pit chemistry required for stability. The calculated ;. for the
larger pits would be underestimated by disregarding the transients associated with the
subsequent pit reactivations. On the contrary, the smaller pit events may co-occur with multiple
pit events, resulting in overlapped current transients. The existence of recurring and co-
occurring pit events may explain why the pit size of larger pits was underestimated, while that
of the smaller pits were overestimated in the investigation of metastable pitting in SS by
Pistorius and Burstein [Pistorius et al. 1992]. With such spatiotemporal insights, the present
study identifies the factors associated with the pit recurrences in relevance to improving the
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reliability of the current transient data analysis to enable a better interpretation of the stable

pitting susceptibility.

The factors that resulted in recursive pit events, as observed from the present study,
were as follows: (a) propagation of pits to a critical pit volume, V,;; (b) presence of ‘cathodic’
sites and (c) incomplete repassivation of the pit events (quasi-stable pits). A critical V,;, was
found to be associated with the primary pit events that resulted in the reactivation of the same
pit location, as reported by Trueman [Trueman 2005]. This observation indicates that a critical
concentration of dissolved metal ions is necessary to develop and maintain acidification for the
pits to recur as they transition to stability. The second factor being the influence of cathodic
second phase particles is witnessed from the multiple pit reactivations observed during the
series of combined anodic-cathodic current transients. The V,;, of the primary pit event in the
series of combined positive-negative transients that resulted in multiple pit reactivations was
0.59 pm?. This value is much smaller than the critical Vi (~ 16 um?) witnessed for the
enunciation of pit reactivations during anodic current transients, demonstrating the strong
influence of cathodic second phase particles [Curioni et al. 2015]. The third factor that
promoted pit recurrences was the incomplete repassivation of pit events that resulted in quasi-
stable transients. The most likely explanation for the pit reactivations following such transients
could be the retention of aggressive species within the microscopic crystallographic tunnels
[Kaesche 1990] within the pits that propagate at low rates [Newman 1995]. In fact, the duration
after I,eq, Which is termed conventionally as the repassivation phase [Pride et al. 1994; Kim
et al. 2007] may not necessarily represent true repassivation. During this duration, the
propagation of pits could be related to the preferential dissolution at the crystallographic micro-

tunnels within the pit that preferentially dissolve at low currents [Newman 1995].

The rate of overlapped transients was higher in CP-Al in concert with an increase in the
number of pit events. This observation demonstrates how the reliability of the metastable pit
sizes, determined using the conventional theory, depreciates depending on the extent of
microstructural heterogeneity. Analysis of individual current transients from overlapped
current transients could be challenging due to the absence of precise transition points to identify
the evolution of co-occurring pit events. Guan et al. employed a wavelet analysis to investigate
overlapping current transients by assuming that all the multi-peaked transients were overlapped

[Guan et al. 2016b]. However, in the present study, it was found that not all multi-peaked
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transients represent overlapping current transients, indicating that such assumptions could lead
to ambiguity. Several other analytical methods have been proposed to analyse such transients
whilst in the absence of spatiotemporal insights [Cheng et al. 2000; Bertocci et al. 1995; Wang
et al. 2016a]. With the methodology adopted in the present study, the current understanding of
the analysis of overlapped current transients can be improved in conjunction with the noise

analytical techniques.

The results from the investigation herein demonstrate that a critical pit volume (V,;.)
can be employed as a deterministic parameter in distinguishing and quantitatively evaluating
the transients associated with recurring pit events that would eventually transition to stability.
This fact is also evident from the quasi-stable nature of the transients that exceed a critical
Ceransient and therefore a critical V,;.. The grading based on V,;, could also eliminate the
ambiguities introduced from the assumption of a hemispherical pit geometry during the
estimation of r,;, . However, the present study could not provide insights regarding the
decoding of individual transients from overlapped current transients as they required further
computational analysis. Therefore, the issue of underestimating and overestimating V,;, may
exist when the transients are graded exclusively based on the Ci.qnsient IN the absence of
spatiotemporal insights and requires further work. The critical V,;, could vary depending on
the (electrochemical and metallurgical) nature of the second phase particles of the alloy systems

under consideration.

The findings from the present study emphasise that a significant fraction of the error in
the estimated metastable r,,;; was introduced by disregarding the spatiotemporal evolution of
pit events and an inappropriate consideration of pit geometry. In contrast, the contribution of

hydrogen evolution within the pits to such error was observed to be minimal.
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6.5. Conclusions:

The novel approach adopted to visualise the metastable pit events in situ during

potentiostatic testing in the present study enabled an investigation of the role of the recurring

and co-occurring pit events on the reliability of the metastable pitting data analysis. Following

are the key conclusions:

>

The inconsistencies introduced in the metastable pit sizes estimated from the
(dissolution) charge was dependent on the nature of the second phase particles and
increased with the rate of pit recurrences and co-occurrences. However, the influence
of hydrogen evolution within the pits on this inconsistency was comparatively minimal.
Current transients were observed to arise from pit geometries other than hemispherical
pit geometries, such as the propagation of pits along abrasion lines or irregular
geometries (such as filiform-like patterns). The pit sizes estimated from such transients
by assuming hemispherical pit geometries resulted in an overestimated pit depth.

A critical pit volume (V,;;) equivalent to a critical pit dissolution charge was found to
be associated with the transients that resulted in multiple pit recurrences. Accordingly,
it was found that the pits/transients which propagated to a critical V,;, as low as 20.96
um?® in aged Al — 5 wt.% Mg binary alloy and 16.22 pm?® in commercially pure
aluminium could recur multiple times and eventually transition to stability.

Both the single-peaked and multi-peaked current transients were associated with
overlapped current transients with no precise transition points that marked the
beginning of individual pit events.

A significant proportion of the breakdown and pit nucleation events did not transition
to pit propagating events despite several instances of metastable pit reactivation from
the same location. This fact reinforces that the investigation of the propagation pit

events is more critical in understanding the stable pitting susceptibility of alloy systems.
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Chapter 7

Conclusion

7.1. Summary

Metastable pitting studies, in their remarkable capacity, provide significant insights that
are not limited to quantitatively determining the stable pitting susceptibility of alloy systems
but also in understanding the mechanistic and kinetic aspects of pitting, a feature that other
contending techniques fail to offer. Therefore, the topic of this thesis is important in light of
deploying metastable pitting studies as a potential tool to investigate the pitting characteristics
of aluminium alloys in relevance to predicting their pit-to-crack transition behaviour and

engineering life.

The dissertation has provided critical insights on the reliability of estimating metastable
pit sizes (r,;,) and pit volume (V,;.) from the metastable pitting data. A detailed investigation
of the various factors, namely, hydrogen evolution within the pits, the spatiotemporal evolution
of pit events, pit geometry and the (electrochemical and metallurgical) nature of the second
phase particles, on the reliability of the metastable r,,;, and V,;, determined from C,4sien: has

been presented.
The outcome of this work is given below:

» A novel approach was devised for visualising and mapping the dynamic metastable pit
locations in situ based on the hydrogen evolution occurring at the pit sites. The method
allowed a direct correlation of the current transients to their associated metastable pit

events/locations in situ. When coupled with post-mortem SEM and 3D profilometry
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investigations, this technique provided a comprehensive understanding of the metastable
pitting characteristics. The in situ imaging technique, however, could not aid in the detailed
investigation of the pit nucleation events and an instantaneous correlation of iy, with
lanoaic- These limitations, nevertheless, did not compromise the findings of the present

work towards addressing the objective of the dissertation.

The fraction of the pit dissolution charge (C,;;) consumed by hydrogen evolution (Cyg)
within the pits was investigated to understand the error it introduces in the 7,;. and Vp;;
estimated from current transients. From the Cyy estimated from the bubble diameter
(dpubnie) (after accounting for the volume of dissolved hydrogen), the Cyg/C,;. during
metastable pitting regime was determined to range between 0.019 and 0.052 depending on
the Ciransiene. BY incorporating this ratio, the error in the estimated r,,;, was observed to
be less than 2%, indicating that the hydrogen evolution does not introduce significant error
in the metastable r,,;, estimated from the current transients. The reason behind the lower
CuglCpir during metastable pit growth compared to the stable pit growth may be attributed
to the reduced catalytic activity of the pit surface for hydrogen evolution during metastable

pitting.

The role of the spatiotemporal evolution of pit events on the metastable r,;, estimated from
Ctransient WaS investigated. This study questioned the conventional notion of treating each
current transient as a signal arising from a single discrete pit event. Irrespective of the shape
and number of peaks of the current transient, single current transients were observed to be
associated with multiple co-occurring pit events or reactivating pit events. The findings
signify that the number of peaks does not represent the number of actual pit events.
Accordingly, the estimated r,,;; was found to be either overestimated or underestimated,

respectively.

A critical charge was observed to be associated with the pit events that underwent multiple
reactivations as they transitioned to pit stability. It was found that neither the pit stability
criterion nor the pit growth rate could effectively predict the pit stability, as much as the
critical Ctrgnsient and V., from the current transient data. The spatiotemporal evolution of
the minuscule pit nucleation and breakdown events was observed to have little relevance

as they did not transition to stability even after multiple pit nucleation. This aspect re-
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instates that the pit propagation events are more vital in understanding the stable pitting

susceptibility of alloy systems.

The factors that induced multiple pit reactivations at the same pit location were identified
as follows: (a) the current transient of the pit event exceeded a critical Cprqnsient 1-€.1 Vpit,
(b) presence of cathodic second phase particles and (c) incomplete repassivation of the pit
events as identified from the quasi-stable nature of the current transients (i.e., I,qssive,ena
> Ipassive,begin)-

Some current transients were found to be associated with irregular pit geometries such as
filiform-like propagation rather than the conventional hemispherical pit geometry. Owing
to the comparatively smaller depth of these pits, the hemispherical r,;, calculated from
Ciransient @nd the other relevant parameters such as pit current density, pit stability value

were ambiguous. Hence, V,;; was proposed as a reliable parameter over r,;, in predicting

the pit stability, as the estimation of V,,;» does not require a shape factor.

Localised pit clusters were found to evolve during metastable pitting in aluminium. It was
observed that though not all the current transients associated with the pits in the cluster
exceeded the critical charge, the localised clustering of pitting resulted in the eventual

transition of the location to a stable corrosion site.

The error in the estimated metastable r,,;, imparted by the electrochemical nature of the
second phase particles was investigated using an aged Al-Mg binary alloy and
commercially pure aluminium. It was observed that the rate of recurring and co-occurring
pit events was significantly higher in the commercially pure aluminium owing to the
presence of cathodic Al;Fe constituent particles and relatively higher heterogeneity in the

microstructure.

The findings from the dissertation emphasise that the error introduced by the
spatiotemporal evolution of pit events to the r,;; and V,;; estimated from Cqpnsiene Was

significant as compared to that introduced by the hydrogen evolution occurring within the
pits.
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7.2. Scope for future work

The combined potentiostatic polarisation — in situ imaging technique provided

considerable insights regarding the reliability of the metastable r,,;, deduced from the current
transients. While this dissertation could provide insights regarding the contribution of various
factors to the error introduced in the 7,;, estimation from Ci.gnsient, it does not provide the
mitigation strategies to improve the overall reliability of the metastable pitting data analysis. A
significant part of such work would involve the application of electrochemical noise analytical
techniques and advanced computational/statistical methods. The following would be the scope

for future work:

(a) Develop a computational/statistical method to deconvolute the overlapped current
transients associated with multiple recurring pit events based on the insights derived
from potentiostatic polarisation — in situ imaging techniques.

(b) As a part of this study, it was proposed that a critical charge was associated with
recurring pit events. However, a method to identify the subsequent current transients
associated with recurring pit events was not proposed and could form the scope for
future work.

(c) The rate of pit co-occurrences and recurrences scale with potential and compromise the
reliability of the metastable pitting data. Hence, the possibility of investigating the
metastable pitting characteristics at potentials closer to the repassivation potential needs
to be explored as a way to improve the reliability of metastable pitting data analysis.

(d) Investigation of Cyg/Cy;e in commercially pure aluminium since the pitting
characteristics would be different due to the presence of Al;Fe IMPs.

(e) Understand the evolution of metastable pit morphology using simulated in situ X-ray

tomography studies on 1D/2D electrodes.”
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