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Abstract

In this work, an advanced (AC)DC/OCP/AC cyclic test regime has been developed
(and validated experimentally) as a new tool for the evaluation of the corrosion
behaviour

of

metallic

substrates

and/or

electrically-conductive

coatings.

Incorporation of concurrent solution pH measurement with the advanced
(AC)DC/OCP/AC technique developed in this work, qualifies this approach to be
applied in different industrial applications, such as in aircraft, nuclear and
biomedical sectors. It provides opportunities to evaluate objectively the detailed
corrosion behaviour in shorter exposure times (as little as 1 day) compared to the
widely-used and accepted (but highly subjective) salt spray test (SST) and to
conventional (periodically repeated but laborious) electrochemical impedance
spectroscopy (EIS) evaluation at open circuit potential (EOCP).
The (AC)DC/OCP/AC cyclic test provides valuable information concerning the
corrosion behaviour of uncoated Al 6082 alloy (repeat tests are performed, to
eliminate test protocol variables and improve the robustness of the test). The three
examples of prototype PVD Al-based nanostructured coatings (AlCr, AlCr(N) and
AlCrTi), deposited on 17/4 PH steel, were then evaluated from a scientific
perspective, to acquire a fundamental understanding of their performance and
degradation with time. The results are shown in two main sets; i) electrochemical
results obtained at EOCP and six repeated cycles of (AC)DC/OCP/AC cyclic testing and
ii) solution pH results during continuous monitoring of the cyclic electrochemical
test procedure. AlCrTi coating showed the best corrosion resistance after
application of six successive DC/OCP cycles as a sacrificial protection for the
substrate, followed by the AlCr(N) and AlCr coatings. However, the repassivation
behaviour exhibited by the AlCr(N) coating after breakdown during extreme DC
polarisation, may suggest an advantage to use this coating preferably in aerospace
applications because of its strong ability to self-heal. This might be promising for
IV

future coating materials for corrosion protection where cadmium or hard
chromium needs to be replaced. In addition, the structural and chemical
composition of these samples was characterised using SEM and EDX analysis.
Conventional open circuit potential (EOCP) and potentiodynamic polarisation scans
were also employed, to determine the ‘as-received’ corrosion behaviour.
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Chapter One
1 Introduction and Objectives
1.1

Introduction

Surface modification and coating technologies have developed rapidly in recent
years and are now increasingly widely used due to the availability of new coating
methods which can improve the surface properties of engineering materials and
components (such as morphology, composition, structure, cohesion and adhesion),
in ways which were previously unachievable. Wear and corrosion degradation are
still major issues, as they reduce the service life of many components in automotive
and aerospace, where safety is of the utmost priority [1].
Electroplated cadmium coatings display excellent sacrificial and barrier corrosion
resistance, thus providing long-term protection of steel. However, cadmium and its
compounds are severely restricted from use in corrosion resistance applications
due to high toxicity and associated safety and environmental concerns. In addition,
a variety of alternative coatings to cadmium (which have been employed by the
aerospace industry) include zinc, zinc alloys, aluminium and aluminium alloy
coatings. Aluminium-based coatings are environmental friendly and widely used in
corrosion resistance of steel for automotive and aerospace industries, due to their
electrochemical potentials similar to that of cadmium (and which can be adjusted
to suit different steel substrates).
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Al-based coatings employed to provide corrosion resistance to steel are designed to
focus mainly on obtaining coating passivity in the corrosive environments to which
the steel might be exposed. However, the coating may then act cathodically with
respect to the steel substrate which could be prone to localised corrosion at low (or
high) pH due to existing (or developing) coating defects that may allow the
corrosive media to reach the coating/substrate interface [2, 3].
In recent years, environmentally friendly vacuum deposition techniques such as
Plasma-Assisted Physical Vapour Deposition (PAPVD) have been established as a
means to improve the performance of Al-based coatings by incorporating
sacrificial/anodic elements in the coating structure [4]. PVD techniques can produce
alloy films using both interstitial and (low miscibility) substitutional alloying
elements, which are important factors in promoting nanocrystalline or glassy phase
components in metallic films [5]. Pure Al-based coatings deposited by PVD
techniques are already used as non-toxic alternative to cadmium on steel and
titanium (IVD-Al) [6], but suffer high sensitivity to localised degradation. Thus,
incorporating alloying elements such as Cr, Ti and Mo may modify and improve the
composition and properties of the oxide passive film, thereby enhancing the
resistance to corrosion by localised degradation of the passive film on Al-based
coatings (primarily by limiting the adsorption of chloride ions that could lead to the
initiation of pits due to local breakdown of the passive film [5, 7-9]).

2

The Technical Challenge
A rapid evaluation technique is required that can provide accurate, quantitative
results that may reveal additional (or complimentary) information on the corrosion
behaviour and/or wear performance of PVD metallic nano-structured coatings,
before they are selected and deployed by end users in various industrial
applications. Since it is difficult to measure complex corrosion and wear
interactions for moving parts in actual service conditions (and for the purposes of
quicker and more precise down-selection of candidate coating systems) in practice
it would be highly desirable to apply an offline, laboratory method which can
reliably assess the anticipated in-service degradation behaviour of coatings in a
shorter time than conventional corrosion test techniques allow. Conventional
methods such as the salt spray test (SST), and immersion tests coupled with the
(increasingly used) electrochemical impedance spectroscopy (EIS) technique, are
currently very popular but can be time consuming in their execution (SST) and/or
interpretation (EIS), for evaluating the corrosion behaviour of coatings prior to their
selection for use in serial production. Salt spray testing offers many well-established
benefits, such as a standardised protocol for conducting the test, evaluating the
results and a basic simplicity of test procedure; however, the method has been
criticized for its inability to provide quantitative performance data and for often
being unrepresentative of the results seen in the non-idealised, commercial
conditions of practical use [10].
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Electrochemical impedance spectroscopy offers many benefits, such as the ability
to determine numerical data for coating corrosion damage, make detailed
investigation of the mechanisms of electrochemical reactions in the corrosion
process (and their evolution) and measure changes in dielectric media and charge
transfer characteristics between various coating systems, to explore the relative
distribution of coating defects (and their evolution with exposure time) [10, 11].
Nevertheless, to gain comprehensive information regarding the temporal evolution
of coating degradation, EIS evaluations still need to be carried out repetitively (and
in ‘real time’) during coating exposure to the corrosion environment, to construct a
detailed map of the degradation and failure processes.
Current State-of-Art Methods
Kendig and co-workers [12] have developed a Rapid Electrochemical Assessment of
Paint (REAP) protocols which relies on two electrochemical tests, to predict the
longer term salt spray test life to estimate the time-to-failure of paint coated mild
steel. The tests can be made rapidly, almost within 24 h. The test procedures were
conducted on scribed panels of automotive coating on mild steel over 24 h using a
combination of EIS testing and DC cathodic polarisation to -1.5 V vs. Normal
(Standard) Hydrogen Electrode (NHE).
Hollaender et al. [13, 14] used rapid cycles of electrochemical testing that combined
AC (EIS) and DC (cathodic polarisation) measurements, initially for the testing of
coated metal surfaces in food packaging applications.
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Suay and co-workers [15-18] subsequently adapted this test for paints on steel
surfaces, with considerable success, while Poelman and co-workers applied the
same rapid electrochemical approach on an epoxy coated aluminium substrate
[19].
The test consists of three main steps: (i) an EIS measurement (AC) step, to establish
the initial state of the coating; (ii) a DC cathodic polarisation step, where the
coating is cathodically polarised to stimulate coating disbondment (this also tends
to create an alkaline environment, as discussed later); and (iii) after a period of
recovery to reach open circuit potential (EOCP), an EIS measurement is run to assess
the current state of the coating after applying the DC polarisation. However,
relatively few other studies have been performed to reveal the evolution of the EIS
response after application of repetitive DC cathodic polarisation which aims to
degrade the coating and coating/metal substrate interface by producing H2 gas and
OH- ions (that promote pore formation and coating disbondment) [20-24]. The
application of (a sufficiently negative) cathodic potential will cause electrolysis of
the solution to take place and different cations (such as H+ and Al+) will be attracted
to the cathode and reduction reactions will take place, producing H 2 gas, whilst
different anions (such as OH- and Cl-) will be attracted to the anode, where
oxidation reactions will take place, producing chlorine gas. Nevertheless, since the
hydroxide ions remain in solution, the overall pH of the whole system will tend
towards alkalinity [25-27]:
H2O (l) + e- → 1/2H2 (g) + OH- (aq)

(1.1)
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Testing of Electrically-Conducting Coatings
The applicability of such cyclic testing to metallic, electrically-conducting films has
until now not been systematically investigated. Before carrying out the main aim of
this work (i.e. to extend studies on these rapid evaluation techniques to electric
alloy conductive metallic PVD coatings), it is essential to study the evolution of
solution pH during the various stages of the test cycle since the pH may increase
significantly due to the high concentration of OH- produced from electrolysis of the
solution caused by the applied DC cathodic polarisation.
Aluminium and its alloys are widely used in industry, since they provide versatile
properties such as low weight and high strength (when alloyed and heat treated),
good corrosion resistance (in neutral pH) and wear resistance that, although poor
for pure aluminium, can be significantly improved by the addition of suitable
alloying elements and/or by surface modification treatments, such as anodising. For
these reasons, the corrosion behaviour of aluminium and its alloys in aggressive
media has been extensively studied [28].
Al-based coatings (deposited on steels and other engineering metal-alloy
substrates) can in principle be used both as a physical corrosion barrier and as a
sacrificial anode to a steel substrate [29, 30]. However, the mechanical properties
of such materials (and hence their friction and wear behaviour) have historically
been rather poor [31, 32]. Recently developed Al-based nanostructured metallic
coatings with modified and improved corrosion resistance and (importantly) better
wear performance can now be deposited using advanced techniques such as
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Plasma-Assisted Physical Vapour Deposition (PAPVD) [5]. This deposition method is
employed to enhance the mechanical properties, thermal stability and corrosion
protection of metal surfaces; for example, PVD ceramic coatings are now widely
used to increase the in-service lifetime (and performance and/or product quality) of
tools and engineering components in a wide range of industrial sectors [33, 34]. As
the metallic coatings sector continues to grow and new advanced deposition
techniques are developed to substitute for, or ideally replace, ‘problem’ coatings
(such as electroplated cadmium or hexavalent hard chrome), it is becoming
increasingly necessary to find rapid test protocols to efficiently evaluate (and
thereby optimize) the corrosion behaviour of new coating system candidates.
However, aluminium and its alloys are very reactive metals and can be vulnerable
to corrosion particularly in aqueous environments of low or high pH, where the
protective oxide layer is easily lost. Activation (or passivation) can take place,
depending on the potential, pH and Cl- ion concentration. In highly alkaline
solutions containing a high concentration of OH-, the dissolution process takes place
readily [35].
1.2

The Need for a Rapid Corrosion Evaluation Technique for Metallic Coatings

From a scientific perspective (and also an economic point of view), it is highly
desirable to develop a rapid evaluation technique for corrosion behaviour, to
acquire a fundamental understanding of the coating performance function and
degradation with time for new coatings before their use in real applications.
Broadly speaking, the need for rapid evaluation of corrosion behaviour has four
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main reasons. Three of these reasons are based on societal issues regarding i)
human life and safety, ii) the cost of corrosion, and iii) conservation of materials.
The fourth reason is that corrosion is inherently a difficult phenomenon to
understand, and its study is in itself a challenging and interesting pursuit [36].
Therefore, before extending studies on coatings assessment by conventional
evaluation techniques (that take a long period of time to obtain the result), it is
essential to focus on conducting experiments with rapid corrosion techniques for
the purpose of evaluation and comparison of results in a short period of time.
However, the results still need to be indicative of the likely ‘real time’ performance
of the coated system in service — and this remains a scientifically and technically
challenging task to fulfil.
1.3

Research Aim & Objectives

Despite all adopted electrochemical evaluation techniques to date, the challenge to
obtain comprehensive information regarding the electrochemical corrosion
behaviour of electrically-conductive (metallic) coating/substrate combinations
during advanced (AC)DC/OCP/AC multi-cyclic testing in a short time (i.e. no more
than 24 h) remains-and the aim of this research was to develop a new cyclic
corrosion test to satisfy this challenge.
The main objectives of the research to achieve this aim were defined as follows:


Develop, adapt (and establish valid test protocols for) an advanced
(AC)DC/OCP/AC cyclic testing capable of providing detailed information
crucial for understanding of the corrosion behaviour underlying the
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electrochemical characteristics of uncoated Al 6082 alloy and PVD Al-based
coatings on a steel substrate.


Study the effect of solution pH on the electrochemical dissolution of Al 6082
alloy and of PVD Al-based coatings using (AC)DC/OCP/AC cyclic testing.



Prove the validity and repeatability of advanced (AC)DC/OCP/AC cyclic
testing by carrying out repeated solution pH and hydrogen permeation
measurements on Al 6082 alloy over several full test cycles.



Investigate and correlate the temporal and spatial evolution of individual
solution pH with applied electrochemical parameters on uncoated Al 6082
alloy and PVD Al-based coatings on a steel substrate.

1.4

Thesis Outline

Seven chapters are included into this thesis describing the research work in order to
meet the above aim & objectives. The structure is as the following:
Chapter 1 This Chapter introduced Al-based coatings deposited by PVD
technique and explains why PVD Al-based coating is a non-toxic alternative to
cadmium on steel. A review of current State-of Art cyclic accelerated
corrosion tests and of the need for a rapid corrosion evaluation technique is
given.
Chapter 2 provides a comprehensive overview of the background and a
literature review on electrochemical corrosion behaviour of aluminium and
PVD Al-based coatings is also discussed.
Chapter 3 reviews the history of the development of electrochemical
accelerated corrosion evaluation techniques for coated steel; mainly the
advanced (AC)DC/OCP/AC cyclic testing is presented and the need for test
improvements is explained.
Chapter 4 describes the experimental equipment and test procedures
employed in this work with fundamentals and principles of each test method
9

briefly explained. The corrosion behaviour of uncoated Al 6082 alloy and PVD
Al-based coatings is studied using electrochemical methods including: Open
Circuit Potential (OCP), Potentiodynamic Polarisation (PTD), Electrochemical
Impedance Spectroscopy (EIS) and advanced (AC)DC/OCP/AC cyclic testing.
These methods give some indication of the corrosion protection offered by
the coatings and how they compare to each other. The chapter presents the
design of the experimental procedure of advanced (AC)DC/OCP/AC cyclic
testing. Coating characterisation techniques used in this work such as X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive
X-Ray (EDX) analysis are explained.
Chapter 5 covers the results and discussion of three experimental repeats (R1,
R2 and R3) using an advanced (AC)DC/OCP/AC cyclic testing that has been
developed on (firstly and electrically-conductive, but uncoated Al 6082 alloy
with incorporation of solution pH measurement). Evaluation of the corrosion
behaviour of Al 6082 alloy and an estimation of the test validity and
repeatability from the achieved results are explained.
Chapter 6 presents the results and discussion of the corrosion behaviour of
three different PVD Al-based coatings with incorporated real time solution pH
measurement using advanced (AC)DC/OCP/AC cyclic testing. Comparison
between the coating results and the ability to discriminate between different
coating behaviours is addressed and the conclusions and recommendations of
this thesis for future work are also provided.
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Chapter Two
2 Background and Literature Review
2.1

Electrochemical Corrosion Behaviour of Aluminium

Corrosion in its simplest definition is the process of a metal returning to its original
thermodynamic state. Most commonly used metals tend to return to their original
state (ore) when they are taken from the earth, before being refined nonspontaneously into engineering components. To refine pure metal from its ore
(which is thermodynamically stable) requires a large amount of energy in order to
extract the metal, usually by chemical or electrolytic reduction. In contrast, once
the metal is refined (thermodynamically unstable) it will spontaneously try to revert
to its stable state [37, 38]. The counteracting process is illustrated in Figure 2.1 [37].

Figure 2.1: Cycle of counteracting refining and corrosion [37].
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Corrosion in nature is an electrochemical process occurring through two or more
electrode reactions (oxidation and reduction reactions). The corrosion process is an
electrochemical degradation occurring at a metal/electrolyte interface, where the
electrons are released by the metal (oxidation) and gained by elements (reduction)
in the corroding electrolyte. The total rate of oxidation reactions must be equal to
the reduction reactions taking place, to ensure a balance of charges between
electrodes [37].
Aluminium is one of the most prevalent engineering metal after steel, used widely
since 1950 [39]. Aluminium has low atomic mass, high electronegativity and an
ability to transfer three electrons per atom, which make it potentially attractive as
sacrificial anode for corrosion protection for other metals. Aluminium and its alloys
have high corrosion resistance, due to a native thin protective oxide film that forms
on its surface by its reaction with the air. However, once aluminium is immersed in
aqueous solution containing ‘aggressive anions’ or highly alkaline solution the
dissolution of the native oxide film occurs. In an acidic solution (or in a high alkaline
solution also, in the case of pure aluminium) the oxide film may dissolve
completely. Aluminium and its alloys have high corrosion resistance under ambient
conditions, due to the formed thin protective surface oxide film. This colourless,
protective, nascent oxide film is built up from two superimposed layers with a total
thickness of between 4 and 10 nm when formed spontaneously in contact with air
or with an oxidising medium; however, it will be significantly thicker at elevated
temperatures or in the presence of moisture [39, 40], as shown in Figure 2.2 [39].
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Figure 2.2: Aluminium oxide film layers [39]
Aluminium oxide films generally exhibit a nonhomogeneous surface (and very low
thermal/electrical conductivity) compared to the parent aluminium substrate. The
oxide film is chemically (and mechanically) rather weak and can be rather
influenced by moist, humid environments to exhibit localised (pitting) corrosion.
The oxide film can also undergo another formation in direct contact with water
creating an amorphous, black and porous oxide/hydroxide film. Pure aluminium is
inherently more corrosion resistant than its alloys (which tend to contain
secondary, precipitate phases), but the use of pure aluminium is limited in
engineering applications due to its low mechanical strength [37, 39, 41-43].
The presence of native oxide film of aluminium should be considered in the
corrosion of aluminium that proceeds by comprising a partial anodic reaction
(oxidation) and a partial cathodic reaction (reduction). So, in order to follow the
mechanism underlying the corrosion behaviour of aluminium, it is necessary to
13

explore what partial reactions prevail in the overall corrosion rate. In the presence
of a native oxide film the anodic dissolution reaction of Al can be classified into a
direct dissolution reaction via ejection of Al3+ ion through the film and an indirect
dissolution reaction via consecutive formation and dissolution of the film [44].
The dissolution reaction of aluminium in acidic and alkaline solutions can be written
in the partial anodic and cathodic reactions. The cathodic reaction at low pH
(strongly acidic) is discharge of proton (H+) while the common cathodic reaction at
high pH (strongly alkaline) is the reduction of water to H2 gas and OH- ions:
H+ + e- →1/2 H2

(2.1)

H2O + e- →1/2H2↑ + OH-

(2.2)

The anodic reactions occurring in the dissolution of aluminium at acidic and alkaline
solutions respectively are:
3

Al + 3H+ → Al3+ + 2H2 + 3e-

(2.3)

Al + 4OH- → Al(OH)4- + 3e-

(2.4)

The overall equations for both reactions and solutions can be written as follows:
3

Al + 3H+ → Al3+ + 2H2

(2.5)
3

Al + H2O + 3OH- → Al(OH)4- + 2H2

(2.6)

MacDonald et al. [45] proposed several mechanisms for the anodic reaction that
correspond to the dissolution of Al metal to aluminate ions in alkaline solution,
through a stepwise addition of OH- ions, as in following reactions:
Al + OH- → Al(OH)ads + eAl(OH)ads + OH- → Al(OH)2,ads + e-

(2.7)
(2.8)
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Al(OH)2,ads + OH- → Al(OH)3,ads + e-

(2.9)

Al(OH)3,ads + OH- → Al(OH)4- + ss

(2.10)

Where (ss) represents a surface site of the aluminium substrate.
A very similar mechanisms to that of Al metal oxidised to aluminate ions has been
proposed by Chu and Savinell [46], involving Al dissolution reactions:
Al→ Al3+ + 3e-

(2.11)

Al3+ + 3OH- → Al(OH)3

(2.12)

Al(OH)3 + OH- → Al(OH)4-

(2.13)

However, under alkaline solution (high pH) conditions the direct dissolution of
aluminium involves direct ejection of aluminium ions (reaction 2.11) can never
occur because Al3+ ions are not stable thermodynamically in alkaline solution [44].
However, aluminium dissolving in an alkaline solution may remain covered by
hydrated oxide film. The dissolution of aluminium by OH- ions leads to the
formation of a porous bi-layer consisting of amorphous Al(OH)3 and crystalline
Al2O3 on the surface of aluminium substrate. The combination of this bi-layer can
reduce the corrosion rate of aluminium, but it cannot fully protect it from
aggressive environments [47]. Therefore, Moon and Pyun [48] divided the anodic
reaction (2.4) into electrochemical reaction as following:
Al + 3OH- → Al(OH)3 + 3e-

(2.14)

They suggested that the reaction (2.14) is limited by electrochemical formation of
Al(OH)3 film at Al/Al(OH)3 interface by diffusion of OH- ions into the passive film
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towards Al substrate. Al(OH)3 is chemically dissolved to form aluminate ions
(reaction 2.13) by OH- ions attack at the Al(OH)3/electrolyte interface [44, 49, 50].
Perrault [51] assumed the formation of aluminium hydride intermediate ions, in
which cathodically formed hydrogen reacts with Al to form hydride (AlH3) at the
surface of the electrode which thereafter is anodically oxidised by OH- ions to form
aluminate ions:
Al + 3H → AlH3
AlH3 + 7OH- → Al(OH)4- + 3H2O +6e-

(2.15)
(2.16)

Adhikari et al. [52, 53] proved that the transition of the dissolution mechanism
being observed occurs when the solution pH is close to the neutrality, where the
formation of AlH3 takes place and increases the solution pH to alkalinity. Also, they
reported that the minimum corrosion potential of the anodic reaction of aluminium
hydride to form aluminate ions is -1.9 (V vs. Ag/AgCl) [52].
However, if the dissolution of the hydroxide film proceeds sufficiently, the
dissolution rate will be suppressed by the enrichment of aluminate ions. Aluminate
ions tend to accumulate at the passive film/electrolyte interface to form a viscous
layer (gel), which hinders the diffusion of OH- ions towards the Al(OH)3/electrolyte
interface [54-56]. This can cause the repassivation (growth of the passive film) with
applied anodic potential on the surface, which is enhanced by the electric field. The
formation rate of the passive film dominates over its competing dissolution rate;
thereby, a zero value of repassivation rate implies that the rate of formation is
equal to the rate of the dissolution, so the passive film hardly grows [57].
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2.2

Potential/pH diagrams (E-pH)

Electrochemical thermodynamics show that the anodic reaction of corrosion may
take place only when the potential of the metal electrode is more positive than its
equilibrium potential and the cathodic reaction of the oxidant reduction is more
negative than its equilibrium potential [58]. Nevertheless, the corrosion of metal in
aqueous solution not only depends on the electrode potential but also on the
acidity or alkalinity of the solution (i.e. the solution pH). Then the thermodynamic
prediction is illustrated by a so-called Pourbaix diagram, first developed by Marcel
Pourbaix in 1938 [59]. The E-pH diagram is a graph representing the
thermodynamic stability of metal and its corrosion products as a function of
electrolyte pH and potential. E-pH diagrams are used widely for studies of
corrosion, electrolysis, electrical cells, electroplating, hydrometallurgy and water
treatment, since they are electrochemical maps that can provide information on
predominant species (e.g. ions, oxides or hydroxides), in equilibrium, for a given pH
and potential. An electrochemical process can be measured as a potential and the
acidity or alkalinity of the species involved can be measured in terms of pH [37, 58,
60].
2.2.1 E-pH diagram of aluminium
The E-pH diagram of aluminium species shown in Figure 2.3 [61] is a schematic
diagram which includes the water and oxygen lines that illustrate the passivation
region of Al(OH)3 at neutral pH and the corrosion regions at higher and lower pH
that extend to very low potentials, and the corrosion resistance depends therefore
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on a dense and continuous oxide film. Four species containing the aluminium
element can be considered, that is, two solid species Al and Al(OH)3 and two ionic
-

species Al3+ and Al(OH)4 ions. E-pH diagrams show the possible corrosion reactions
thermodynamically, but cannot predict the corrosion rate [36, 39, 60, 61].

Corrosion

Passive

Corrosion

3+

Al

(aq)

Al(OH)3 (s)
White precipitate

-

Al(OH)4 (aq)

Al(s)

Figure 2.3: E-pH diagram of pure aluminium species at 25C° [61]
Figure 2.4 [62] shows the solubility diagram for aluminium hydroxide Al(OH)3.The
solubility boundary indicates the thermodynamic equilibrium that exists between
the dominant aluminium species in solution at a given pH and solid Al(OH) 3. The
minimum solubility of Al(OH)3 is about 0.03 mg Al/L at a pH about 6.3 and increases
as the solution pH becomes more alkaline or acidic. In alkaline solution the
aluminium hydroxide formed electrochemically can dissolve chemically to
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aluminate ions via OH- ion attack at the passive film/electrolyte interface, through
reaction (2.13) [44, 62].
3+

Al

Al(OH)3
-

Al(OH)4 (aq)

+

Al(OH)2

(aq)
3+

log Al

2+

log Al(OH)

+

log Al(OH)2
-

log Al(OH)4
Solubility boundary

Figure 2.4: pH-dependent solubility diagram of aluminium hydroxide Al(OH)3 [62].

Measurements of aluminium potential at all values of pH should take into account
of the following points [39]:
– the corrosion potential Ecorr and the pitting corrosion potential Epit are very
close to each other
– pitting corrosion takes place only in the range of pH in which the oxide
layer is totally insoluble
– uniform cathodic attack is a disastrous corrosion event, that may dissolve
up to 10 mm.h-1 under cathodic polarisation,
– immunity is theoretically unattainable at pH values above 9 because, at
potentials low enough to enter the region of immunity of aluminium,
water is no longer stable and hydrogen will be released.
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The electrochemical behaviour of aluminium is defined by the influence of the
natural oxide film that controls the corrosion resistance of the metal. The measured
potential of aluminium corresponds to the mixed potential between the oxide film
and the metal itself. The potential of the aluminium substrate cannot be measured
because, in oxidising media such as water, the oxide film will form almost
immediately (within 1 ms or even less) [39].
In evaluating the corrosion behaviour of aluminium, the pitting potential does not
have the same importance as for steel. Figure 2.5 [39] shows schematically that the
polarisation curve for aluminium do not have the same shape as for steel. There is
no region of passivity, because aluminium is a naturally passivating metal. Corrosion
on aluminium will progress as pitting in aqueous media near to neutral pH.
Corrosion current measurements can give some indication of the corrosion rate,
but do not reveal anything about the morphological features of corrosion.

E

E

Figure 2.5: Schematic polarisation curves of steel and aluminium [39].
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2.3

Pitting Corrosion in Aluminium

Pitting corrosion is the most common localised corrosion phenomenon of
aluminium in media with a pH close to neutral which basically covers all natural
environments such as surface water, seawater, and moist air [63, 64]. This type of
corrosion is always highly visible because the corrosion pits are covered with white,
voluminous precipitates of Al(OH)3 on the metal surface. Pitting corrosion is a very
complicated process, and is not totally understood even today. The one well-known
aspect of pitting corrosion however, is the conditions under which it is initiated and
propagates. The evolution of pits in aluminium is observed in NaCI solutions during
anodic polarisation at the pitting potential as shown schematically in Figure 2.6
[65]. In the pit, aluminium dissolves anodically into the pit electrolyte partially
hydrated to Al3+, whereby hydrolysis of a portion of these cations to AlOH2+ acidifies
the pit electrolyte, causing hydrogen reduction in the pit and producing hydrogen
bubbles which locally agitate the electrolyte before they escape from the pit
interior. During transport of Al3+ through the pit mouth into the bulk of the
electrolyte, an intermediate deposition of a veil of solid hydroxide may occur,
followed by aluminate re-dissolution. The acidity of the pit electrolyte is such that
repassivation of the pit interior is excluded at least when the pit electrolyte is
saturated with respect to hydrated aluminium chloride [39, 65].
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Figure 2.6: Mechanisms of pitting corrosion of aluminium in NaCl solution [65].
2.3.1 Initiation and propagation of corrosion pits
Passive films are prone to localised corrosion caused by anions that can incorporate
into the passive film and initiate pitting corrosion at weak sites. The pitting
potential Epit of aluminium is a potential of passivation breakdown in which an
acceleration of the corrosion process occurs by incorporation of various species
present within pits such as metal cations, metal hydroxide, Cl- and H+. Acidification
within pits as a result of hydrolysis is generally recognized to be a critical factor
[66]. The possibility of pitting corrosion by Cl- ions attack as described by the
following reactions [47, 67]:
Al2O3 + 6Cl- + 6H+ → 2AlCl3 + 3H2O

(2.17)

Al(OH)3 + Cl- → Al(OH)2Cl +OH-

(2.18)

Al(OH)2Cl + Cl- → Al(OH)Cl2 +OH-

(2.19)
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Al(OH)Cl2 + Cl- → AlCl3 +OHAlCl3+ Cl- → AlCl4-

(2.20)
(2.21)

The adsorption of chloride ions into the passive film at weak points will cause
formation of micro-cracks a few nanometres wide. In the propagation stage,
initiated pits will continue to propagate in the floor of the pit. According to the
following reactions [39, 61], pits will propagate:
–

Reduction reactions of hydrogen and oxygen at the cathode area
surrounding the pit are important; i.e. reactions (2.1) and (2.2).

– anodic aluminium oxidation reaction (2.3) at the anode floor pits.
The solution pH will decrease due to the production of H+ and Al3+ ions at the floor
of the pit. The pit floor environment changes to become anodic and, to balance the
positive charge, Cl- ions will be attracted and transported into the pit. As a result,
HCl acid will form inside the pit, causing acceleration of pit propagation. The
reduction reaction will produce OH- ions, thus increasing alkalinisation around
cathodic sites [68]. As mentioned previously, Al3+ ions are highly concentrated in
the floor of the pit and will diffuse outwards from the pit opening, where they meet
the high pH condition of the surrounding cathode area and react with the OH - ions
to form insoluble Al(OH)3 that will precipitate. The micro-bubbles of hydrogen gas
formed in the pit push the Al(OH)3 to the pit opening, where it forms insoluble
white pustules around the pit [39, 67].
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2.4

Passivity

One form of corrosion protection is the use of metals or alloys which have
inherently low corrosion rates in solution due to a naturally-occurring passive oxide
film. As noted by Macdonald, [69] “passivity is the key to our metals-based
civilization”. Most common metals, such as iron, titanium, aluminium, chromium
and nickel (and their alloys) have active-passive behaviour as they occur in nature
as their ores. A thin layer can be formed on the metal surface in most cases where
active-passive behaviour occurs. The oxide thin film is generally more resistant to
the environment than the underlying metal. The electrochemical basis of passive
film formation after an active-passive transition, found in the anodic polarisation
curve, is shown in Figure 2.7 [37].

Figure 2.7: Schematic diagram of anodic polarization curve for metal exhibiting
active-passive behaviour [37].
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The curve starts at the open circuit potential and moves in the anodic direction with
increasing current in the active region. However, the polarisation affects the
current at a certain potential called the Flade potential. Further increases in
potential cause a decrease in the current on the metal’s surface. As the potential is
increased further, the corrosion basically stops because a passive film is being
formed at the metal surface. In this case the metal is undergoing an active-passive
transition. As the passive film continues to form, the metal enters the passive
region of anodic polarisation. The current density in this region is called the
"passive current density", while at the Flade potential it is called the "critical
current density for passivation". With further increase in potential, the current will
increase, but this increase is due to the evolution of oxygen, not to metallic
corrosion. This region is called the transpassive region, where breakdown of the
passive film takes place and the corrosion current density starts to increase again
with increasing potential [37, 70, 71].
2.5

Passivity breakdown

While repassivation kinetics of metals greatly reduces the dissolution rate, they
cannot completely protect the metal surface from corrosion. In particular,
passivating films are frequently related to the susceptibility to localized types of
corrosion such as pitting, crevice corrosion and stress corrosion cracking (SCC). The
occurrence of each of these types of corrosion requires the initial breakdown of
passivity, in which the passive layer is ruptured and the underlying metal becomes
exposed to the environment [71, 72].
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2.5.1 Passivity of aluminium
Aluminium and its alloys are important structural metals because of their excellent
corrosion resistance. Aluminium is naturally passive and, therefore, does not
usually need to be passivated. The dissolution potential of aluminium in most
aqueous media is of the order of 660 mV standard electrode potential with respect
to this same electrode. Aluminium (like all passive metals) is covered with a
continuous and uniform natural oxide film, corresponding to the formula Al 2O3,
which is formed spontaneously in oxidising media according to the reaction [39,
59]:
4Al (s) + 12H2O (l) + 3O2 (g) → 2Al2O3 (s) + 12H+ (aq) + 12 OH- (aq)
2.6

(2.18)

Influence of Alloying on the Dissolution Potential of Aluminium

Transition metal alloying elements (in aluminium alloys and coatings) bring
improvements of wear and corrosion properties. Transition metal elements disrupt
the kinetics of localised corrosion and/or facilitate formation of an improved
protective passive film [30]. Formation of nitrides is known to bring a positive effect
for high temperature resistance to aluminium alloy. Figure 2.8 [37] shows the
influence of alloy elements on the dissolution potential of aluminium alloys in both
directions. Some of these elements can increase the nobility when added to the
aluminium (such as copper, manganese and silicon), by shifting the potential of
aluminium in the high potential direction (anodic direction) to cause a decrease in
corrosion current density.
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Figure 2.8: Influence of alloying elements on dissolution potential of
aluminium [37].
However, addition of electronegative potential elements (such as magnesium and
zinc) can shift the aluminium potential in the low potential direction (cathodic
direction) and cause an increase in corrosion current density. The result shows that
aluminium alloy OCP value will be inversely proportional to the percentage Mg.
However, corrosion current density is increasing as the Mg % increased.
Baldwin et al. [73] concluded that the corrosion resistance of sputtered aluminium
alloy coatings alloying with 20 wt. % Mg would yield the best anodic protection to
the steel substrate. Further increases of Mg in the aluminium alloy coating more
than 20 wt. % could potentially initiate selective de-alloying, as Al is nobler than
Mg. Molybdenum added as tertiary element into Al-Cr alloy coatings ennobled both
the open circuit potential and the pitting potential. Al-Cr-Mo alloy coatings required
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relatively high Cr content more than 20% (and 15-18 % of Mo) to effectively
increase resistance to corrosion. This type of aluminium alloy coating would form a
passive film instantaneously even exposed in 1M HCl. Primary Mo enrichment
facilitates formation of an improved chromium oxide passive film and widens the
passive region of anodic polarization [74].
Aluminium alloys can easily oxidise when Al is existing in solid solution or as
intermetallic (IM) phases [41]. Although IM phases may have a dissolution potential
rather different from that of the solid solution, they have no influence on the
dissolution potential of aluminium. However, they may give rise to intergranular
corrosion, exfoliation corrosion, or stress corrosion cracking resulting in localised
micro-galvanic cells if localised at, or close to, grain boundaries — as in (for
example) titanium addition to Al-Si alloy [39, 41, 75-77]. Titanium addition to Al-Si
alloy causes IM separation in the compositional form of titanium aluminide TiAl3.
TiAl3 phase that formed inside the Al matrix constructs cathodic regions of localised
galvanic cells inside the Al matrix. The intermetallic TiAl3 behaves as a cathode and
the nearby Al matrix behaves anodically and therefore dissolves [78].
2.7

Electrochemical Polarisation

For metallic corrosion to take place there must be current flow. Since the corrosion
reactions involve the transfer of electrons between the metal and the solution, the
rates of these reactions are proportional to the measured electric current [79]. The
electrochemical cell is an electric circuit comprising elements controlled by Ohm’s
law (I = E/R). If cell resistance was infinite, the potential could be calculated, and
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there would be no corrosion in this case. If cell resistance was zero the potentials of
both half-cells would approach each other and the corrosion rate would in principle
be infinite. In the ‘real’ case (of intermediate resistance in the circuit), the
potentials of each half-cells will move slightly towards each other as current flows;
the flow of electrons between the anodic and cathodic sites generates a net current
(I), resulting in a local electrochemical potential in the media. This change or shift in
potential is called polarisation (𝜂); polarisation is anodic, when the anodic
processes on the electrode are accelerated by moving the potential in the positive
(noble) direction, or cathodic, when the cathodic processes are accelerated by
moving the potential in the negative (active) direction [36, 39, 79, 80]. The
relationship between the polarisation reactions of aluminium for each half-cell, in
relation to the corrosion potential and current, is represented schematically in
Figure 2.9 [39].

Figure 2.9: Anodic and cathodic polarisation curves of aluminium [39].
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There is little advantage in plotting these curves completely, because only the area
around the corrosion potential is useful for measuring corrosion current icorr [39].
Corrosion occurring in aqueous media can be measured by electrochemical
techniques based on polarisation — these being mainly Tafel extrapolation and
linear polarisation measurements. Tafel extrapolation measures the corrosion rate
from the linear slopes of anodic and cathodic current curves in the vicinity of the
corrosion potential. In the case of aluminium (Figure 2.9), the anodic polarisation
curve has no linear portion, and the cathodic part must be used, with the condition
that hydrogen reduction takes place [39, 81].
2.7.1 Electrochemical polarisation corrosion testing
Corrosion testing with polarisation methods basically consists of imposing a
potential on the sample under study, while determining the resulting current or
voltage response. This may be achieved by using either a direct current (DC) or an
alternating current (AC) source. A typical instrument for carrying out polarisation
measurements (as used in this study at our Lab) is illustrated in Figure 2.10. It
comprises an electrochemical cell setup consisting of an electrolyte solution, three
electrodes (working, counter and reference electrodes) and electrochemical
instrumentation

to

carry

out

polarisation

measurements

in

which

a

potentiostat/galvanostat power controller is used to pass current through the
working electrode and an auxiliary (counter) electrode, while monitoring the
potential of the working electrode against a reference electrode.
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Figure 2.10: Polarization measurement apparatus and electrochemical cell.
Most often, the types of polarisation measurement that are useful in understanding
the behaviour of metal and alloy systems in aqueous environments are the anodic
and cathodic polarisation curves. An anodic polarisation test can be conducted in
which the current is constantly measured as a gradual increase in potential occurs.
The anodic reaction will be increased; on the other hand the cathodic reaction will
be decreased. Anodic polarisation is also useful in investigating the active-passive
behaviour that most actively corroding metals exhibit. Cathodic polarisation is often
used to accelerate the rate of reduction reactions and develop local alkalinity that
disbonds and degrades coatings (this forms part of the rationale of rapid testing
procedures developed in this work). Where a constant potential in the negative
direction is applied, electrolysis of the solution should take place. Dissolution
occurring due to the effects of cathodic reactions at the passive film/metal
substrate interface is known as cathodic disbondment [82].
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2.7.2 DC cathodic polarisation
High solution pH “alkalinisation” is the main reason for dissolution at the passive
film/metal interface due to the chemical attack by OH- ions [44, 83]. The loss of
adhesion known as cathodic disbondment is due to water reduction that produces
H+ ions that permeate into the passive film and reduces to H2 gas, which promoting
the physical disbondment with the contribution of OH- ions that causes chemical
dissolution [18, 84, 85]. The application of DC cathodic polarisation causes cathodic
degradation through electrolysis of the electrolyte [82, 86].
Electrolysis is the process by which ionic substances are decomposed (broken
down) into simpler substances by passage of an electric current through them from
a DC direct current battery or power supply. The substances must be ions, free to
move and dissolve in water (or be molten). During electrolysis, reduction reactions
occur at the cathode (which attracts positively charged ions, cations) and oxidation
reactions at the anode electrode (which attracts negatively charged ions, anions)
and these are discharged to give the products, which may be solid or gaseous. In
general, when an aqueous solution of an ionic compound is electrolysed, a metal or
hydrogen gas is produced at the cathode. At the anode, a gaseous non-metal, for
example oxygen or chlorine may be evolved [87]. The electrode reactions and
products of the sodium chloride solution (brine) are shown in Figure 2.11 [87].
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Figure 2.11: The electrolysis of sodium chloride solution (brine) [87].

An aqueous solution of sodium chloride contains four different types of ions. These
are:
o Ions from sodium chloride : Na+ (aq) and Cl- (aq)
o Ions from water : H+ (aq) and OH- (aq)
During the electrolysis of dilute sodium chloride solution the Na + and H+ ions are
attracted to the cathode. The Cl- and OH- ions are attracted to the anode.
–

At the cathode:

The positive charges (H+ and Na+) are attracted to the cathode electrode. H+ ions
reduce to H2 gas (H+ ions gain electrons more readily than Na+ ions).
Na+ + e- → Na

°
ENa
+ /Na = -2.713 V

H+ + e- → H2

°
EH
+ /H = 0 V
2
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Also at the cathode (because it is much easier to reduce water than Na+ ions), the
only product formed at the cathode is hydrogen gas.
2H2O + 2e- → H2 + OH–

°
EH
= -0.828 V
2 /H2 O

At the anode:

The negatively charged ions (Cl- and OH-) are attracted to the anode electrode. OHions release electrons and are oxidised to form water and O2 gas, while Cl- ions
remain in the solution.
4OH- → 2H2O + O2 + 4e-

EO° 2 /OH− = -0.40 V

2Cl- → Cl2 + 2e-

°
− = 1.358 V
ECl
2 /Cl

By contrast, during the electrolysis of concentrated sodium chloride solution, at the
cathode electrode H+ ions reduce to hydrogen gas as during diluted NaCl solution.
The only difference is that at the anode, Cl- ions are much more probably oxidised
than OH- ions. It would seem to be easier to oxidise OH- ions (Eoox = -0.40 V) than Clions (Eoox = 1.358 V); however, because of the concentration-kinetic factor wins
out, the much higher concentration of Cl- ions over OH- ions leads to the oxidation
of the chloride ion to form chlorine gas [87, 88]. Table 2.1 [36] illustrates the
standard reduction potentials for most typical half-reactions encountered in
electrochemistry.
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Table 2.1: Standard Reduction of Half-Cell Potentials

2.8

Hydrogen Damage

It is well known that atomic hydrogen, and not the H2 molecule is the smallest atom
of the periodic table and as such it is small enough to diffuse readily through a
metallic structure, and can cause corrosion phenomena under the general term of
cracking which relates to its penetration into metals and alloys [36]. When the
crystal lattice is in contact or is saturated with atomic hydrogen, the mechanical
properties of many metals and alloys are diminished. Nascent atomic hydrogen can
be produced as a cathodic reaction, either during natural corrosion processes or
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forced by cathodic protection, when certain chemical species are present. This
hydrogen damage is very dangerous and close to stress corrosion cracking (SCC),
but is caused only by hydrogen atoms and molecules and tensile stresses. Hydrogen
can enter metals and alloys either from a gas or a liquid phase. The mechanism of
entering from the gas phase includes adsorption of H2 or other gas containing
hydrogen (such as H2S), its dissociation into adsorbed H atoms (Hads) on the surface
and the diffusion into the metal structure. In the liquid phase, Hads is formed as a
result of an electrochemical reaction in acidic solution:
H3O+(aq) + e− → Hads + H2O(l)

(2.22)

Hydrogen atoms that originate from the cathodic reaction of H+ ions are very active
and easy to diffuse into a metal lattice. Inside the metallic lattice, hydrogen atoms
can combine to form H2 gas, the accumulation of which can cause hydrogen blister
formation because of the large hydrogen molecular pressure that results. The
internal pressure of H2 increases to a level at which cracks initiate and propagate
[89]. The methods that produce hydrogen are numerous; one of the easiest and
fastest ones is electrolysis of an aqueous solution by producing hydrogen on the
cathode electrode. Cathodic hydrogen evolution represents the most important
reaction to produce hydrogen as fuel. The biggest problem facing hydrogen
producers is to find a suitable metal or alloy that works as a cathode with low
hydrogen overpotential (electrode damage) to reduce the cost of replacement and,
at the same time, is stable enough for long-term electrolysis [90, 91]. Hydrogen
damage in metals can occur in three different ways [89]:
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 Formation of hydrogen atoms and their adsorption on metal surface.
 Diffusion (penetration) of adsorbed hydrogen atoms into metallic lattice.
 Accumulation of hydrogen atoms inside metals, leading to increased
internal pressure, and thus to blistering or cracks.
2.8.1 Electrochemical hydrogen permeation
The permeation of hydrogen (diffusion) into metals has been widely studied by
electrochemical permeation tests [92, 93]. The diffusion of hydrogen in metals is a
significant problem met by engineering components in industry. This phenomenon
must be studied closely to give a better understanding of its mechanisms.
Permeation of hydrogen is strongly influenced by the local hydrogen ion
concentration [94]. Due to the ionic behaviour of passive films, hydrogen absorbed
into the passive film must be considered as being present as a charged species and
very low hydrogen diffusion coefficients are expected in them [95]. It is well known
that the passive layer can act as an effective barrier against hydrogen entry into
metals, depending on exposure time and on the electrochemical conditions of the
electrode surface. Hydrogen can be easily absorbed into, and retained by, metals
via processes such as fabrication, welding, corrosion, electrodeposition coatings
and cathodic polarization [96]. The electrochemical hydrogen permeation into
metals depends on the surface preparation, defects and surface oxidation and
passivation state. Hydrogen permeation can be measured by a current density that
is expected to be proportional to the hydrogen flux [95, 97]. Figure 2.12 [97] shows
hydrogen evolution with time during and after cathodic polarisation.
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Figure 2.12: Schematic diagram of the overall process of hydrogen permeation
current development with time during and after DC polarisation [97].
The time lag (tL) is the time required to obtain a steady-state of hydrogen flow
through the metal interstitial sites, after a sudden change of experimental
conditions [95]. The hydrogen permeation curve is a function of time during and
after DC cathodic polarisation (potentiostatic process). It was usually illustrated that
the typical hydrogen permeation flux curves have a clear region of charging
transient. This transient will begin at some low current and then rise as the first
diffusion of hydrogen atoms into the metal takes place. Hydrogen atom is more
reactive than the ion because it is more unstable. This rising current transient will
become constant (steady-state current), where hydrogen atoms reach a saturation
level. Once the metal surface is saturated with hydrogen atoms (Habs), hydrogen will
no longer diffuse easily into the metal and would preferentially form hydrogen gas
H2. The discharge transient (with decreasing current), starts after the DC
polarisation is terminated. Continuation of discharging results in a decrease in
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current until reaching the steady-state level. If a steady-state is not reached, but a
peak is observed, this can be assumed to be due to the production of voids within
the metal structure, or to changes in the surface film [97, 98]. Hydrogen affects the
properties of a metal when its absorbed concentration equals or exceeds a
threshold hydrogen concentration.
The protective surface oxide layer generally present on active metal exposed to air
(or aqueous media) can hinder hydrogen absorption into the metal. This
retardation could be due to the lower diffusion coefficient for hydrogen in the oxide
compared to the metal [96]. Generally, the accepted reactions for H+ ion evolution
can be written as follows:
1) H+ (aq) + e- → Hads
followed by either the chemical reaction
2) Hads + H+ (aq) + e- → H2 (g)
or the electrochemical reaction
3) 2Hads → H2 (g)
and accompanied by the following reaction
4) Hads → Habs

(2.23)
(2.24)
(2.25)
(2.26)

For this sequence, the reduction reaction of H+ ion (2.23) would be expected to be
rapid since the energy of Hads on a metal surface is large. However, the
concentration of Hads at the surface would be decreased since the rate of Habs via
the reaction 4 (2.26) would also be expected to be rapid (as the permeability of a
passive film is high), and can proceed by the mechanism illustrated schematically in
Figure 2.13 (a) [99]. Consequently, the rate of the reactions 2 and 3 (2.24 and 2.25)
would be slow and low since both are dependent on the availability of H ads
concentration at the surface.
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Figure 2.13: Schematic diagrams for the mechanism of hydrogen evolution at the
passive film/electrolyte interface, after [99].

The protective passive films would slow down hydrogen absorption into the metal.
Thus, the rate of the reactions 2 and 3 would be higher than the reaction 4 and the
reaction 1 would be irreversible with the following current/potential relationship
formula 2.27 [99]:
𝐼 = 2𝐹k1 [H + ] exp {−

𝛼1𝐹
𝑅𝑇

𝐸}

(2.27)
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Where, k1 is the rate constant for reaction 1, which is dependent on H+ ions
concentration and can proceed by the mechanism illustrated schematically in
Figure 2.13 (a) [99].
Hydrogen permeation into the passive film is a complex process involving three
mechanisms: diffusion, absorption and trapping. Qin et al. [100] created simulation
models that describe the hydrogen permeation process through a passive film. They
proposed a diffusion only model (D), diffusion and trapping model (DT), diffusion
and absorption model (DA), and a combination model (DAT) as shown in Figure
2.14.

Figure 2.14: Types of models that describe hydrogen permeation though a
passive film [100].
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These models were numerically simulated by finite element method and compared
with hydrogen permeation curves, values of the parameters associated with
permeation (such as diffusion coefficients, absorption and desorption rate
constants), passive film structure and chemical composition, the presence of
oxygen vacancies, the types of impurities and their concentration, the permeability
characteristics of the passive film, the passive film thickness, porosity and
uniformity and environmental parameters (such as electrochemical potential and
temperature) [96, 99-101]. Thus, the hindrance of hydrogen permeation by a
passive film can be due to a combination of low hydrogen adsorption at the passive
film surface and/or slow hydrogen transport in the passive film. Therefore, it can be
seen in Figure 2.13 (b) that the rate constants of k2 and k3 for reactions 2 and 3 are
greater than the rate constant k4 of the reaction 4.
The distribution and diffusion of hydrogen in a metal could be calculated by Fick's
first low of diffusion, according to the permeation rate of hydrogen. The
concentration of hydrogen atoms inside the metal surface is C0, which can be
calculated by first converting current measurements into flux of hydrogen atoms.
Where the saturation current is measured in amperes (which is coulombs of charge
passed per second), the permeation of hydrogen atoms diffusing into the metal
may now be measured. In the steady-state (saturated level), the maximum
concentration of hydrogen in metal C0 (mol cm-3), can be calculated from the
following equation:
𝐶0 =

Imax L
FD

(2.27)
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where 𝐼max is the permeation current density (A cm-2) at the steady state; L (cm) is
the specimen thickness; F is the Faraday constant (96500 A s) and D (cm2 s-1) is the
hydrogen diffusion coefficient in the specimen at 298 K [97, 102, 103].
2.9

Protective Coatings

A countless number of environments cause corrosion of structures and engineering
components, and therefore various approaches exist for the protection of metallic
substrates. Most of these approaches are governed by the use of either organic or
metallic barrier coatings and are based on matching the requirements of the
application with the combination of properties that can be offered by different
coatings. The selection of a coating process for a specific application depends on
several factors, including the corrosion resistance that is required, the expected
lifetime of the coated material, the number of parts being produced, the
production rate that is required, and environmental considerations. The function
that a coating will provide is based on the material’s content and design compared
to the required need for protection. It is essential to express the requirements in a
way that can be directly compared to the known properties and characteristics of
coatings and coating processes. A coating may be prone to identical conditions and
not improve or protect the substrate [1, 104, 105]. Typical steps of the coating
selection procedure and the process employed are shown in Figure 2.15 [1].

43

Figure 2.15: Methodology for coating and processes selection [1].

2.10 Advanced Methods for Coating Corrosion Protection of Steel
Most of the time, environmental degradation resistance is provided by a coating
system applied to a metal substrate that acts as a back support, providing
mechanical strength and fracture toughness. Historically, development of improved
corrosion and wear resistant coatings can be defined as a combination of one or
more dissimilar materials applied to a metal substrate. Corrosion and wear
resistance are of significant concern in many industries, as they shorten the service
life of many engineering components. Therefore, study of the factors that influence
coating durability includes chemical composition, morphology, structure and
adhesion [106]. The most common techniques that have been widely employed to
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impart corrosion resistance are chromate conversion coatings and cadmium or zinc
electroplating. These types of coating exhibit excellent mechanical and corrosion
resistance properties and also improve engineering paint adhesion and lubricity
characteristics; they have been used in the aerospace industry for many years
[107]. However, many such coatings are banned under strict regulation due to the
toxic nature of materials and deposition processes threaten human health and the
environment [108, 109]. PVD coating technology has the highest potential, where
the market share of PVD segment will be worth $294.6 million in 2016 with
compound annual growth rate (CAGR) of 7.2% [110].
2.10.1 Physical vapour deposition coating
PVD coatings are vital for surface modification of various tools and engineering
components. In general, PVD of engineering coating is conducted through four
commercially main deposition processes: ion vapour deposition (IVD), magnetron
sputtering, cathodic arc evaporation and plasma-assisted electron-beam PVD (ion
plating) in vacuum or low pressure chamber and a coating is deposited on a
substrate surface by condensation of atoms or molecules of metal vaporised from a
solid or liquid state [111]. PVD coating technique accomplished to deposit coatings
thickness from few nanometres (nm) to few microns (μm). There are several
alternative coating methods used for thin-film deposition or coating such as
chemical vapour deposition (CVD), thermal spraying, electroplating, etc. [111].
However, nowadays most PVD processes can be done using processes involve
generation of an electrical discharge, in order to create ion bombardment during
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deposition, which is known generically as plasma-assisted (PAPVD). In the context
of metallic coatings PAPVD is used widely for depositing very thin coatings of
aluminium on substrates for decorative and optical applications.
2.10.2 PVD processing
2.10.2.1 Ion vapour deposition
Ion vapour deposition (IVD) is a physical vapour deposition process for applying
metallic coatings on various metallic steel substrates, mainly pure aluminium for
corrosion protection of steels and titanium alloys. In the early 1960s, IVD was first
applied by Mattox [111]. Many researchers started to eliminate cadmium (and
some zinc coatings) with alternative non-toxic aluminium coating. IVD processing
employed resistive evaporation using Al wire feed onto a ceramic boride crucible.
The IVD process uses evaporation (either resistive or electron-beam) and a high
voltage applied to a cathode, to produce uniform adherent aluminium coatings on
metallic substrates. A DC cathodic potential of (500 to 1500 V) is typically applied to
the substrate. Aluminium is evaporated from resistively heated elements or from
an aluminium slug by electron beam evaporation. The IVD-Al coating does not
affect the mechanical properties of the substrate and (with shot peering after
deposition) can provide precise thickness control on a wide range of shapes. IVD-Al
coating is non-toxic and can be used in a wide range of applications and is
particularly effective as a replacement for cadmium coatings. However, the
disadvantage of IVD-Al coating is that it often has structural defects (such as pores

46

and columnar microstructure) which may result in insufficient corrosion resistance
for the metallic substrate [112].
2.10.2.2 Electron beam evaporation
Electron beam evaporation is a physical vapour deposition process whereby an
intense, high-voltage electron beam is generated from a heated tungsten filament
and accelerated these electrons using electronic and/or magnetic fields to deflect
the beam. E-Beam evaporation is a preferred vacuum technique for deposit highly
dense metallic films. Electron-Beam evaporation eliminates many disadvantages of
IVD process such contamination from the crucible, heaters and adjusting the
relative low input power levels, which makes it difficult to deposit pure films at
appropriate rates. E-Beam evaporation method can deposit materials which are
difficult to deposit by IVD, such as reactive, low vapour pressure, refractory and
insoluble material mixtures [113]. Materials including low vapour pressure metals
(such as platinum), refractory metals (such as tungsten) and alloys can be
evaporated. Since the electron beam method concentrates large amounts of heat
on a very small area, high rates of deposition can be obtained, and a factor which is
of commercial significance in thick, metallic coating production [112].
When the electron beam hits the surface of target material, the high kinetic energy
is transformed efficiently into thermal energy. The energy given off by a single
electron is quite small and the heating is accomplished simply by advantage of the
vast number of electrons hitting the evaporant surface. The achieved energy level is
quite high, often more than ten million watts per square centimetre. The power
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supply for this operation is a high voltage DC power supply and the applied
acceleration voltage is typically (10 to 20 KV) [114].
2.10.2.3 Sputter deposition
According to Mattox [111] the first sputter deposited films were reported by Wright
in 1877. Sputtering, in contrast to evaporation, is a non-thermal vapourisation
process where atoms are physically ejected from a solid surface by bombarding it
with energetic atoms/molecules which are usually gaseous ions accelerated from
plasma. Sputter deposition is performed under vacuum conditions (typically less
than 10-5 mbar base pressure and 10-3 operating pressure) and uses a glow
discharge to generate energetic species, which bombard the material to be
deposited (target) and cause atoms to be ejected from its surface by transfer of
momentum. Sputtering techniques are generally categorised as, cold cathode DC
diode sputtering, DC triode sputtering, DC magnetron sputtering, AC sputtering and
Radio Frequency (RF) sputtering. Sputtering provides a number of advantages
including: i) excellent coating thickness uniformity; ii) large area vapour sources; iii)
no droplet formation; iv) no spitting, v) deposition of insulating films; and vi)
deposition of refractory materials [115, 116].
2.10.2.4 Magnetron sputtering
Magnetron sputtering is the most widely used of sputtering methods and was
developed to overcome the limitations of traditional sputter deposition methods
such as low deposition rate, low ionisation efficiency and excessive substrate
heating by electrons [117, 118]. Extra magnetic field lines parallel to the target
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surface restrain the secondary emitted electron motion in the vicinity of target or
cathode. The magnetic field South Pole is located at the central axis of target
whereas North Pole is formed at the outer edge (or vice versa), as illustrated in
Figure 2.16 [119]. A Lorentz force (FL) induced by the magnetic field traps emitted
electrons and confines them in a ‘racetrack’ between the target poles. This leads to
an increment in sputter rate, corresponding to a higher degree ionization [114,
119].

Figure 2.16: Schematic diagram of magnetron sputtering [119].
2.10.3 PVD coating microstructure
All industrial or academic research in magnetron sputtering deposition involves two
or more elements simultaneously. The microstructure, crystal structure, grain size
and texture of films are influenced by deposition parameters. Properties of
protective coatings are strongly influenced by the microstructure. The two critical
factors are ion bombardment energy and sputtering rate must be controlled for the
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growth of the desired thin film microstructure [120]. The structure zone model
(SZM) was first introduced by Thornton relating microstructure growth to the ratio
of the experimental temperature to the melting [121].
Following on studies of these models by researchers have been based on either
deposition methods or bias voltage to identify growth pattern of thin film
microstructures. Kelly and Arnell proposed a structure zone model particularly for
CFUBMS method. The authors outlined a new approach to determine the effect of
temperature, high ion flux and ion energy each individually on the microstructure.
This model considers three variables which are homologous temperature, ion-toatom ratio and substrate bias voltage. Results shows this deposition method usually
produces either fully dense or dense columnar coating structure [118].
Sanchette et al. [122] successfully deposited microcrystalline Al-Cr and Al-Ti
coatings. Grain size of coatings decreased when percentage of foreign elements Cr
increased from 5 at.% to 40at.% or 25 at.% to 60 at.% for Ti. Nitrogen (N2) injected
into PVD chamber with mixture of argon (Ar) resulted transition of microcrystalline
to amorphous structure. A fully amorphous coating was obtained at around 5 vol.%
of N2 injection for AlTi (11 at.%) and AlCr (10 at.%) coatings system. The authors
also report amorphization occurred at low 2 vol.% N2 injection as Ti increment to 23
at.% or 13 at.% for Cr [5, 8, 122, 123]. Nitrogen—stabilized amorphous coating and
dense Al-Cr coating theory were supported by research conducted by Creus et al
[5]. Also Creus et al [124] deposited a range of PVD Al-based coatings composed of
pure aluminium, Al-Cr, Al-N, Al-Ti, Al-Zr, Al-Mn, Al-Mo, Al-Si, Al-Ni, Al-V, Al-Zn, Al-Y,
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Al-Ce, Al-Gd and Al-Mg on glass substrates by magnetron sputtering and (more
recently) EBPVD techniques. The following alloys: Al-Cr, Al-N, Al-Ti, Al-Zr, Al-Mn, AlMo, Al-Si, Al-Ni and Al-V were all found to improve the resistance of Al to localised
corrosion.

51

Chapter Three

3 Accelerated Corrosion Evaluation Techniques for
Coated Steel

3.1

Introduction

As the demand for improved corrosion resistant of coatings increases, users of
coatings require improved testing and quality control procedures to be introduced
to determine how long coatings will resist corrosion of the metal substrate on
which they are applied [125-128]. It is becoming increasingly necessary to develop
rapid evaluation and screening techniques that can estimate the likely corrosion
behaviour of coatings before using them in actual applications. However, it is
impractical for coating manufacturers to wait weeks, months or even years for
completion of outdoor exposure tests [15, 128]. At the beginning of the 20th
century accelerated corrosion testing was first developed to induce quicker
deterioration of coating systems based on the application of specific “stresses” (
e.g. temperature, salt, humidity, UV light) at higher levels than might be expected
to occur under natural exposure [129]. Electrochemical evaluation techniques and,
principally, electrochemical impedance spectroscopy (EIS) are now widely used to
evaluate the changes that take place in the protective properties of coatings during
their exposure to aggressive media [24, 130].
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It is however, highly desirable to have a new rapid evaluation technique that can
reliably estimate the corrosion behaviour of engineering coatings in a shorter
period of time [131]. For example, EIS gives useful numerical information about
coated system degradation characteristics [132], but still involves the periodic
interrogation of corroding coating/substrate system in real time. Recently, a rapid
accelerated technique has been developed by Hollaender et al. [13, 14] called the
AC/DC/AC test; this can provide a rapid assessment of the corrosion behaviour of
organic surfaces and particularly of paint coatings which led to this test being
successfully adopted by Suay et al., 2003 [85] to evaluate liquid painted steel.
3.2

Corrosion evaluation techniques

3.2.1 Salt Spray Testing
3.2.1.1 Background of salt spray testing
Conventionally, characterising and evaluating the corrosion behaviour of the
coating is performed through accelerated testing techniques, in which the time to
failure is considerably less than that expected for real applications and conditions.
In 1914, Salt Spray Testing (SST) was first used as an evaluation technique for bulk
materials corrosion testing [125]. SST was formalised as the ASTM B117 standard in
1939 [133], and is one of the most widely accepted accelerated testing methods
(particularly by industry) to evaluate the corrosion behaviour of coatings. SST
causes the degradation of the bulk materials and coatings or their failure in shorter
time periods than natural conditions without, in most cases, changing
fundamentally the failure mechanisms [134]. SST is performed under controlled
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conditions and any alterations in the appearance of the coating during exposure are
monitored as a function of time by a trained observer. A frequent and strong
criticism of the salt spray test is that the results obtained are qualitative, and not
completely independent of the operator. So far, a direct correlation between
natural and SST degradation is not clear; therefore, SST is generally only used for
comparative ranking of different alloys and coatings. The method is based on the
principle that corrosion can only occur if electrolyte and oxidant species are present
at the metal surface. Nevertheless, ASTM B117 is generally accepted as valid
corrosion test technique due to its standardised protocols for conducting the test
exposure and evaluating the results, its procedural simplicity and the ability to
discriminate between ‘good’ and ‘bad’ coatings [10, 23, 126, 134-136].
3.2.1.2 Salt spray test procedure
ASTM B117 provides a standardised protocol of test procedure, which involves
continuous exposure to a fog or mist of 5 wt. % NaCl solution at 35°C. Other
chemicals may also be added to the electrolyte to simulate other corrosive
environments, such as acid rain or industrial atmospheres [125]. Salt spray testing
has been criticised for its inability to provide a quantitative results of corrosion
damage and for a lack of reproducibility from one test to other. Figure 3.1 [125]
shows a schematic of a typical chamber used for salt spray testing.
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Figure 3.1: Schematic of a typical salt spray chamber [128].
3.2.2 Electrochemical Impedance Spectroscopy EIS test
3.2.2.1 Background of EIS
Since corrosion is an electrochemical process, electrochemical techniques are
frequently employed to study and understanding the corrosion process. However,
electrochemical

testing

techniques,

such

as

Electrochemical

Impedance

Spectroscopy (EIS) are very common use in evaluating corrosion behaviour of
coating over [137, 138]. EIS is a powerful, proven and non-destructive technique
that can provide valuable information with regard to the details of corrosion rate,
electrochemical reactions and detection of localised corrosion [139-142].
Impedance is a measure of the ability of the electric circuit to resist of the current
flow [143].
The activity of EIS has been used in the early of 20 th century by Finkelstein [144]
characterise the dielectric response of the oxide film. A few years later, Cole, K.S.
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[145] found that the capacitance was a function of frequency from the analysis of
cell membranes. The relationship between the frequency exponent of impedance
and a constant phase angle was also observed by Fricke in 1932 [144].
Cole, K. S. and Cole, R. H. in 1941 [145], reported the frequency dependent
dielectric constant in a Nyquist plot (imaginary part and real part of dielectric
constant as y and x axis, respectively), which is so called 'Cole-Cole plot' . They also
suggested the use of a Constant Phase Element (CPE) for non-ideal data.
Furthermore, in the next decade, the double-layer structure was explored by

Frumkin and Grahame, and provided a fundamental understanding of EIS technique
use and le to the development of the Equivalent Circuit (EC) modelling approach by
Randle and Warburg [146].
3.2.2.2 Fundamental theory of EIS
In EIS tests, small amplitude AC signals are applied (usually of the order of 10 mV)
over a wide range of frequencies (10-2 Hz to 105 Hz) the resulting impedance
calculated [34, 147]. The results obtained from EIS scans are commonly represented
as a plot of real component (Z’) vs. imaginary (Z”) component of the spectrum of
impedance (complex plots) and impedance modulus ǀZǀ vs. frequency, or impedance
phase angle vs. frequency (Bode plots). The impedance Z can be calculated as
follows [138]:
Z (jω) = Z’ + jZ”

(3.1)
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Electrochemical impedance spectroscopy has become a popular tool in materials
research including the study of rates of electrochemical reaction of corrosion, mass
transfer, microstructure, etc. [138, 143].
The interpretation of EIS results can be made by calculating the values of electric
circuit elements from a model equivalent circuit. There is a correlation between the
elements of the EC and the structure of (and resulting corrosion properties) of the
coating system [134, 135, 148]. Figure 3.2 [127] shows schematically the equivalent
circuit for a general case of a permeable coating under attack by an electrolyte.

[3]
Figure 3.2: Schematic general equivalent circuit EC of coated metal surfaces [130].

3.2.2.3 Equivalent circuit interpretation
Generally, EIS data analysis requires an appropriate equivalent circuit which, in
principle, comprises basic electrical elements (such as resistors and capacitors),
attributable to the physical and electrochemical properties of the studied system
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[132, 143]. The EC shown in Figure 3.2 is typically used for a corroding metallic
coating which, comprises the following elements: solution resistance Rs, pore
resistance Rpo, charge transfer resistance Rct, constant phase element CPEc
(representing the coating capacitance) and constant phase element CPE dl
(representing the double layer capacitance) . CPEs in the equivalent circuit describe
the distribution of relaxation times, due to inhomogeneities present at the
solid/liquid interface [149]. This non-ideal behaviour may arise from coating
heterogeneities such as surface roughness and local changes in composition or
structure. In such a case the coating cannot be simply described by discrete
resistive or capacitive electrical elements and CPEs thus provide better circuit fitting
results. The impedance of a CPE (ZCPE) is defined by:
1

ZCPE = C (jω)n

(3.2)

Where C is the capacitance and n is the power that relates to the extent of
heterogeneity generally attributed to the fractal geometry, inhomogeneity and
sample porosity. The exponent n is an adjustable parameter that lies in the range (1
≤ n ≤ 0). When the value of n approaches unity, the CPE is equivalent to a pure
capacitor, if n approaches to 0, the CPE is equivalent to pure resistance, but with
an n exponent closer to 0.5, the CPE value is indicative of diffusion processes and
consequently, the CPE indicates a Warburg diffusion component [149-151].
Rpo and CPEc are related to the coating characteristics [23, 151, 152]; Rpo represents
the resistance to current flow through the pores, which can provide a measure of
coating porosity and deterioration:
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𝑅po =

ρ𝑑
𝐴

(3.3)

where ρ is the electrical resistivity of the electrolyte in the pores, d is the coating
thickness and A is the total surface occupied by the pores. Rpo thus tends to
decrease with immersion time, as the electrolyte penetrates through the pores
and/or columnar structure of the coating and reaches the coating/metal substrate
interface (increasing the effective surface area in contact with the electrolyte). The
decrease in pore resistance value can also be related to an increase in area A which
relates to an increase in the number of pores (or in their size) if the coating is
damaged. However, Rpo can also be seen to increase with immersion time under
certain circumstances, probably due to the deposition of corrosion products that
can block the pores [150, 151].
The coating capacitance Cc is a measure of coating integrity and can be determined
by the composition and structure of the coating material:
d = ɛrɛ0A/C

(3.4)

Here, εo is the permittivity of free space (8.854 x 10-12 F/m); εr is the permittivity
constant of the coating material, A and d are the coating surface area and the
thickness, respectively [23, 34, 151-153].
The charge transfer resistance Rct and double layer capacitance Cdl represent the
corrosion process of the coating at the coating/metal interface. Rct is associated
with charge transfer behaviour of the metal substrate. A Cdl exists at the
electrode/electrolyte interface. This double layer is formed as ions from the
solution approach the electrode surface. The magnitude of the Cdl is affected by
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many variables include: electrode potential, type of ion, ions concentration,
roughness of the electrode surface, ionic oxide layers and the electrolyte
temperature [150, 154, 155]. The Cdl in Figure 3.3 can be charged and discharged
like any other capacitor [154].

Figure 3.3: Schematic diagram of double layer capacitor [159].
3.2.3 Rapid Electrochemical Assessment of Paint (REAP)
Since not even conventional accelerated corrosion evaluation techniques are quick
enough, several more rapid techniques have been developed in recent years to
introduce aggressive conditions to accelerate the coating degradation. This has
been driven the development of unconventional accelerated corrosion test
techniques that can provide quantitative indications of corrosion damage in
considerably less time than conventional test techniques.
In 1996, Kendig et al. [12] first proposed a rapid (about 24 h) electrochemical
method that could combine EIS measurement with DC cathodic polarisation to
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determine the ‘time-to-failure’ of a painted mild steel substrate. Since then his
approach has been verified and expanded by other researchers [14, 85]. A Rapid
Electrochemical Assessment of Paint (REAP) was proposed by Kendig, which is now
being considered by ASTM as a standard, under ASTM G01.11, on electrochemical
measurements in corrosion testing of painted steel [156]. REAP is a procedure
designed to estimate the long-term corrosion resistance of coated metals using
short-term electrochemical tests. It involves running a series of experiments (of
about 24 h duration) on two or more samples.
3.2.3.1 REAP experimental procedure
In REAP testing the electrochemical cell shown in Figure 3.4 a) [157] was used to
carry out the test. The evaluation of corrosion behaviour of the painted metal
samples using REAP testing involves a combination of wide-frequency AC (as an
electrochemical impedance spectrum (EIS) and DC cathodic polarisation over 24 h.
The REAP testing procedure involves running a number of tests on at least two
paint samples (preferably more). To evaluate the relative time to failure and rank
the coating samples, a scribed sample with 2 x 2 cm right angle cross must be
created, and the other sample remaining unscribed in case of testing two samples
(Figure 3.4 b) [12]. The flat painted metal sample is fitted to a cell that contains a
saturated calomel electrode (SCE) as a reference electrode, while the counter
electrode can be graphite, platinum or any noble metal and the cell is filled with 0.5
M NaCl solution with an exposed area of 56 cm2.
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a)

b)

Figure 3.4: REAP experiment; a) rapid electrochemical assessment of paint cell
[158] and b) painted metal samples [12]
Figure 3.5 [12] shows the schematic diagram of REAP testing, comprising the
following steps :
I.

Measuring the corrosion potential of the painted sample immediately after
the cell is filled with salt solution.

II.

EIS0 at 0 h; an initial electrochemical impedance measurement to evaluate
the effectiveness of the paint as a barrier before applying DC cathodic
polarisation.

III.

DC cathodic polarisation measurement -1.05 V (vs. SCE) , for 24 h applied to
the scribed paint, to accelerate the disbonding of the coating.
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IV.

EISf at 24 h, to evaluate the efficiency of the coating ability to remain
adherent under conditions of electrochemically accelerated corrosion, after
applied DC cathodic polarisation for 24 h.
EIS
1 0

EIS
1 f

Potential (V vs. SCE)

0
Element
1

Freedom
Fixed(X)

Data File:
Circuit Model File:
-1.05 Mode:
Maximum Iterations:
Iterations:
tOptimization
0
Type of Fitting:
Type of Weighting:

Value
0

Error Element Error % Freedom
N/A 1
N/A Fixed(X)

Data File:
Circuit Model File:
24 h DC
Run Simulation / Freq. Range
Mode:(0.001 - 1000000)
100
Maximum Iterations:
0
Optimization Iterations:
Complex (h)
Time
Type of Fitting:
Calc-Modulus
Type of Weighting:

Value
0

tf

Error
N/A

Error %
N/A

Run Simulation / Freq. Range (0.001 - 1000000)
100
0
Complex
Calc-Modulus

Figure 3.5: schematic diagram of REAP test procedure [12].

The results were then compared to conventional salt spray test results. The
outcome results of such comparative test method were an observed formula that
predicted the relative time to failure (TTF) of the coatings as a function of the
corrosion resistance (Rcor) measured after 24 h, the coating disbondment rate dx/dt
and coating permeability to the electrolyte [12, 128, 157].
3.2.4 REAP data analysis
3.2.4.1 Measuring coating disbondment rate dx/dt
The disbondment rate can be determined by the following relationship:
dx/dt = Avg. width scribe mark (mm)/ total time (h)

(3.5)

After applied REAP testing for 24 h, the scribed painted sample is removed from
the cell and directly rinsed in deionised water and dried. Any loose coating around
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the scribe is removed using a sharp edge, to make sure the damaged coating areas
are completely removed. The average width can be measured using a ruler to
measure the loosened coating area in several places. The default value of 10-4
mm/h is used in Kendig’s standard, whenever no significant ‘pullback’ is observed
[158].
3.2.4.2 REAP impedance (EIS) data ( Cc,0, Cc,24 and Rcor)
Analysis of EIS data of painted metal samples is achieved using a suitable equivalent
circuit. The fitting results of the EIS data at 0 h as a starting point and the fit for the
EIS data at 24 h as a final point. The considered elements of the electric circuit are
coating capacitance at 0 and 24 h (Cc,0 and Cc,24). But for the corrosion resistance
Rcor the value obtained at 24 h should be taken in to the account.
The obtained coating capacitance Cc is used to estimate the water uptake of the
coating (i.e. the permeability) as volume percent (%v), which can be calculated from
the following formula:
%𝑣 = 100

𝑙𝑜𝑔(𝐶𝑐,0 /𝐶𝑐,24 )
log(80)

(3.6)

The measured three REAP parameters (dx/dt, %v and Rcor) can predict the time-tofailure (TTF) of coating. Therefore, higher values of dx/dt and %v lead to shorter
failure time, while higher values of Rcor lead to longer failure time. Considering the
relative TTF in REAP testing can be used to compare several different types of
coatings, which can reveal noticeable differences in disbondment rate. It is
assumed that the ‘best’ coatings with lowest disbondment rate would be associated
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to the low water uptake and high corrosion resistance [158]. It was found that the
TTF is directly proportional to that obtained from salt spray test results [128].
3.3

(AC)/DC/AC cyclic testing

Hollaender et al. [13, 159] in 1997 used repeated cycles of electrochemical testing
that combined DC cathodic polarisation and AC (EIS) measurements, initially for the
testing of organically-coated metal surfaces in food packaging applications in a
repeated sequence of (AC)/DC/AC procedures; this was successfully adopted by
Suay et al. [85], 2003 on a liquid painted steel. In 2005, Poelman et al. [19],
extended Suay’s approach to investigate painted coatings on aluminium substrates.
3.3.1 Fundamentals of the (AC)/DC/AC cyclic testing
The (AC)/DC/AC test developed by Hollander is based on the influence of the
cathodic reaction of water electrolysis that occurs when the potential is more
negative than (-1V) vs. SCE[159]. Cathodic reactions at the coating/substrate
interface produce H2 gas and OH- ions, which promote coating degradation.
Evolving H2 gas bubbles can lead to physical delamination, which gives rise to
coating damage (reflected by the variations in EIS spectral response) [135]. When
the cathodic reaction is terminated (and H2 gas evolution has taken place), the
normal electrochemical corrosion reactions of the coating system take place in the
presence of an electrolyte with production of iron oxide and hydroxides [22, 148].
Figure 3.6 [160] shows the physical effect of the (AC)/DC/AC test on the coating.
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Figure 3.6: Schematic of the physical effects of (AC)/DC/AC cyclic testing on a
coating [163]
The electrochemical cell setup used in AC/DC/AC experimental procedure is the
same electrochemical cell used in REAP testing under the same conditions as
described in the previous section. A schematic diagram of the (AC)/DC/AC test
procedure is shown in Figure 3.7 [15]; it is used in repeated cycles for an extended
period of time (almost 24 h) to accomplish the accelerated degradation of painted
coating systems on steel. The (AC)/DC/AC test procedure consists of the following
steps:
I.

Initial EIS step: AC measurement at the resting potential monitoring the
painted metal system state at Open Circuit Potential (OCP) before applied
DC cathodic polarisation.

II.

DC cathodic polarisation step: which driven by applied a constant cathodic
voltage (-2 V) for 20 min.

III.

OCP step: potential relaxation for 3 h until the painted metal system
reaches a new steady-state after DC cathodic polarisation.
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IV.

Final EIS step: AC measurement is again applied to determine the new
state of the painted metal system after the applied DC cathodic
polarisation and relaxation cycle.

Relaxation time OCP
180 min

-2 V/20 min

Figure 3.7: Schematic diagram of (AC)/DC/AC test procedures vs. time [15].
The test sequence (II-IV) is repeated several times in a very short time (almost 24 h)
until the coating system is significantly damaged. This is a significant improvement
when compared to traditional periodic EIS interrogation and conventional salt spray
tests each of which require weeks or months of cumulative testing to give
meaningful results. Depending on the coating quality, the number of cycles of
(AC)/DC/AC could be increased and/or the relaxation time reduced (or extended)
whilst the accelerated failure of the coating system is monitored periodically by the
applied impedance measurements [22, 41, 135, 148, 160].
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3.3.2 (AC)/DC/AC data analysis from the point of view of Suay’s study
Experimental results of (AC)/DC/AC testing obtained by EIS measurements, DC
cathodic polarisation measurements and potential relaxation OCP, which are fitted
using a suitable equivalent circuit are shown in Figure 3.8 [85] and the potential
relaxation time data is explained using the graph in Figure 3.9 [41].
The equivalent circuit below was used by Suay to model AC/DC/AC impedance data,
where (Rs = electrolyte resistance, Rpo = pore resistance, CPEc = constant phase
element of coating capacitance, Rp = polarisation resistance and CPEdl = constant
phase element of the double layer capacitance [85].

Figure 3.8: The equivalent circuit used to model AC/DC/AC impedance data [85].

During DC cathodic polarisation electrolysis of 3.5 wt. % NaCl solution occurs and
the following process will take place during this step [35]:
a. Different cations (eg. H+, Al+) will be attracted to the cathode electrode and
accumulate at the electrode/electrolyte interface, which can lead to a high
concentration of the positive ions that may (depending on the film integrity)
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pass through the paint film, due to the high negative potential imposed on
the metallic substrate. This passage of positive ions through the paint film can
cause its deterioration and initiate pore formation.
b. If the electrolyte passes through the coating and reaches the coating/metal
substrate interface then cathodic reactions will take place producing H2 gas
and OH- ions. This can depend on many coating properties (such as
permeability to ions, adherence to the substrate and susceptibility of the
coating to form cracks because of its rigidity on the substrate). Evolution of H2
gas in this circumstance will cause physical deterioration of the coating and
OH- ions will increase the solution pH (alkalinity) at the coating/metal
substrate interface.
Other information that the AC/DC/AC test can provide is from the evolution of open
circuit potential (relaxation potential with time) after DC cathodic polarisation.
However, the relaxation potential with time was added to the test procedure for
the first time by Suay and co-workers [85]. When cathodic polarisation is
terminated, the coated metal potential may be seen to relax according to two
types of typical trend, depending on the quality of the coating (Figure 3.9) [41].
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Figure 3.9: Typical trends of relaxation time OCP of organic coated steel [41].

a) Strongly degraded coating systems (trend 1), show two relaxation times
(OCP) designated α and β. If the cathodic reactions were taking place at
organic coating/metallic substrate interface, the potential will first show a
rapid relaxation potential (β) beyond -1V. Afterwards, a second relaxation
potential (α) represents the ion and electrolyte expulsion from the damaged
coating.
b) Less degraded coating systems (trend 2), show just one relaxation time to
OCP (α) which corresponds to ion and electrolyte expulsion from the coating
and cathodic reactions in this case did not occur at the organic
coating/metallic substrate interface [41, 152].
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3.4

Development of (AC)DC/AC Test protocol for Metallic Coatings

3.4.1 Aim of the test development in this work
With the increasing demand for improved metallic engineering coatings for
corrosion resistance, attempts to develop a nature (and variability) of test regime
under static corrosion cell conditions before several advanced metallic coated steel
are then will be evaluated and compared. However, the scientific literature gives
little or no attention and consideration to the effect of experimental parameters
such as solution pH on the rate of degradation of organic coated steels using the
current (AC)DC/AC protocols; this in turn lends this technique to be considered
imprecise and not fully trusted for practical results. Hence, the results obtained so
far from (AC)DC/AC tests involve many assumed explanations with fictional physical
interpretation. Therefore, it was very important in this work to take into account
considerations to perform such a test method in a reliable, repeatable way, which
importantly can give more precise details for electrochemical corrosion process at
the coated steel/electrolyte interface during every step of test procedure to
evaluate (and discriminate between) different compositions of metallic coating and
substrate. Currently the use of (AC)DC/AC is limited only to the (rather subjective)
evaluation of non-conductive coating materials on steel. In this work conducting the
advanced (AC)DC/AC cyclic testing would be the first attempt for evaluating the
electrochemical corrosion behaviour of conductive material rather than nonconductive material. This approach would appear to offer unique advantages over
other available corrosion techniques.
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3.4.2 Experimental requirements and electrochemical cell design
A critical problem for any experimental analysis is the validity of the data
determined. In proper use of experimental procedures protocols by numerous
engineering experimental designers is a common occurrence [161]. Developing an
experimental protocol that can enhance the validity, reliability and clarity of
corrosion data leads to much easier analysis and interpretation of obtained results
[162]. For a long-time of using the (AC)DC/AC technique for evaluating the
corrosion degradation of organic coated steels, the understanding of obtained
results was incomplete because of the missing measurement of changes occurring
during the DC step and the measurement of solution pH evolution during the test
procedure, despite such

factors being strongly indicative of the development

coating permeability and inducing the degradation of organic coating on steel.
However, in order to avoid misleading interpretations, modifications on the
electrochemical cell design for measuring the effect of solution pH was the first
target in this work. Therefore, the experimental procedure was carried out using a
pH meter with probe that was integrated with the electrochemical cell
construction, in which connection to pH software for monitoring and recording of
solution pH allowed real time test measurements.
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Chapter Four
4 Experimental Techniques
4.1

Introduction

This chapter describes the techniques used to evaluate the corrosion behaviour of
Al 6082 alloy and PVD Al-based coatings; specifically, a newly developed (AC)DC/AC
cyclic test method used for the first time to evaluate the corrosion behaviour of
metallic, electrically conducive coating materials, incorporating parallel studies of
the role of solution pH. Two main experimental sets were carried out to achieve the
objectives of this thesis. First, the corrosion behaviour of Al 6082 alloy and different
PVD Al-based coatings (AlCr, AlCr(N) and AlCrTi) deposited on 17/4 PH stainless
steel substrate was evaluated using advanced (AC)DC/OCP/AC cyclic testing.
Potentiodynamic

(PTD)

polarisation,

Open

Circuit

Potential

(OCP)

and

Electrochemical Impedance Spectroscopy (EIS) were studied. Second, the effect of
solution pH on the electrochemical reactions was simultaneously recorded while
conducting the electrochemical tests (EOCP and (AC)DC/OCP/AC ). In addition, the
experimental work involved coating characterisation (phase composition, structure
and corrosion properties of the samples above coating) which was investigated ‘as
received’ and after six successive cycles of (AC)DC/OCP/AC using Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analysis.
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4.2

Experimental Materials

Different metallic, electrically conductive systems were investigated in this work,
including; uncoated Al 6082 alloy (to establish test protocols and repeatability) and
PVD Al-based coatings (AlCr, AlCr(N) and AlCrTi) deposited on 17/4PH stainless steel
substrate (to demonstrate the ability of the optimised test protocol to discriminate
between different behaviour of electrically-conductive coatings).
a) The substrate
In this work the steel substrate used is a well-known martensitic stainless steel
precipitation hardening 17/4 PH. The name comes from the key addition of 17%
chromium and 4% copper due to an ability to obtain a combination of high
strength, hardness and fracture toughness through flexible heat treatment paths
(whilst maintaining high corrosion resistance) 17/4 PH steel is used widely in
various industrial sectors, such as aircraft structures, steam turbine components,
energy applications, offshore oil and gas and load-bearing applications in marine
sector. 17/4 PH steel is significantly more noble than (for example) mild steel and
M2 tool steel. The nobility of 17/4 PH can be attributed to the chromium and nickel
content in its composition, which (depending on heat treatment) raises the
electrochemical potential of the 17/4 PH steel to less negative values. A summary
of the chemical composition (wt. %) of 17/4 PH steel substrate is presented in the
Table 4.1 [37].
Table 4.1: The chemical composition of 17/4 PH steel [37].
Substrate
wt. %

Fe
Balance

C
Mn
P
S
0.07 1 0.04 0.03

Si
1

Cr
15.0-17.5

Ni
3.0-5.0

Cu
3.0-5.0
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b) Al 6082 alloy
Aluminium 6082 alloy was employed to evaluate its corrosion behaviour for the first
attempt of using advanced (AC)DC/OCP/AC cyclic testing. Al 6082 alloy selected to
be evaluated because it is a well proven medium strength alloy with excellent
corrosion resistance that satisfies the requirements of most applicable alloy and
number of specifications that used in automotive and aerospace applications [161].
It also provides the opportunity to test the effects of a dielectric oxide layer,
without the complication of galvanic coupling of a coating to a steel substrate.
Figure 4.1 shows the Al 6082 alloy test used for this work disc (diameter 30 mm).
Samples were ground and polished to achieve a mirror surface finish (Ra ≈ 0.40
µm), then ultrasonically cleaned in isopropanol for 10 minutes. A summary of the
chemical composition (wt. %) of Al 6082 alloy is given in Table 4.2. [162].

10 mm
Figure 4.1: Al 6082 alloy disc sample.
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Table 4.2: Chemical composition of Al 6082 alloy [167].
Element
Silicon (Si)
Magnesium (Mg)
Manganese (Mn)
Iron (Fe)
Chromium (Cr)
Zinc (n)
Titanium (Ti)
Copper (Cu)
Others (in total)
Aluminium (Al)

at. %
0.70 – 1.30
0.60 – 1.20
0.40 – 1.00
0.0 – 0.50
0.0 – 0.25
0.0 – 0.20
0.0 – 0.10
0.0 – 0.10
0.0 – 0.15
Balance

The effect of alloying elements such as Mg included in Al alloys is in improving the
corrosion resistance even though its electrode potential is more negative than that
of Al (this is primarily) because Mg stabilises and increases the thickness of the
naturally-occurring oxide film. The addition of Mn to Al alloys controls the grain
size, which in turn results in a harder alloy. Adding Si, Cr and Ti improves the
corrosion resistance because of their nobility [67, 78].
c) PVD Al-based Coatings
Figure 4.1 shows the PVD Al-based coatings disc with diameter 25 mm, which used
for this study. PVD Al-based coatings AlCr and AlCr(N) were deposited on 17/4 PH
substrate discs of 25 mm diameter by electron beam (EB) plasma-assisted (PA)
physical vapour deposition (PVD) using a twin-EB PAPVD system (modified Tecvac
IP70L) with separate Al and Cr vapour sources.

An AlCrTi coating was also

deposited using multi-target magnetron sputtering (three pairs of horizontallyopposed Al, Cr and Ti sputter targets). The previously ground and polished 17/ PH
steel substrate was ultrasonically cleaned in acetone and isopropyl for 10 minutes
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and dried. In the EBPVD process, the substrate was attached to a rotating holder
about 170 mm from the rotation axis to ensure better homogeneity in coating
thickness and composition of deposited material. The distance of the cruciblesubstrate was constant at 25 cm.
10 mm

(a)

(b)

(c)

Figure 4.2: PVD Al-based coatings a) AlCr, b) AlCr(N) and c) AlCrTi.
EBPVD coatings of AlCr and AlCr(N) were deposited at 300° C, while the sputtered
AlCrTi coating was deposited at 180° C substrate temperature. The deposition of
was in pressure of an ionised argon gas at about o.3 Pa for AlCr, 0.5 Pa for AlCr(N)
and AlCrTi in total mass flow about 45 ml/min. The deposition of AlCr coated 17/4
PH steel used in this study was carried out by mixing of vapour flux of evaporant
source pure materials (80 at. % Al and 20 at.% Cr) from two separate crucibles by
controlling the current flow in both crucibles and monitoring the actual evaporating
rates via optical emission spectroscopy (OES) of single spectra line that generated in
ionised vapour flux. Whilst, the deposition of AlCr(N) coated 17/4 PH steel was
carried out by mixing of vapour flux of evaporant source of pure materials (75 at.%
Al and 15 at.% Cr) in the presence of a partial pressure of nitrogen gas at flow rate
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of 5 ml/min. Whereas, the deposition of AlCrTi coated in this study was carried out
by mixing of vapour flux of evaporant source pure materials (75 at. % Al, 15 at. % Cr
and in addition 5 at.% Ti). The AlCrTi coatings were deposited on the 17/4 PH steel
substrate by magnetron sputtering using 6 targets of pure metals so 2x Al targets,
2x Cr targets and 2x Ti targets. The workpiece voltage was 30V and the base
pressure 5 x 10-3 mbar. The addition of Ti promotes the formation of a TiO2 layer
over Al2O3 resulting in superior corrosion resistance. The chemical composition and
deposition conditions of three PVD Al-based coatings are presented in table 4.3.
Table 4.3: Chemical composition and deposition condition of PVD Al-based coatings
Sample
coating
AlCr
AlCr(N)
AlCrTi

4.3

Process
Temperature (° C)
300° C
300° C
180° C

Actual Al
at. %
80
75
75

Actual Cr
at. %
20
20
20

Actual N
at. %
0
5
0

Actual Ti
at. %
0
0
5

Microstructural Analysis Preparation

Evaluation of surface morphology of Al 6082 alloy and of cross-sections of the PVD
Al-based coatings was carried out by successive grinding with 120, 240, 800, 1200
and 2500 grit emery paper, followed by polishing with diamond paste (6 and 1 µm).
The mounting of PVD Al-based coating cross-sections was carried out by nonferrous cutting wheel prior to the hot mounting in carbon conductive epoxy resin.
4.4

Coating phase analysis and structural characterisation

4.4.1 X-Ray Diffraction XRD
X-Ray diffraction is a commonly used technique in determining the phase
composition of Al 6082 alloy and PVD Al-based coatings. A Siemens D5000 X-Ray
diffractometer with (Cu Kα radiation, λ = 1.54 Å) operated at 40 kV acceleration
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voltage and 30 mA filament current was used to obtain XRD patterns. Standard
coupled θ-2θ scans were set up in a 2θ range of 20° to 90° with 0.02° step size and
1 sec dwell per step.
4.4.2 Scanning Electron Microscopy SEM
The surface morphology of Al 6082 alloy and PVD Al-based coatings as received and
after exposure to six cycles of DC/OCP were characterised using Scanning Electron
Microscopy (SEM, JEOL-6400) with an operating voltage of 20 kV.
4.4.3 Energy Dispersive X-Ray (EDX) Spectroscopy
The chemical composition of Al 6082 alloy and PVD Al-based coatings as received
and after exposure to six cycles of DC/OCP was determined using (SEM, JEOL-6400)
linked to INCA software® that operated the EDX spectroscopy, which is used to
determine and quantify the coating composition. The function of EDX linescanprofile is used to study the distribution of the distribution of constituent elements
on both surface and cross-sectional images.
4.5

Electrochemical Cell and Electrolyte

Electrochemical tests were carried out in a conventional three-electrode
electrochemical cell, with the coated sample as the working electrode. An area of
0.432 cm2 is exposed to the electrolyte using an inert O-ring fixed underneath the
corrosion cell; a platinum rod was used as the counter electrode and saturated
calomel electrode SCE of (Hg/Hg2Cl2/KCl sat.) was used as the reference electrode.
This cell consists of a (electro-) chemically inert container, which is attached to the
coating surface and with an electrolyte capacity of 0.2 l. The electrolyte (3.5 wt. %
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NaCl neutral salt solution), was prepared by dissolving 34 g of reagent grade sodium
chloride in 920 ml deionised water, following ASTM G44-99 standard test
procedure used for electrochemical testing [163]. Fresh solution was used during all
electrochemical experiments which were maintained at room temperature under
laboratory conditions at all times.
4.5.1 Measurement of solution pH
The solution pH of the electrolyte was measured during the EOCP and
(AC)DC/OCP/AC cyclic testing using potentiometer pH meter HANNA-210® using a
glass probe (HI-1131) filled with neutral KCl solution buffered pH 7 and contains
Ag/AgCl wire forms the electrical connection and the pH data was monitored and
collected using proprietary National Instruments software.
4.6

Corrosion Evaluation Techniques

4.6.1 Open circuit potential
Open circuit potential (EOCP) measurement is the simplest electrochemical
technique for evaluation and study of changes in corrosion behaviour with
increasing exposure time. EOCP can measure the potential of the working electrode
respect to the reference electrode, when no external polarisation or current flows
from or to it. The fundamental principle of EOCP is that a shift in potential in the
cathodic direction is a sign of active corrosion, while a shift in the anodic direction is
an indication of ennoblement (passivation or film formation). All coated samples
were monitored for 3 h EOCP to study their corrosion potential with respect to the
reference electrode; EOCP measurements were carried out using a Solatron SI 1286
potentiostat. Furthermore, stable EOCP measurements can be employed as an initial
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(starting) potential before conducting any other tests (such as potentiodynamic
polarisation and Electrochemical impedance spectroscopy EIS) or as a means to
establish a relaxation time for provoke coating system after applied DC cathodic
polarisation, when conducting advanced (AC)DC/OCP/AC cyclic testing.
4.6.2 Potentiodynamic polarisation
Potentiodynamic polarisation (PTD) measurement is the most commonly used
electrochemical corrosion technique [164]. PTD measurements were used to
evaluate the corrosion behaviour of the coated samples in anodic polarisation scans
by determining the corrosion current density (icorr). The potential is scanned from
(or near to) the OCP potential to a more anodic potential. The corrosion current
density increases after the scanning system passes the corrosion potential, then the
coating starts to corrode. A Solatron SI 1268 electrochemical interface potentiostat
was used for PTD measurements to determine the corrosion rate. All coated
samples were polarised at a scan rate of (1.667 mV/s) from -300 mV vs. OCP to 0
mV (vs. SCE) in 3.5 wt. % NaCl solution. In PTD measurements, the corrosion current
represents the rate in (µA/cm2), at which anodic and cathodic reactions are taking
place on the working and counter electrodes. The current density is expressed in
terms of the current per unit area of working electrode and can be determined
using the obtained polarisation curves based on Tafel extrapolation. The current
corrosion density can be expressed as function of polarisation (η) by the following
relationship:
𝑖

𝜂 = 𝛽 𝑙𝑜𝑔 𝑖

0

(4.1)
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Where η = Eapplied - EOCP, β is the Tafel slope, i the applied current density and i0 the
change in current density. Polarisation increases with increasing corrosion current
density.
The corrosion potential (Ecorr), corrosion current density (icorr), and anodic/cathodic
linear Tafel slopes (βa and βc) were identified and calculated using the CorrWare
software® supplied and marketed by Scribner Associates, Inc. Polarisation
resistance (Rp) was determined by the following equation:
Rp =

βa X βc
2.3 x icorr (βa +βc )

(4.2)

To estimate the corrosion rate of the coated sample, Faraday’s law (eq.4.3) can be
employed such that, in terms of the mass loss rate:
M

CR = nFρ icorr

(4.3)

Where CR is the corrosion rate (mm/yr), M atomic weight of metal (g), n is the
number of electrons transferred in the dissolution reaction, F is Faraday’s constant
(93,485 C/mol), ρ is metal density (g/cm3) and icorr is the corrosion current density
(µA/cm2).
4.6.3 Electrochemical impedance spectroscopy
In recent years, electrochemical impedance spectroscopy (EIS) has been developed
and used for measuring and studying the electrochemical corrosion process and
mechanisms. EIS can provide quantitative measurements on corrosion resistance of
coated metals. In this work a Solatron SI 1286 electrochemical interface and SI 1260
Impedance/Gain Phase Analyser that shown in Figure 2.10 p31 were used to
perform electrochemical impedance tests. A sinusoidal AC perturbation of 10mV AC
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signal was applied to the working electrode at (previous potential mode) over a
range of frequencies from 10-2 to 105 Hz [140, 165]. Obtained EIS data were
presented in terms of Bode plots (log of |Z| and phase angle as functions of log
frequency f). The impedance spectra were collected and analysed using Z-plot® and
Z-view® software (Scribner Associates).
4.7

First use of advanced (AC)DC/OCP/AC for evaluation the corrosion of
metallic material.

The experimental equipment and modified electrochemical cell with pH kit used in
this work are illustrated in Figure 4.3.
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-20000
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pH data

pH Meter

0
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Electrode
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Electrode
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Figure 4.3: Schematic modified electrochemical cell configuration for advanced
(AC)DC/OCP/AC cyclic testing coupled with solution pH measurement kit.
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Measuring solution pH and collecting data after composed solution pH measuring
kit to electrochemical experimental design were carried out with the same
parameters and procedure of (AC)DC/OCP/AC cycling testing that used to evaluate
the organic coated steel.
In this work (AC)DC/AC cyclic test procedure (Figure 3.7) [15] was developed by
augmented with an incorporating solution pH measurement as shown in Figure 4.4,
in order to study the effect of solution pH on the degradation of the coating
concurrently with conducting the advanced (AC)DC/OCP/AC cyclic test procedure,
which perform as the following steps:
I.

2 h open circuit potential EOCP exposure to 3.5 wt. % NaCl solution prior
to starting (AC)DC/OCP/AC test ensures that a steady-state is established
for the potential.

II.

ACi step: an initial EIS measurement applied respect to the reference electrode
SCE to establish as-received state of the coating system before applying DC
cathodic polarisation for 15 minutes.

III.

DCn step: A high cathodic potential -2V vs. SCE is applied for 20 minutes
for where electrolysis process generates hydrogen evolution and OHions.

IV.

OCPn step: A stabilisation period following the application of DC cathodic
polarisation, where the sample is left to relax at its resting potential for
3h, to reach EOCP after applied DC cathodic polarisation.

V.

ACn step: The same initial (AC) step is repeated to obtain information on
the new steady-state OCP condition of the sample after applied DC
cathodic polarisation.

Where, n is the number of applied cycle.
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Figure 4.4: Schematic diagram of advanced (AC)DC/OCP/AC test procedure with incorporating solution pH measurement (after Ref.[15]).
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The sequence of DC/OCP/AC was repeated six times (for around 24h in total) to
trace the degradation path of the sample using an AC impedance spectra obtained
after each DC-polarisation/OCP-relaxation cycle. The examination of changes at the
electrolyte/metal interfaces, under the effect of fluctuating pH during the applied
(AC)DC(OCP)/AC cyclic test procedure were measured by pH probe.
For performing the repeatability of the advanced (AC)DC/OCP/AC cyclic testing,
experiments were carried out on three trial samples of Al 6082 alloy to ensure that
the electrochemical corrosion process during (AC)DC/OCP/AC cyclic testing for each
sample is having the same manner under the same conditions with measuring
solution pH and presenting same results. Therefore, reason for performing the
repeatability tests was to check the accuracy and reliability of the test parameters,
procedure and instruments before extending to assess other metallic coatings in
particular the complex metallic coatings.
Al 6082 alloy sample was selected in this study to be tested for the first attempt of
using an advanced (AC)DC/OCP/AC cyclic testing to evaluate the electrochemical
corrosion behaviour at the conductive material/electrolyte interface. However, the
reason behind the selecting such “commercial Al-alloy” as a sample is the simplicity
need for conducting and interpretation of the obtained results, rather than
selecting a complex conductive material (such as an electrically conductive metallic
coated metallic substrate), that consists of three different layers includes: (i)
metallic substrate (ii) metallic coating and (iii) native oxide film. Therefore, selecting
simple conductive metal would be better for the first use of the advanced
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(AC)DC/OCP/AC technique to obtain an easy and better understanding of the
electrochemical corrosion behaviour process and to be reliable to evaluate the
complex samples.
In order to verify the validity and reliability concerns of (AC)DC/OCP/AC cyclic
testing, the repeatability of the test was carried out on Al 6082 alloy for three runs.
Thus, the first run was designed as R1, the second run R2 and the third run R3. The
(AC)DC/OCP/AC test procedure consisted of a sequential combination of DC
cathodic polarisation, OCP potential relaxation time and AC impedance
spectroscopy measurement (EIS), applied over successive six cycles on Al 6082 alloy
sample for period of time almost 24 h.
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Chapter 5
5 Development of advanced (AC)/DC/OCP/AC
cyclic testing to evaluate the corrosion behaviour
of uncoated electrically-conductive substrates
5.1

Introduction

The aim of the work in this chapter was to establishing a reliable and repeatable
accelerated test protocol to evaluate the corrosion behaviour of electricallyconductive substrates carried out simultaneously, with solution pH measurement.
Incorporating real time pH solution measurement concurrent to (AC)DC/OCP/AC
test procedures can provide information that would be useful to follow the
mechanism underlying the corrosion of the metal, to gain insights regarding the
electrochemistry of the corrosion processes through every step of the test
procedure. However, the literature lacks information on the effects of experimental
parameters such as solution pH simultaneously with cyclic electrochemical test
procedures and little or more information exists on the corrosion behaviour of
electrically-conductive substrates and/or coatings in the types of accelerated cyclic
test regimes previously investigated.
(AC)DC/OCP/AC cyclic testing was carried out in three samples of Al 6082 alloy by
three different runs (R1, R2 and R3). The obtained test results retrieved from the
experimental work are carried out and presented into two main sets; I)
electrochemical

results

obtained

at

EOCP

and

repeated

(six-cycles)

of
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(AC)DC/OCP/AC cyclic testing and ii) solution pH results during continuous
monitoring of electrochemical test procedure. In addition, the structure and
composition of these samples were examined using XRD, SEM and EDX. The results
are later used to evaluate the electrochemical corrosion behaviour of Al 6082-alloy
samples induced by the DC/OCP cycles, to try to establish a correlation between the
obtained test results of (AC)DC/OCP/AC and the parallel solution pH measurement.
5.2

Phase Composition Analysis and structural Characterisation

5.2.1 Phase composition analysis
The phase composition analysis was conducted by x-ray diffraction as described in
Chapter 4. In Figure 5.1 the XRD pattern of Al 6082 alloy exhibits two high intensity
peaks at 38° and 45° and a very weak peak at 84°, are indicative to FCC-aluminium.
Other weak peaks are observed at 34° for Mn, 37° and 43° for Mg and at 40° for Si.

Al
Al

MnMg Si Mg

Al

Figure 5.1: X-ray diffraction pattern of Al 6082 alloy.
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5.2.2 Structural characterisation
Three Al 6082 alloy samples were analysed by SEM and EDX in order to identify
their structural characteristic (surface morphology and composition) before and
after six applied cycles of DC/OCP when exposed to 3.5 wt. % NaCl solution. The
SEM micrograph and EDX analysis of the as-received Al 6082 alloy sample are
shown in Figure 5.2 (a-b) respectively. The SEM micrograph exhibits a surface
morphology free from any pits or cracks; some small polishing scratches are visible
on the surface, which were formed during the sample preparation. The EDX
spectrum of as-received Al 6082 alloy (with inserted table of the chemical
composition) is presented in the Figure 5.2 (b).
a)

Figure 5.2: SEM & EDX analysis of as-received Al 6082 alloy a) SEM surface plane
micrograph, b) EDX spectrum analysis with inserted table of chemical composition.
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EDX analysis exhibited highest intensity peak for Al with 98.20 at % and small peaks
of Mg, Mn and Si.
Figure 5.3 (a-d) shows the SEM micrograph with EDX analysis of corroded Al 6082
alloy during the first run R1 after six successive DC/OCP cycles. Figure 5.3 (a) shows
the SEM micrograph of the surface morphology that reveals some corrosion
features and products of pits and crevice corrosion surrounded with white
precipitation of Al(OH)3. The corresponding EDX spectral analysis of corroded Al
6082 alloy during R1 is presented in Figure 5.3 (b) with inserted Table of the
chemical composition. From the inserted table it can be observed that that highest
content is observed for Al about 65.13 at. % and O about 33.43 at.% which
emphasizes the existence of corrosion products such as Al(OH)3, which appear as
white pustules around the pits.
Figure 5.3 (c) shows the SEM micrograph overlaid with EDX linescan-profile of ~ 150
µm length. Figure 5.3 (d) shows the revealed EDX linescan-profiles for the
constituent elements of corroded Al 6082 alloy after six successive DC/OCP cycles.
The profile analysis indicates a high signal intensity of Al which emphasizes that Al is
the main element in the alloy lattice, while low signal intensity observed around the
pits is associated with redeposited aluminium in hydroxide form. The Mg, Mn, and
Si signal intensities are very low and indistinguishable with the energy resolution of
the EDX detector. In contrast, no signal is observed from the EDX detector over the
pits, which can be related to the deep cavities that the pits caused.
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(b)
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Aluminium Ka1, Oxygen Ka1, Magnesium Ka1, Manganese Ka1, Silicon Ka1, Sodium Ka1
Chlorine Ka1_2

Figure 5.3: SEM & EDX analysis of corroded Al 6082 alloy during R1 after six successive DC/OCP cycles a) SEM surface plane
micrograph, (b) EDX spectrum analysis with inserted table of chemical composition, c) SEM micrograph overlaid with EDX
linescan-profile and d) EDX linescan-profile of the distribution of constituent elements.
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The SEM micrograph with EDX analysis of corroded Al 6082 alloy during the second
run R2 after applied six DC/OCP cycles are presented in Figure 5.4 (a-d). The Figure
5.4 (a) shows the SEM micrograph of the surface morphology Al 6082 alloy during
R2 that reveals more pits and crevices corrosion surrounded with much more white
precipitation of Al(OH)3. Some mud cracks on the surface plane are also revealed.
The corresponding EDX spectra analysis of corroded Al 6082 alloy during R2 after six
successive DC/OCP cycles is presented in Figure 5.4 (b) with inserted table of the
chemical composition. From the inserted table it can be observed that the content
of Al and O are high, which emphasizes the re-deposition of Al(OH)3 layer after Al
dissolved in R2 is high than that in R1. This explains that Al 6082 alloy during R2 is
corroded more than Al 6082 alloy during R1 after six successive DC/OCP cycles (if
they compared).
SEM micrograph presented in Figure 5.4 (c) shows the overlaid with EDX linescanprofile of ~ 150 µm length. The EDX linescan-profile in Figure 5.4 d reveals the
constituent elements of corroded Al 6082 alloy, which exhibits a high signal
intensity of Al which emphasizes the main element in the alloy lattice is Al, while
low signal intensity observed around the pits associated with aluminium deposited
in hydroxide. Very low signal intensities are observed and indistinguishable with the
energy resolution of the EDX detector associated with the Mg, Mn, and Si. In
contrast, no signal observed from the EDX detector over the pits, which can be
related to the cavity that pits caused.
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Figure 5.4: SEM & EDX analysis of corroded Al 6082 alloy during R2 after six successive DC/OCP cycles a) SEM surface plane
micrograph, (b) EDX spectrum analysis with inserted table of chemical composition, c) SEM micrograph overlaid with EDX
linescan-profile and d) EDX linescan-profile of the distribution of constituent elements.
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Figure 5.5 (a-d) shows the SEM micrograph with EDX analysis of corroded Al 6082
alloy during the third run R3 after applied six DC/OCP cycles. In Figure 5.5 (a) the
SEM micrograph of the surface morphology reveals significant corrosion feature of
mud cracked pattern surface with big cavities caused by pit and crevice corrosion.
From the inserted table in Figure 5.4 (b) the chemical composition of corroded Al
6082 alloy during R2 after six applied DC/OCP cycles exhibits the highest content of
Al and O, which emphasizes the existence of corrosion products such as Al(OH)3.
Figure 5.4 (d) shows the EDX linescan-profiles for constituent elements of corroded
Al 6082 alloy during R3 that reveals fluctuations of high and low signal intensity of Al
which influenced due to the cracked pattern of the surface while the low signal
intensity observed for O which can be associated to oxides. The Mg, Mn, and Si
signals intensity are very low and indistinguishable with the energy resolution of
the EDX detector. In contrast, no signal observed from the EDX detector over the
pits, which can be related to deep cavities that pits may cause.
It can be concluded that the SEM micrograph and EDX analysis exhibited significant
degradation to all samples after six successive DC/OCP cycles. The most corroded
sample is observed during R3 followed by R2 and R1, which can be attributed to the
high dissolution rate of aluminium.
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Figure 5.5: SEM & EDX analysis of corroded Al 6082 alloy_ during R3 after six successive DC/OCP cycles a) SEM surface plane
micrograph, (b) EDX spectrum analysis with inserted table of chemical composition, c) SEM micrograph overlaid with EDX
linescan-profile and d) EDX linescan-profile of the distribution of constituent elements.
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5.3

Electrochemical evaluation testing

5.3.1 Open circuit potential EOCP
Figure 5.6 shows the EOCP of Al 6082 alloy while a steady-state value after 2 h
exposure to 3.5 wt. % NaCl solution. EOCP applied for 2 h to measure the corrosion
potential of the Al 6082 alloy electrode, which recorded to be around -0.748 V. vs
SCE. Based on the consideration for conducting electrochemical measurements
such as potentiodynamic polarisation and advanced (AC)DC/OCP/AC cyclic testing;
EOCP was carried out for few hours prior to starting any electrochemical
measurements. This ensures that a steady-state is established for the potential
value to avoid any initial fluctuation in potential, which may affect their results (see
inset in Figure 5.6).
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Figure 5.6: Change of open circuit potential EOCP of polished Al 6082 alloy during 2 h
exposure time to 3.5 wt. % NaCl solution.
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5.3.2 Potentiodynamic polarisation measurement (PTD)
Potentiodynamic polarisation behaviour and corresponding parameters derived
from the polarisation curve of Al 6082 alloy after 2 h EOCP exposure time to 3.5 wt. %
NaCl solution are presented in Figure 5.7 and Table 5.2 respectively.
0
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Figure 5.7: Potentiodynamic polarisation curve of Al 6082 alloy after 2 h EOCP
exposure time to 3.5 wt. % NaCl solution.
Table 5.1: Open circuit potential EOCP and potentiodynamic data of Al 6082 alloy.
Material
Al-alloy

EOCP
(mV)
-748

Ecorr
(mV)
-747

Icorr
(µA/cm2)
8.96

Epit
βa
βb
(mV) (mV/decade) (mV/decade)
-295
482.8
747.6

Rp
(KΩcm-2)
8.5

The obtained polarisation curve for Al 6082 alloy exhibits a strong period of
passivation tendency from -587 to -295 mV (vs. SCE) followed by a gradual increase
in the current density, representing the initiation of the pits at pitting potential (Epit)
of -295 mV (vs. SCE) and at a corrosion current density of 0.3 µA/cm2. The pitting
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corrosion was preceded by uniform thinning of the passive film. After reaching the
pitting potential the current density continued to increase slightly with increasing
potential. It was found necessary to explore the initial potential behaviour of each
sample for better understanding of the mechanisms underlying the evolution of
electrochemical corrosion of aluminium. Variations in the formation and dissolution
of the passive film on the surface of the Al 6082 alloy substrate during the 2 h EOCP
pre-test stage lead to differences in the development of the oxide layer, resulting
in variations in passive film permeability [44]. Figure 5.8 inset shows how the initial
potential behaviour of three samples of Al 6082 during three different runs R1, R2
and R3 after 2 h EOCP fluctuated between passivation and dissolution processes for
the first few minutes of exposure.
-0.50
EOCP_R1.cor
EOCP_R1.cor
EOCP_R2.cor
EOCP_R2.cor
EOCP_R3.cor
EOCP_R3.cor

EOCP = -0.748 V

E (V vs. SCE)

-0.75
-0.725

E (V vs. SCE)

-1.00

-0.750

-0.775

-1.25

-0.800
0

100

200

300

400

500

600

700

800

900

1000

Time (Sec)

-1.50
0

1000

2000

3000

4000

5000

6000

7000

Time
(sec)
Time
(Sec)
Figure 5.8: Fluctuations in EOCP recorded during 2 h exposure to 3.5 wt. % NaCl
solution for three samples of Al 6082 alloy during three runs R1, R2 and R3. Inset:
Variability in of the initial potential behaviour during R1, R2 and R3.
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Thus, during EOCP during R1, the initial potential instantly increased in anodic
potential from an initial value of -0.802 V (vs. SCE) to -0.748 V in less than 2 minutes
(110 sec), and remained steady at this value until the end of the 2 h EOCP test. The
rapid initial increase in potential can be attributed to the initial growth of an
Al(OH)3 film on the surface [47, 55]. The formation of aluminium hydroxide
proceeds by the partial anodic dissolution of Al to Al3+ by reaction 2.11 (see section
2.1, p15), and the electrons produced are consumed by the partial cathodic
reaction of water reduction to its constituent hydrogen and hydroxide ionic
components reaction 2.2 p.14. Hence, Al3+ ion reacts with an OH- ion to form
insoluble precipitate of Al(OH)3 by reaction 2.12 (see section 2.1, p15). The overall
reaction can be written as the follows:
2Al + 6H2O → 2Al(OH)3 + 3H2

(5.1)

The potential during EOCP during R2 instantly decreased from an initial potential of 0.721 V (vs. SCE) to -0.748 V after approximately 20 sec, and it remained steady at
this potential with minor fluctuations until the end of the EOCP test. In this case, the
immediate decrease in potential can be attributed to the electrochemical
dissolution of the (very thin) of native Al2O3 oxide film that formed during sample
preparation. Chao et al. [166] theoretically assumed that the removal of Al3+ ions
into solution is responsible for the observed electrochemical dissolution of the
native oxide film. Strictly speaking however, the removal of the Al2O3 film is not due
to oxide film dissolution, but to the removal (ejection) of Al3+ ions from the oxide
film lattice towards the solution, generating aluminium vacancies in the film, which
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leads to a porous structure. The ejected Al3+ ions will then react with OH- ions in
solution and form passive film of Al(OH)3 (reaction 2.12 p15); the remaining oxygen
in the lattice of the oxide film is removed, by cathodic hydrogen reacting with
oxygen to form water (simultaneous to the removal of Al3+ ions) [55, 57].
In contrast, the potential during EOCP during R3 decreased almost instantaneously
towards the cathodic direction from an initial potential of -0.757 V (vs. SCE) to 0.776 V, over a period of approximately 40 sec. The decrease in potential can in this
case be ascribed to the dissolution of aluminium by Al3+ ion removal from the
aluminium substrate. Afterwards, a rapid increase in potential towards the anodic
direction is observed, which can again be attributed to the growth of a passive film
Al(OH)3 by the chemical reaction 2.12. Ultimately the anodic increase reached an
over potential of -0.732 V vs. SCE (higher than the EOCP value) then rapidly
decreased in cathodic direction in few seconds back to EOCP -0.748 V vs. SCE and
remained steady at this potential (with minor fluctuations) until the end of the
experiment. The initial overshoot and subsequent rapid decrease in potential can
be attributed to transpassive dissolution, which is closely related to passive film
breakdown and localised corrosion phenomena, due to the metal electrode
potential becoming higher than EOCP [167].
It can be seen that the potential value during EOCP (Figure 5.8) and during six
successive relaxation times Figure 5.23 during R1, R2 and R3 converted to the same
value of potential about -0.748 V vs. SCE, which suggests a similar type of passive
film formation, but these may possess different surface morphology and thickness
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which can influence subsequent DC cathodic polarisation behaviour. Aluminium
hydroxide precipitates often form gels, which crystallise and gradually change to
Al2O3 with time, resulting in the formation of passive film by the following reaction:
2Al(OH)3 → Al2O3 + 3H2O

(5.2)

Although, this passive oxide film can reduce the corrosion rate of the aluminium
substrate, but it cannot fully protect it from aggressive species (such as Cl- and OHions) when exposed to a corrosive solution. For example chloride ions can easily
diffuse through the passive film causes dissolution of the underlying aluminium
substrate and resulting in pitting corrosion [161, 168, 169]. Nevertheless, the
passive film formed after 2 h EOCP and after six successive relaxation times (Figure
5.22) during three runs R1, R2 and R3 is probably pure alumina. The surface
morphology and thickness of the passive film can be modelled and predicted using
the formula (3.4), p59, by fitting electrochemical impedance spectroscopy data
(capacitance and ‘n' parameter), which will be discussed later in this Chapter.
5.3.3 Evolution of EIS spectra after six successive DC/OCP cycles
EIS (AC measurement) is non-destructive electrochemical technique applied to
reveal specific effects on the electrochemical corrosion process at the metal
electrode/electrolyte interface without any morphological changes. Figure 5.9 (a-c)
shows the Nyquist plots of characterised EIS spectra obtained at 2 h E OCP “EISi” and
six successive DC/OCP cycles “EIS1-EIS6” during three runs (R1, R2 and R3
respectively).
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Figure 5.9: Nyquist plots for Al 6082 alloy at EOCP & after successive six cycles of
DC/OCP during a) R1, b) R2 and c) R3.

103

Different EIS spectra were generated after 2 h EOCP, EISi and EIS1-EIS6 during R1, R2
and R3 exhibits one semicircle with large radius for the most of the frequency range,
which can be attributed to charge transfer resistance Rct (corrosion resistance).
Visually, the radius of the semicircle during R1 is the largest, followed by those one
during R2 and R3, which suggests that the passive film formed after 2 h EOCP during
R1 has high charge transfer resistance Rct (i.e. highest corrosion resistance). A
significant decrease in semicircle radius is seen after the first DC/OCP cycle is
applied. This is related to a significant decrease in Rct [132], which can in turn be
attributed to a high rate of dissolution of the passive film formed during 2 h EOCP.
Probably, it was completely removed and formed a new passive film less protection
to the corrosion (low charge transfer resistance) during relaxation time OCP1.
Nyquist plots feature six slightly depressed semicircles with smaller radius in the
high frequency range and a diffusional tail tends to appear in the low frequency
range after six successive DC/OCP cycles (ESI1-EIS6) for all test repeats. The
decrease in the radius of the semicircles can be explained by a progressive
reduction in charge transfer resistance due to the lower corrosion resistance of the
passive films that formed during each relaxation time (OCP1-OCP6). The
repassivation process during OCP1-OCP6 occurred in progressive stronger alkaline
solutions, where OH- ions attack slows the growth of the passive film and leads to
less protective passive film formation on the surface of aluminium substrate.
As mentioned above, the film can reduce the corrosion rate of the aluminium
substrate, but does not provide adequate protection from pitting corrosion caused

104

by the inward diffusion of aggressive anionic species such as Cl- ions, which form
soluble complexes by the reactions 2.17-2.21 p22-23 [44, 54, 170]. In the very low
frequency range a diffusional tail which tends to appear in most cases indicates the
initiation of metastable pitting corrosion [47].
By comparing the Nyquist plots obtained during R1, R2 and R3, it can be concluded
that the EIS spectra indicate similar degradation behaviour overall, but with
different semicircle radius at each step in each repeated cycle. It can be observed
that the semicircle radii of EIS spectra during R1 are apparently the largest, followed
by those during R2 and then at R3. This can be related to the highest charge transfer
resistance of the passive film that formed on this bulk sample after 2 h EOCP during
R1, which is probably due to its low permeability and high thickness.
Figure 5.10 (a-c) shows Bode plots (phase angle vs. frequency) obtained after 2 h
EOCP “EISi” and repeated six DC/OCP cycles “EIS1-EIS6” during R1, R2 and R3
respectively. The Bode plots exhibit typical resistive-capacitive (RC) behaviour
featuring constant phase angle (i.e. complete peak) over a wide frequency range
(10-1-104 Hz) for EISi-EIS6 as indicated by the semicircle (and depressed semicircles
in the corresponding Nyquist plots. A diffusional tail in the low frequency range
(below 0.1 Hz) is visible; this probably due to the diffusion process of corrosion
products. It can be seen that the Bode plots exhibit a high phase maximum angle
θmax and a broadening of the peak at EISi, which is indicative of a low dissolution
rate of the passive film (highly resistive behaviour).
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Figure 5.10: Bode plots (phase angle vs. frequency) for Al 6082 alloy at 2 h EOCP & after successive six cycles of DC/OCP during a) R1, b) R2 and
c) R3.
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However, the maximum phase angle during EISi is observed to be the highest at R1
(-79.3°) compared with -77.7° and -73.1° for R2 and R3 respectively, as well as the
broadening of the peak being the widest at R1 followed by R2 and R3, from which it
can be deduced that the passive film for R1 is the most corrosion resistant followed
by R2 then R3. A decrease in θmax and a narrowing of the phase-angle peak with the
increasing the number of DC/OCP cycles is observed during EIS1-EIS6, which can
also be related to a progressive decrease in charge transfer resistance of the
passive film.
Figure 5.11 (a-c) shows the Bode plots (impedance modulus vs. frequency) obtained
at 2 h EOCP “EISi” and after six successive DC/OCP cycles (EIS1-EIS6) during R1, R2 and
R3 respectively. It can be seen that all impedance modulus |Z| spectra contain a
linear slope at high frequencies (1-103 Hz) indicating that |Z| increases inversely to
the frequency. The slope decreases for frequencies less than 1 Hz and reaches a
plateau in the frequency range below 0.1 Hz in EISi during R1, R2 and R3. The slopes
for EIS1-EIS6 tend to plateau at a frequency less than 1 Hz but are still increasing
slightly, a with diffusional tail in the low frequency range <0.1 Hz, which probably
related to the diffusion process of corrosion products. The highest value of |Z| at
EISi is observed at 2.3 x 10-4 Ωcm2, 1.7 x 10-4 Ωcm2 and 7.5 x 10-3 Ωcm2 during R1, R2
and R3 respectively, which can be attributed to the high corrosion resistance of the
passive film the formed during 2 h EOCP compared to |Z| at EIS1-EIS6.
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Figure 5.11: Bode plots (impedance modulus vs. frequency) of Al 6082 alloy at 2 h EOCP & after
successive six cycles of DC/OCP during a) R1, b) R2 and c) R3.
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It can clearly be observed that the |Z| value during EISi during R1 is the highest,
followed by R2 and R3, which can be related to the high charge transfer resistance of
the passive film during R1.
After applied first DC/OCP cycle the |Z| value decreased significantly to 6.9 x 10 -3
Ωcm2, 5.4 x 10-3 Ωcm2 and 1.6 x 10-3 Ωcm2 during R1, R2 and R3, respectively. The
decrease in |Z| indicates low corrosion resistance of the passive film formed during
the relaxation time OCP1, which is probably susceptible to pitting corrosion attack.
The passive film that formed during 2 h EOCP is probably completely removed
(chemical dissolution) by OH- ions attack during DC1 cathodic polarisation.
During EIS1-EIS6 a slight decrease in |Z| value with increasing the number of
DC/OCP is observed. This can be explained by the low corrosion resistance of the
passive films formed during the relaxation time OCP1-OCP6. The repassivation
process during OCP1-OCP6 was carried out in alkaline conditions where OH- ion
attack lowers the growth rate of the passive film and leads to less protective
passive film formation on the surface of aluminium substrate, which susceptible to
pitting corrosion during OCP relaxation time.
The impedance spectra were analysed using Z-view® software (Scribner Associates)
and based on the features of the EIS spectra two different electrical equivalent
circuits (EC) were constructed to analyse the electrochemical corrosion process, as
shown in Figure 5.12 a & b.
The EC in Figure 5.12 a was employed to model the corrosion behaviour of the EISi
spectrum after 2 h EOCP during R1, R2 and R3, which provided a typical resistive109

capacitive (RC) behaviour, featuring a single time constant over a wide range of
frequency, suggesting the present of a highly stable passive film. This EC is
composed of a solution resistance element, Rs, in series with a parallel combination
of a constant phase element CPE (representing the double layer capacitance Cdl of
the passive film) and a charge transfer element, Rct, across the passive film (corrosion

resistance). A similar EC (Figure 5.12 b) has also been used to model EIS spectra
with an additional element of Warburg impedance element, WR, in series with Rct,
selected to represent the diffusional tail.
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W
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Table 5.2: Fitting results of EIS spectra of Al 6082 alloy during R1 obtained at EOCP and after six successive DC /OCP cycles.
Rs
(Ωcm2)
14.81
11.68
11.62
11.71
11.67
11.68
11.59

EIS spectrum
EISi
EIS1
EIS2
EIS3
EIS4
EIS5
EIS6

CPECdl
(µFcm-2)
8.73
29.3
32.4
34.3
34.4
36.5
38.1

(a)

Rct
(kΩcm2)
21.3
6.3
6.1
5.9
5.3
4.8
4.6

n
0.92
0.91
0.91
0.91
0.91
0.91
0.91

WR
(kΩcm2)
1.92
3.61
2.62
3.43
1.68
2.56

(b)
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Figure 5.13: Evolution of (a) charge transfer resistance Rct, (b) constant phase element representing double layer capacitance
CPEcdl as function of DC/OCP cycle for Al 6082 alloy during R1.

111

Table 5.3: Fitting results of EIS spectra of Al 6082 alloy_R2 obtained during EOCP and after six successive DC/OCP relaxation cycles.
Rs
(Ωcm2)
14.5
10.7
10.7
10.8
10.8
10.7
10.7

EIS spectrum
EISi
EIS1
EIS2
EIS3
EIS4
EIS5
EIS6

CPECdl
(µF.cm-2)
10.3
33.1
34.4
34.6
35.4
36.8
40.5

(a)

Rct
(kΩcm2)
18.6
5.5
4.4
4.2
3.7
3.1
2.9

n
0.91
0.89
0.89
0.89
0.89
0.89
0.89

WR
(kΩcm2)
1.4
2.1
2.6
2.2
3.7
1.9

(b)
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Figure 5.14: Evolution of (a) charge transfer resistance Rct, (b) constant phase element representing the double layer capacitance
CPEcdl as function of DC/OCP cycle of Al 6082 alloy during R2.
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Table 5.4: Fitting results of EIS spectra of Al 6082 alloy during R3 obtained at EOCP and after six successive DC/OCP cycles.
Rs
(Ωcm2)
10.98
11.45
11.62
11.58
12.23
12.43
12.37

EIS spectrum
EISi
EIS1
EIS2
EIS3
EIS4
EIS5
EIS6

CPECdl
(µF/ cm2)
17.4
43.1
45.5
46.3
46.5
47.7
49.3

(a)

Rct
(kΩcm2)
8.3
3.2
2.9
2.8
2.4
1.8
1.6

n
0.88
0.85
0.87
0.88
0.88
0.88
0.88

WR
(kΩcm2)
3.4
1.9
0.73
0.29
0.11
0.33
0.32

(b)
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Figure 5.15: Evolution of (a) charge transfer resistance Rct, (b) constant phase element representing the double layer capacitance
CPEcdl as function of DC/OCP cycle of Al 6082 alloy during R3.
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Accordingly, the corrosion behaviour can be deduced from the charge transfer
resistance Rct and constant phase element CPECdl values. A significant decrease in
Rct value of EISi from 21.3 to 6.3 kΩcm2 for R1, 18.1 to 5.5 kΩcm2 for R2 and 8.3 to
3.2 kΩcm2 for R3 after application of the first DC/OCP cycle “EIS1” is observed. This
significant decrease can be explained by the high dissolution rate of the passive that
formed during 2 h EOCP, which is probably completely removed during cathodic
polarisation DC1 and less affectively re-formed during relaxation under alkaline
conditions (i.e. probably thin, porous and very susceptible to pitting corrosion). A
slight decrease in Rct value with increasing the number of DC/OCP cycles during
EIS2-EIS6 is observed.
In contrast, an increase in CPECdl values with increase of number DC/OCP cycles is
observed. Hence, the constant phase element CPE is replaced in the EC with a pure
capacitance element (C) to reflect the non-ideal capacitive behaviour, caused by
factors such as surface compositional heterogeneity and roughness at the metal
substrate/passive film interfaces. As described in Chapter 3 section 3.2.2.3 p58, the
CPE value is controlled by the exponent n, which is an adjustable parameter related
to the inhomogeneity of the sample, which always lies in the range (1 ≤ n ≤ 0).
When the value of n approaches unity, the CPE is equivalent to a pure capacitor, if n
approaches to 0, the CPE is equivalent to pure resistance, but with an n exponent
closer to 0.5, the CPE value is indicative of diffusion processes and consequently,
the CPE indicates a Warburg diffusion component [149-151]. A significant increase
in CPECdl value for EISi from about 8.7 to 29.3 µFcm-2 during R1, 10.3 to 33.1 µFcm-2
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at R2 and 17.4 to 43.1 µFcm-2 at R3 after applied the first DC/OCP cycle “EIS1” is
observed.
As can be seen in Tables 5.2 to 5.4 the Warburg impedance WR values are varying.
Low value of WR corresponds to diffusion of Al+ ions, produced by the anodic
reaction of the metal surface with the bulk electrolyte and to the initiation of
metastable pitting corrosion. High values of WR can be attributed to accumulation
of corrosion products such as white precipitation of Al(OH)3 that covered the pits
resulting in a temporary passivation as revealed in SEM micrographs (Figures 5.3,
5.4 and 5.5 a ) of the corroded samples after six successive DC/OCP cycles during R1
, R2 and R3, respectively.
Due to the need to perform the cyclic experimental test procedures as a continuous
process, it was not possible to characterise by SEM and EDX analysis to explore the
actual thickness and chemical composition of the passive layers formed after the
practical conditions of 2 h EOCP and during/after each the successive DC/OCP cycle.
Furthermore, the extremely low thickness of the (hydrated) alumina layer, which is
only a few nanometres deep, is hardly measurable using common analytical
instruments. Up to now, the extensive literature on this topic failed to introduce a
precise technique that can measure the thickness value of alumina layer claimed to
be present. The thickness value is famously claimed to be between 2-3 nm [171], 510 nm [172], 7.5-15 nm [173], 25 nm [174] less than 40 nm [175] and 70-100 nm
[176]. Reference [177] resorted to employing EIS data fitting (capacitance and the n
exponent values) to determine the thickness of oxide film using the formula (3.4)
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see p59. In this case, the calculated thickness is derived from the capacitance by
assuming the oxide film acts as a parallel plate capacitor with the permittivity
constant is ɛr = 10 in case of alumina, a value comparable to those typically found
in literatures [178-180]. It should be said that values of permittivity constant (ɛr) of
alumina between 8 and 12 have been reported in the literatures [181, 182]. The
calculated alumina layer thickness as a consequence of this was between 1.6 and
2.5 nm but no consideration of factors such as porosity was made.
However, the only sensible option to indirectly obtain a defined thickness of the
passive film is to employ the obtained data (capacitance and n exponent) from
fitting of EIS spectra that are introduced in Tables 5.2 to 5.4 at R1, R2 and R3
respectively using the aforementioned formula (3.4).
As described earlier, when the exponent n approaches unity, the CPE is equivalent
to a pure capacitor, which means that the oxide film can be considered act as a
parallel plate capacitor. Figure 5.16 shows the schematic diagrams of the capacitor
classification according to the characteristics and properties of their insulating
permittivities; (a) the parallel plate capacitor, (b) the fact of the porosity, which is in
parallel to the passive film growth direction, but not parallel to the capacitor plats
(and that a parallel calculation — taking account of the respective permittivities of
the material and the electrolyte filled the pore), and (c) the fact if the layer formed
during 2 h EOCP and during six relaxations cycles is probably in practice a bi-layer of
Al(OH)3 and Al2O3, which is in series with the growth direction, but parallel to the
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capacitor plates (and that series calculation — taking account of the respective
permittivities of the both materials).

Permittivity ɛr

A

Al(OH)3

d

Al2O3

(a) Parallel plate
capacitor

(b) Porosity parallel to
the passive film growth
direction

(c) bi-layer of Al(OH)3 and
Al2O3 in series with the
growth direction

Figure 5.16: Schematic diagrams illustrate the capacitor classification according to
the characteristics and properties of their insulating permittivities.
As mentioned earlier in section 5.3.2 p102-103, the ultimate passive film formed
during EOCP and during six successive DC/OCP cycles is probably pure alumina,
where aluminium hydroxide precipitates often form gels, which crystallise and
gradually change to Al2O3 with time, resulting in the formation of passive film by
the reaction 5.2 [161, 169].
The calculations presented in Tables 5.5 and 5.6 and plotted as a function of the
DC/OCP cycles shown in Figure 5.18 (a-c) were carried out to determine the likely
evolution of passive film thickness based on a consideration of existence porosity or
not in the passive film.
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Table 5.5: The calculated thickness of the passive film (assuming pure Al2O3 and no porosity) formed during 2 h EOCP and six successive
DC/OCP cycle during R1, R2 and R3.
Cycle No.

CPECdl
(µF.cm-2)

Rct
(kΩcm2)

n

Density D%

Porosity ρ%

Permittivity
of electrolyte

Total permittivity
constant ɛr

d(nm)

(at EOCP)
1
2
3
4
5
6

8.73
29.3
32.4
34.3
34.4
36.5
38.1

21.3
6.1
6.2
5.9
5.3
4.8
4.6

0.92
0.91
0.91
0.91
0.91
0.91
0.91

100
100
100
100
100
100
100

-

-

10
10
10
10
10
10
10

43.5
12.9
11.7
11.1
11.1
10.4
9.9

(at EOCP)
1
2
3
4
5
6

10.3
33.1
34.4
34.6
35.4
36.8
40.5

18.1
5.5
4.4
4.2
3.7
3.1
2.9

0.91
0.89
0.89
0.89
0.89
0.89
0.89

100
100
100
100
100
100
100

-

-

10
10
10
10
10
10
10

36.9
11.5
11.0
10.9
10.7
10.3
9.3

(at EOCP)
1
2
3
4
5
6

17.4
43.1
45.5
46.3
46.5
47.7
49.3

8.3
3.2
2.9
2.8
2.4
1.8
1.6

0.88
0.85
0.87
0.88
0.88
0.88
0.88

100
100
100
100
100
100
100

-

-

10
10
10
10
10
10
10

21.8
8.8
8.3
8.2
8.1
7.9
7.7

R1:

R2:

R1:
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Table 5.6: The calculated thickness of the passive film (assuming pure Al2O3 and porosity “in parallel”) formed during 2 h EOCP and six
successive DC/OCP cycles during R1, R2 and R3.
Cycle No.
R1:
(at EOCP)
1
2
3
4
5
6
R1:
(at EOCP)
1
2
3
4
5
6
R1:
(at EOCP)
1
2
3
4
5
6
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CPECdl
(µF.cm-2)

Rct
(kΩcm2)

n

Density
D%

Porosity
ρ%

Permittivity of
electrolyte

Total permittivity
constant ɛr

d(nm)

8.73
29.3
32.4
34.3
34.4
36.5
38.1

21.3
6.1
6.2
5.9
5.3
4.8
4.6

0.92
0.91
0.91
0.91
0.91
0.91
0.91

98
95.5
95.5
95.5
95.5
95.5
95.5

2
4.5
4.5
4.5
4.5
4.5
4.5

45
45
45
45
45
45
45

ɛr =(0.980 x 10) + (0.020 x 45) = 10.60
ɛr =(0.955 x 10) + (0.045 x 45) = 11.58
ɛr =(0.955 x 10) + (0.045 x 45) = 11.58
ɛr =(0.955 x 10) + (0.045 x 45) = 11.58
ɛr =(0.955 x 10) + (0.045 x 45) = 11.58
ɛr =(0.955 x 10) + (0.045 x 45) = 11.58
ɛr =(0.955 x 10) + (0.045 x 45) = 11.58

50.5
15.0
13.6
12.8
12.8
12.0
11.6

10.3
33.1
34.4
34.6
35.4
36.8
40.5

18.1
5.5
4.4
4.2
3.7
3.1
2.9

0.91
0.89
0.89
0.89
0.89
0.89
0.89

95.5
94.5
94.5
94.5
94.5
94.5
94.5

4.5
5.5
5.5
5.5
5.5
5.5
5.5

45
45
45
45
45
45
45

ɛr =(0.955 x 10) + (0.045 x 45) = 11.58
ɛr =(0.945 x 10) + (0.055 x 45) = 11.48
ɛr =(0.945 x 10) + (0.055 x 45) = 11.48
ɛr =(0.945 x 10) + (0.055 x 45) = 11.48
ɛr =(0.945 x 10) + (0.055 x 45) = 11.48
ɛr =(0.945 x 10) + (0.055 x 45) = 11.48
ɛr =(0.945 x 10) + (0.055 x 45) = 11.48

42.8
13.2
12.7
12.6
12.3
11.8
10.7

17.4
43.1
45.5
46.3
46.5
47.7
49.3

8.3
3.2
2.9
2.8
2.4
1.8
1.6

0.88
0.85
0.87
0.88
0.88
0.88
0.88

94
92.5
93.5
94
94
94
94

6
7.5
6.5
6
6
6
6

45
45
45
45
45
45
45

ɛr =(0.94 x 10) + (0.06 x 45) = 12.1
ɛr=(0.925 x 10) + (0.075 x 45) = 12.63
ɛr =(0.935 x 10) + (0.065 x 45) = 12.28
ɛr =(0.94 x 10) + (0.06 x 45) = 12.1
ɛr =(0.94 x 10) + (0.06 x 45) = 12.1
ɛr =(0.94 x 10) + (0.06 x 45) = 12.1
ɛr =(0.94 x 10) + (0.06 x 45) = 12.1

26.5
11.2
10.2
9.9
9.9
9.6
6.3

Table 5.5 presents the obtained thicknesses calculated by assuming a passive film
(pure alumina) with no porosity (100% density) for R1 R2 and R3. This assumption is
based on the previous thickness calculations that are found in the literature [177,
183, 184], which use the formula 3.4 to fit EIS data without taking into account
factors such as the permittivity constant of the electrolyte that might fill any pores
that are present, which means they assumed the passive film is fully dense. The
calculated thickness of the passive film formed after 2 h EOCP is the largest
compared to the obtained thickness of the passive film that formed after six
successive DC/OCP cycles. Thus, this result suggests that (as previously speculated)
the growth of the passive film formed during exposure to neutral salt solution
proceeded normally (without OH- ion that cause competing chemical dissolution
but then the re-growth of the passivate film taking place during the relaxation time
in each cycle where of the passive film formed in an increasingly alkaline solution
(i.e. progressively highly concentration of OH- ions) was gradually disrupted and
suppressed.
In fact, the passive film (even after EOCP) will definitely contain some porosity that
should take into account (and that will be filled with the electrolyte). Therefore, the
permittivity of the electrolyte that filled the pores in the passive film should also be
considered in the calculation of the actual layer thickness. However, the effective
permittivity is the summation of the permittivity of the passive film (alumina) ɛr =
10 and the permittivity of the electrolyte (sodium chloride) ɛr = 45 [185] (in parallel
at a level of overall porosity that can be inferred from the exponent n in EIS data
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Tables 5.2 to 5.4). However, there is an assumption that, when n = 1 (pure
capacitor), the density of the passive film is 100%, where when n = 0.5 (Warburg
impedance) the assumed density is 75% and when n = 0 the (pure resistor) the
assumed density is 25%. In terms of considering porosity in alumina the calculations
were carried out in parallel (Table 5.6) to simulate connected porosity.
The values of the inhomogeneity exponent n, which researchers generally attribute
to the porosity of the passive film (but rarely, if ever, take account of in their
subsequent thickness calculations) after different runs R1, R2 and R3 that are plotted
as function of number of DC/OCP cycle in Figure 5.17.

Figure 5.17: Inhomogeneity parameter as a function of number of DC/OCP
cycle of the passive film at R1, R2 and R3.
The highest n value is observed for the passive film that formed during 2 h EOCP
during R1, R2 and R3. This can be explained by the passive film that formed during 2
h EOCP being more compact and less defective than the passive film formed during
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six successive DC/OCP cycles. It can be seen that the n values of the passive film
formed during 2 h EOCP and six successive DC/OCP cycles during R1 are the highest
followed by those during R2 then R3. This can be attributed to the passive film for R1
being more compact and less defective than of the passive film during R2 and R3.
From the obtained results that presented in Table 5.5 and 5.6 and plotted in Figure
5.18, it can be observed that the estimated thickness value of a passive film formed
during 2 h EOCP is higher than the one that formed during six successive relaxation
times during R1, R2 and R3. Bearing in mind that any passive oxide layer is effectively
removed during the DC polarisation step (and then, depending on solution pH,
reform in the OCP relaxation period), this can be explained by the growth rate of
the passivating film during 2 h EOCP preceding unhindered in neutral salt solution
without OH- ion attack. Whereas, the growth rate of the passivating film during
OCP1-OCP6 is progressively hindered by increasing levels of OH- ion attack, leading
to less protective passive film formation on the surface of aluminium substrate.
However, the calculated thickness values in Tables 5.5 and 5.6 seem to be more
sensible (to the typical values as reported in the previous literatures [172, 173,
175]), but the calculated thickness values that presented in Table 5.6 are the most
sensible where an existing porosity in the passive film took in the account.
Regardless of the different thickness values obtained from calculations made using
different assumptions, the values for the passive film during R1 seem always to be
thicker (and more dense) than for the passive film during R2 and, similarly the
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passive film of R2 seems to be thicker (and more dense) than the passive film during
R3.

a)

R1
R2
R3

DC1

DC2

DC3

DC4

DC5

DC6

b)
R1
R2

R3

DC1

DC2

DC3

DC4

DC5

DC6

Figure 5.18: Calculated thickness of the passive film as function of DC/OCP cycle
during R1, R2 and R3 a) with no porosity and b) with porosity in parallel.
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5.3.4 Hydrogen permeation current density during DC cathodic polarisation
In order to explore the rate of hydrogen permeation across the passive film (and
how it might change during six successive DC cathodic polarisation cycles) and to
study the effect of the permeability on hydrogen adsorption Hads, it was necessary
to study the hydrogen permeation current density during DC cathodic polarisation.
As ascribed earlier Qin et al. [100] created simulation models (Figure 2.14 p41) that
describe the hydrogen permeation process through a passive film. It can be say in
Figure 5.19 the evolution of hydrogen permeation current density during DC1
during R1, R2 and R3 shows that the diffusion model (D) appears to be linked directly
to the hydrogen permeation current density transients.

H permeation current density (mA/cm2)
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Figure 5.19: Evolution of hydrogen permeation current density during DC1 during
R1, R2 and R3.
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It can be observed that the hydrogen permeation current density increases rapidly
from an initial value (12, 11 and 19 mA/cm-2) to reach a maximum diffusion rate
value (31, 35 and 48 mA/cm-2) at diffusion time tD1, tD2 and tD3 (198, 110 and 97 sec)
during R1, R2 and R3, respectively. This diffusion time is consistent with the time lag
in stage (I) at t1 (198, 110 and 97 sec) of the solution pH evolution during DC1
during R1, R2 and R3, respectively (see Figure 5.27 a-c p146), which will be explained
broadly in a later in section 5.4.1. It can be observed that hydrogen permeation
current density curves after reaching maximum diffusion rate values is slightly
increasing until reaches a saturation-state at a time of tS1, tS2 and tS3 (710, 890 and
1060 sec) during R1, R2 and R3, respectively and remains steady until the DC
cathodic polarisation step is terminated at toff (1200 sec). The continued slight
increase can be explained by the fact that, although the hydrogen permeation rate
through the passive film is no longer increasing, the contribution of aluminate ion
gel formation at the passive film/electrolyte interface continues to hinder Hads
diffusion towards the passive film. This is consistent with the stage (III) of the
solution pH evolution during DC1 (see Figure 5.27 a-c p146) where the increase in
solution pH reaches a steady-state at t2a (710, 890 and 1060 sec) during R1, R2 and
R3 respectively, due to the aluminate ion enrichment at the passive film/electrolyte
interface.
It can be observed in Figure 5.19 that the maximum diffusion rate at tD3 during R3 is
the highest, followed by tD2 during R2 then tD1 during R1 respectively, which can be
related to the high permeability of the relatively porous passive film during R3 and
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to the high hydrogen ions concentration at the Al2O3/electrolyte interface (see
stage (I) in Figure 5.27 c). According to the hydrogen evolution reactions 2.23-2.26
(see section 2.8.1 p39), a high concentration of H+ ions at the Al2O3/electrolyte
interface leads directly to a high level of Hads since the rate of the reaction 1 (2.23)
would be expected to be rapid. However, the concentration of Hads would be
decreased, since the rate of Habs via reaction 4 (2.26) would also be expected to be
rapid (due to the high permeability of the porous Al2O3 film).
In contrast, the maximum diffusion rate up to tD1 during R1 is the lowest (and the
slowest to be reached), which can be related to a low hydrogen permeation rate
into the passive film due to low permeability of the Al2O3 film, which is in this case
relatively dense, compared to the passive films during R2 and R3. However, the
concentration of Hads at Al2O3/electrolyte interface would still be high since the rate
of reaction 4 would be expected to be slow and the rates of reactions 2 and 3 (2.24
and 2.25) would be expected to be slow, but higher than the rate of the reaction 4.
The rates of reaction 2 and 3 depend on the availability of Hads which in turn
depends on the H+ ion concentration at the Al2O3/electrolyte interface. However,
after application of the first DC/OCP cycle, H+ ion decay at the Al2O3/electrolyte
interface would be expected, as the solution pH starts become increasingly alkaline.
Therefore, the concentration of Hads at the Al2O3/electrolyte interface would be
expected to decrease with time.
Table 5.8 presents the total charge (Qt Coulomb/cm2) calculated after each DC
cathodic polarisation during R1, R2 and R3, which may be attributed to the total
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hydrogen ion charge permeating into the passive as Hads. Figure 5.20 shows the
total charge Qt of permeated hydrogen as function of number of DC cathodic
polarisation, during R1, R2 and R3 respectively.

Table 5.7: Total charges of hydrogen permeated into the passive film during DC
DC
Cathodic polarisation
DC1
DC2
DC3
DC4
DC5
DC6

QR1
Coulomb/cm2
37.21
38.62
35.27
35.33
36.11
36.43

QR2
Coulomb/cm2
43.66
44.59
41.76
41.85
41.86
42.15

QR3
Coulomb/cm2
63.69
66.76
64.98
65.04
65.11
65.33

R1
R2
R3

DC1

DC2

DC3

DC4

DC5

DC6

Figure 5.20: The calculated total charge of hydrogen permeated though the
passive film during six DC cathodic polarisation cycles during R1, R2 and R3.
It can be seen that the total charge calculated during DC2 is the highest for all three
samples, which can be attributed to the higher hydrogen permeation rate through
the passive film formed during OCP1 due to its high permeability, which is higher
than the permeability of the passive film formed during 2 h E OCP (that the DC1 test
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results measure). However, the hydrogen ion decay at the Al2O3/electrolyte
interface increases with the number of DC cathodic polarisation cycle. The total
charge calculated during DC2 is higher than during DC3-DC6, due to hydrogen ion
concentration at Al2O3/electrolyte interface being higher even though the passive
films formed during OCP3-OCP6 have higher permeability than those formed during
OCP2.
From Figure 5.20 it can be observed that the total charge curve during DC1-DC6 at
R1 is the lowest compared to R2 and R3. This can be attributed to low hydrogen
permeability of the passive film, which is in this case thick and relatively dense,
compared to the passive film during R2 and R3. Conversely, the highest total charges
curve during DC1-DC6 is observed at R3, which can be attributed to the high
hydrogen permeation rate through the passive film due to high permeability of
Al2O3 film, which is thin and highly porous, compared to the passive film during R2
and R1. These results are consistent with the evolution of hydrogen permeation
current density curves during DC1-DC6 during R1, R2 and R3 that are shown in Figure
5.21.
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Figure 5.21: Evolution of hydrogen permeation current density curves for Al 6082 alloy during a) R1, b) R2 and c) R3and during
six DC cathodic polarisations.
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5.3.5 Relaxation time to reach EOCP after applied DC
Typical graph of evolution of relaxation time to reach EOCP after applied -2 V vs. SCE
DC cathodic polarisation is shown in Figure 5.22. This graph describes the fourstages in the evolution of E, during the 3 h relaxation time of OCP1-OCP6 curves
(Figure 5.16 (a-c)) during R1, R2 and R3.
Stage (I) represents a slope of rapid increasing in potential from -1.5 V vs. SCE to
potential beyond -1.35 V vs. SCE which can instantaneously be observed in the
inflection of the current at t1 (up to approximately 20 sec). During DC cathodic
polarisation the standard potential of the cell is -2 V vs. SCE, imposed by a
potentiostat. Once the imposed DC cathodic polarisation step is terminated the
∘
standard potential of the cell (ECell
) will be calculated from the standard reduction

potentials at the cathode and anode electrodes. Hence the standard reduction
∘
potential at the cathode is EH
+ /H = 0 V and the standard reduction potential at the
2
∘
− = -1.358 V (see Table 2.1 p35). Therefore, the standard potential
anode is ECl
2 /Cl
∘
for the cell ECell
can be calculated according to the following equation:
∘
∘
∘
∘
∘
ECell
= Ered,cathode
− Ered,anode
= EH
+ /H − ECl /Cl− = 0 – 1.358 = -1.358 V
2
2

Nevertheless, the rapid increase in initial potential beyond -1.35 V. vs SCE at stage
∘
(I) during all relaxation OCP1-OCP6 curves is probably due to the ECell
. The rapid

initial increase in potential causes a rapid removal of aluminate gel (agitation due to
the electric field) and fast supply of OH- ions towards Al/electrolyte interface. The
passive film formed during 2 h EOCP is probably completely dissolved during DC
cathodic polarisation leaving the bare Al substrate surface.
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Figure 5.22: Typical graph explains the four stages variation of the evolution of relaxation time to reach E OCP.
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Whereas the relaxation time step carries out in alkaline solution, it can be
considered an indirect aluminium dissolution by consecutive film formation and
dissolution both as a partial of anodic reaction [44]. Therefore, the partial anodic
dissolution reaction of Al substrate can be obtained by concurrent electrochemical
Al(OH)3 film formation from (reaction 2.12 p15) and chemical dissolution of Al(OH)3
film (reaction 2.13 p15), which can be written as (reaction 2.4 p14). The electron
that produced by the anodic reaction (reaction 2.4) will be consumed by the partial
cathodic reaction of water (reaction 2.2 p14). The overall corrosion reaction of Al
substrate in alkaline solution can be written as (reaction 2.6 p14) by combining the
anodic partial (reaction 2.4) and cathodic partial reaction of water (reaction 2.2)
[44, 57].
In the sequence of the overall corrosion reaction (reaction 2.6), aluminate ions will
form at the passive film/electrolyte interface and delay the dissolution rate of the
passive film by slowing down the diffusion of OH- ions towards the Al/Al(OH)3
interface, thereby enhancing the growth rate of the passive film Al(OH)3.
The second stage represents an increase in anodic potential between t1 and t2a. This
increase can be attributed to the recovery of the sample potential to reach its EOCP
value after applied -2 V vs. SCE cathodic polarisation. However, the increase in
anodic potential retards the chemical dissolution of the passive film. Therefore, the
film growth rate can be enhanced by the increase in anodic potential in alkaline
solution [54].

132

It can be observed that the second stage exhibits two different regions of increasing
in anodic potential. The first region represents a low increase in anodic potential in
the region between t1 and t2. This can be associated to the low repassivation rate
that can be explained by the low growth rate of the passivating film due to chemical
attack by OH- ions causing concurrent dissolution. Second, high increase in anodic
potential is observed in the later stage up to Emax at t2a. This can be associated to a
higher film repassivation rate due to aluminate ion enrichment, which enhances the
growth rate of passivating film by hindering OH- ion diffusion towards the passive
film/electrolyte interface.
By comparing the two regions that appear in second stage with the concurrent
evolution solution pH during stage (I) and (Ia) in (Figure 5.28 a-c p153), it can be
concluded that the low repassivation rate (II) is consistent with stage (I) where a
slight increase in solution pH can be observed due to enriched OH- ions and
depleted aluminate ions gel after sudden increase in potential from -2 V vs. SCE to
potential beyond -1.35 V vs. SCE by the electric field at the Al substrate/electrolyte
interface. Whilst, the high repassivation rate (IIa) is consistent with stage (Ia) where
the solution pH seems to be higher than that in stage (I), which can be related to
the increase in aluminate ion concentration retards the dissolution of the growing
passive film.
After reaching Emax at t2a the potential rapidly decreases in the cathodic direction
until reaching a value close to the final EOCP at t3 in stage (III). This decrease can be
explained by transpassive behaviour (localised corrosion or passive film
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breakdown), which is probably caused by the onset of pitting corrosion of the
aluminium, where the pitting potential of aluminium corresponds to that at in
which the corrosion process is accelerated by diffusion of aggressive anions (such as
Cl- ions) through the passive film [47]. The last stage (IV) represents a steady-state
potential around the EOCP value (with minor fluctuations persisting) until the
relaxation time terminated at toff (10800 sec). This fluctuation can be associated to
the changes of solution pH at the passive film/electrolyte interface (see stage (II)
Figure 5.28 a-c).
Figure 5.23 (a-c) shows 2 h EOCP and six successive relaxation times OCP1-OCP6 to
reach the EOCP after successive DC cathodic polarisation during R1, R2 and R3. The
OCP1-OCP6 curves appear to be composed with the four-stage variation of E(V)
that was described earlier in Figure 5.22. It can be observed that during OCP1-OCP6
curves during R1, R2 and R3 the stage (I) represents a slope of rapid increase in
anodic potential from applied -2 V vs. SCE to potential value beyond -1.35 V vs. SCE
at t1 (up to approximately 20 sec). This can be associated to the standard potential
∘
of the cell ECell
.

During first relaxation time OCP1 for R1 the second stage represents an increase in
anodic potential from potential beyond -1.35 V (vs. SCE) to Emax -0.703 V (vs. SCE) at
686 sec. It can clearly be observed that this increase in anodic potential exhibits two
different regions.
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Figure 5.23: The evolutions in 2 h EOCP exposure to 3.5 wt. % NaCl solution and
evolution of six successive relaxation times to reach EOCP, after successive six
DC cathodic polarisations during a) R1, b) R2 and c) R3.
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First, a low increase in anodic potential follows immediately after the stage (I) up to
120 sec (which can be related to low repassivation rate). Second, a higher increase
in anodic potential is observed in the later stage up to E max at 686 sec (which can be
related to higher repassivation rate).
After reaching Emax a rapid decrease in potential to EOCP at 790 sec is observed at
stage (III). This can be associated to transpassive behaviour of the passive film. In
stage (IV) the potential remains in steady-state at EOCP, with minor fluctuations until
the relaxation time OCP1 terminated at toff.
During R2 during OCP1 the second stage represents an increase in anodic potential
from potential beyond -1.35 V (vs. SCE) to Emax -0.691 V (vs. SCE) at 690 sec, which
also exhibits two different regions. First, low increase in anodic potential followed
immediately stage (I) up to 300 sec associated to the low repassivation rate.
Second, high increase in anodic potential in the later stage to E max at 580 sec is
observed, which related to the high repassivation rate. In stage (III) it can be seen
that after reaching Emax the potential rapidly decreased to EOCP at 834 sec. This can
be associated to the transpassive behaviour. In stage (IV) the potential remained in
steady-state at EOCP with minor fluctuations until the relaxation time OCP1
terminated at toff.
By contrast, the second stage during OCP1 during R3 represents an increase in
anodic potential from potential beyond -1.35 V (vs. SCE) to Emax -0.604 V (vs. SCE) at
1298 sec. This increase exhibits two different regions. First, the low increase in
anodic potential up to 800 sec following the stage (I), which related to the low
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repassivation rate. Second, high increase in anodic potential in the later stage to
Emax at 1298 sec, associated to the high repassivation rate is observed. In stage (III)
after reaching the Emax a rapid decreased in potential to EOCP at 1455 sec is
observed, which can be associated to the transpassive behaviour of the passive film.
Stage (IV) represents the steady-state of the potential at EOCP with minor
fluctuations that persists until the relaxation time OCP1 terminated at t off.
It can be concluded that all stages during OCP1 have similar behaviour during R1, R2
and R3, but with different period of time. Where the second stage during R1 is
observed to be the shortest followed by R2 and R3. This can be related to the rapid
Al(OH)3 film formation that formed at Al/electrolyte interface due to less OH- ion
attack, since low OH- ions concentration can be observed from the upward spike
once DC cathodic polarisation terminated. It can be observed that the upward spike
during R2 is higher than that one during R1 and less than the upward spike during R3,
which suggests that the OH- ions concentration is the highest for R3, which can
cause the delay of the rate growth of passive film by its chemical attack (and hence
the longer timescale of OCP relaxation for this sample).
By comparing the obtained graphs in Figure 5.23 a-c during R1, R2 and R3, it can be
deduced that the four-stage variations during in E(V) relaxation time for OCP1-OCP6
have similar behaviour, but with different period of time during the second stage
due to the different OH- ion concentration after DC cathodic polarisation
terminated. As explained earlier this stage represents an increase in anodic
potential from potential beyond -1.35 V (vs. SCE) to Emax for relaxation times OCP2-
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OCP6. This increase can be attributed to the repassivation rate of the passive film
that apparently exhibits two different regions. First, the low increase in anodic
potential following stage (I) (up to 200, 300 and 800 sec during R1, R2 and R3
respectively), which can be related to the low repassivation rates. Second, a higher
increase in anodic potential observed in the later stage to Emax at t2a, which can be
related to higher repassivation rates. The obtained values of Emax at t2a during
relaxation time OCP1-OCP6 during R1, R2 and R3 are illustrated in Table 5.9.
Table 5.8: Emax values at t2 during relaxation time OCP1-OCP6 during R1, R2 and R3
Relaxation
time
OCP1
OCP2
OCP3
OCP4
OCP5
OCP6

R1
-0.703
-0.697
-0.691
-0.690
-0.689
-0.678

Emax V. vs SCE
R2
-0.691
-0.687
-0.703
-0.680
-0.700
-0.688

R3
-0.604
-0.672
-0.583
-0.693
-0.677
-0.706

R1
686
707
750
751
815
856

t2 (sec)
R2
690
757
763
780
785
901

R3
1298
1387
1426
1429
1430
1453

From Table 5.9 it can clearly be observed that the time for anodic potential to reach
Emax during R1, R2 and R3 becomes slower with increasing number of DC polarisation
cycles. This can be associated to the gradual retardation of repassivation rate with
increasing OH- ion attack (that lowered the growth rate of a passivating film through
competitive dissolution). The increase in OH- ion concentration with increasing
number of DC/OCP cycles can be traced back to the formation of OH- ions during
the relaxation time from the pitting corrosion reactions 2.18-2.20 p22-23. It can be
seen that the increase in anodic potential to reach Emax value at t2 during OCP1OCP6 has proceeded faster for R1 than during OCP1-OCP6 for R2 and R3 respectively,
which can be related to the rapid growth rate of the passive film due the rapid
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formation of aluminate ions. In stage (III) it can be observed that after reaching Emax
the potential rapidly decreases to EOCP. The decrease in potential can be related to
transpassive behaviour of the passive film that caused by pitting corrosion attack at
anodic overpotential. Stage (IV) represents a steady-state of the potential at EOCP
with minor fluctuations that persist until the relaxation time terminated at toff.
5.4

Evolution of Solution pH During (AC)DC/OCP/AC Cyclic Testing

In order to obtain information on electrochemical corrosion behaviour at the Al
6082 alloy surface electrode/electrolyte interface during 2 h EOCP exposed to 3.5 wt.
% NaCl solution and during repeated of (AC)DC/OCP/AC testing over six cycles, the
evolution of solution pH was monitored simultaneously. Figures 5.24 to 5.26 show
the evolution of solution pH during 2 h EOCP exposed to 3.5 wt. % NaCl solution and
during successive repeats of (AC)DC/OCP/AC cyclic testing during R1, R2 and R3
respectively. It can clearly be observed that the solution pH values during 2 h of EOCP
and initial impedance EISi (AC initial measurement) are steady and stable, ending
with pH values of 5.6, 5.7 and 4.6 during R1, R2 and R3 respectively before the DC
cathodic polarisation started. A sudden downward ‘spike’ in solution pH is observed
immediately with applied -2 V (vs. SCE) DC cathodic polarisation to the
electrochemical cell. This sudden ‘spike’ in pH value is associated to ‘hydrogen
charging’ of the pH probe due to the accumulation of local H+ ions at the Al 6082
alloy/electrolyte interface. The intensity of this offset in pH value depends on the H+
ion concentration. During DC1 the downward spike in solution pH reached value of
4.2, 4.3 (weak acidic) during R1, R2 respectively, and it reached a value of 3.3 (strong
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acidic) during R3. In contrast, a neutral the downward spike in solution pH value
during DC2-DC6 during R1, R2 and R3 is observed. This can be attributed to the low
H+ ion concentration due to hydrogen ion decay after applied DC1. During DC1 the
reduction of hydrogen ion to Hads by the reaction 1 (2.23 p39) would be expected to
be rapid. However, the concentration of Hads at the surface would be decreased
since the rate of Habs via reaction 4 (2.26) would also be expected to be rapid as the
permeability of a passive film is high (see Figure 2.13 a p40), or slow, if the
permeability of the passive film is low. Thus, the rates of reactions 2 and 3 (2.24 and
2.25 p39) respectively would be higher than the rate of reaction 4 as illustrated in
Figure 2.13 (b) p40.
After the DC cathodic polarisation is terminated, the relaxation p to reach the EOCP
value starts with a sudden upward ‘spike’ in solution pH ( to an alkaline value) by
‘hydroxyl (and probably Chloride) charging’ of the pH probe due to rapid
accumulation of OH- and Cl- ions at the Al /electrolyte interface. It can be seen that
the sudden upward ‘spike’ followed by a more gradual increase in solution pH to
become more alkalinity. This increase can be associated to dissolution of the
passive film caused by OH- ion attack in the form of aluminate ions. After certain of
time a decrease in solution pH with time is observed, which can be can be explained
by the acidification of the solution pH due to the production of water and
aluminium chloride (AlCl4- ) complex called “Lewis acid” [186] from pitting corrosion
reactions 2.14-2.18 p23 [47].
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Figure 5.24: Evolution of solution pH vs. time after 2 h EOCP over six successive cycles of (AC)DC/OCP/AC
measurements during R1.
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Figure 5.25: Evolution of solution pH vs. time after 2 h EOCP and over six successive cycles of (AC)DC/OCP/AC
measurements during R2.
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Figure 5.26: Evolution of solution pH vs. time after 2 h EOCP and over six successive cycles of (AC)DC/OCP/AC
measurements during R3.
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In order to follow the underlying mechanism of the electrochemical corrosion
process during repeated six DC/OCP cycles, it was necessary to study the effects of
evolution of solution pH during each individual cycle of DC cathodic polarisation
and relaxation time to reach EOCP. Figure 5.27 (a-c) illustrates the evolution of
solution pH during each of the six DC cathodic polarisation cycles DC1-DC6 during
R1, R2 and R3, whilst Figure 5.28 (a-c) illustrates the evolution of solution pH during
each of the six relaxation times OCP1-OCP6 during R1, R2 and R3 (to reach EOCP after
each applied DC cathodic polarisation).
5.4.1 Evolution of solution pH during DC cathodic polarisation
The evolution of the solution pH during the successive -2 V DC cathodic polarisation
of uncoated Al 6082 alloy samples for three runs R1, R2 and R3 is presented in the
three plots of Figure 5.27 (a-c). It can be seen that the evolution of solution pH
during DC1-DC6 appears to be composed of three-stages in each case.
The first stage (I) corresponds to the sudden downward ‘spike’ in solution pH as the
-2 V DC cathodic polarisation is initially applied followed immediately by a partial
recovery to a somewhat higher value, which remains stable for a certain time
(called hereafter the ‘time-lag’). The time lag is related to the hydrogen permeation
rate through the passive film up to time t1.
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Figure 5.27: Evolution of solution pH over six successive DC cathodic polarisations
during a) R1, b) R2 and c) R3.
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The second stage represents two different increasing rates; region (II) represents an
increase of solution pH between the times t1 and t2, which is attributed to an
increase in aluminate ion formation caused by the dissolution (and eventual
complete removal) of the passive film that formed during 2 h E OCP at DC1 and
during the relaxation time at DC2-DC6 via OH- ion attack.
Stage (IIa) represents the low aluminate ion formation due to low dissolution rate of
aluminium substrate by OH- ions since the dissolution of Al substrate in alkaline
solution occurs by indirect dissolution via consecutive film formation and
dissolution, which both considered as a partial anodic reaction. The dissolution rate
of aluminium substrate will be retarded by aluminate ions enrichment [55].
Aluminate ions tend to accumulate at the Al/electrolyte interface and form viscous
layer that hinders OH- ions to diffuse towards Al/electrolyte interface, thereby
showing a steady-state of solution pH value at stage (III) that persists until DC
cathodic polarisation terminated at toff (1200 sec) where an upward ‘spike’ is
observed, which referred rapid accumulation of OH- and Cl- ions with starting up
the relaxation time step.
By comparing these stages during DC1 during R1, R2 and R3, it can be observed that
the stage (I) represents a time lag up to t1 of (198, 110 and 97 sec) during R1, R2 and
R3 respectively. Since the time lag is related to the hydrogen permeation rate into
the passive film. Therefore, the long-time lag is observed for R1, which can be
attributed to the low hydrogen permeation rate into the passive film, which
proceeded slowly due to low permeability of passive film, which is a thick and
relatively dense as revealed earlier from EIS data. According to the hydrogen
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evolution reactions, it can be deduced that the rate of Habs via reaction 4 would also
be expected to be slow due to the low permeability of passive film. However, in this
case the rate of reactions 2 and 3 would be higher than the rate of reaction 4 as can
be explained in Figure 2.13 b p39. Therefore, the stability of the solution pH value
during the time lag up to 198 sec is related to the high concentration of Hads at the
passive film/electrolyte interface that would tend form H2 gas via the slow
progressive of reactions 2 and 3. However, the permeability of the passive film
during R2 is higher than that one during R1 where the passive film during R2 is
relatively porous as revealed from EIS data. Therefore, the time lag (110 sec) is
observed to be shorter than the time lag for R1 due to the concentration of Hads at
the passive film/electrolyte decreasing since the rate of Habs via reaction 4 would be
expected to be rapid. The permeability of the passive film during R3 is revealed from
EIS data to be the highest. Nevertheless, the time lag is observed to be the shortest
(97 sec). This can be consistent with hydrogen permeation current density up to tD1
(198 sec), tD2 (110 sec) and tD3 (97 sec) during R1, R2 and R3 respectively as described
earlier in Figure 5.19.
By contrast, it can be observed that the time lag during DC2-DC6 is shorter than
that of DC1. This can be attributed to the high hydrogen permeation rate into the
passive film due to high permeability of the passive film and/or low H+ ion decay at
the passive film/electrolyte interface. Therefore, the rate of Habs via reaction 4
would be expected to be rapid as the permeability of a passive film is high.
During DC1 the stage (II) represents a slope of increasing rate of solution pH up to t2
(500, 230 and 170 sec) during R1, R2 and R3 respectively. This slope can be related to
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the aluminate ion formation by dissolution of the alumina passive film formed
during 2 h EOCP, which is probably completely removed from Al substrate surface.
For R1 the slope appeared to be the highest and slowest followed by those during
R2 and R3. This can be related to the structure and thickness of the alumina passive
film that formed during 2 h EOCP in each case. The alumina passive film (As revealed
earlier from EIS data and calculated thickness) during R1 is relatively dense and
thick; therefore, the complete dissolution of the alumina film by OH- ion attack
takes longer time (500)), in the form of aluminate ions compared to those (220, 160
sec) during R2 and R3 respectively.
Stage (IIa) represents a slight increase in solution pH up to t2a (710, 890 and 1060
sec) during R1, R2 and R3, respectively. This slight increase can be attributed to the
low rate of aluminate ion formation due to the low dissolution rate of the
aluminium substrate by OH- ions. The dissolution rate of aluminium substrate will
be retarded by aluminate ions enrichment. The solution pH ultimately reaches a
steady-state at t3 (710, 890 and 1060 sec) during R1, R2 and R3, respectively due to
the formation of a viscous layer of aluminate ions as can be observed in stage (III)
and it continues until DC cathodic polarisation terminated at toff. It can be observed
that the stage (IIa) during R1 is the shortest, followed by those during R2 and R3. This
can be related to the fast enrichment of the aluminate ions at the aluminium
substrate/electrolyte interface (where it can be seen in stage (II) that the highest
pH value at t2 is during R1, followed by those R2 and R3, depending on aluminate ion
concentration.
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During DC2-DC6 the second stage presents a low and slow increasing rate in
solution pH up to t2a (710, 890 and 1060 sec) during R1, R2, R3 respectively. This can
be associated to a lower level of aluminate ion formation, due to rapid dissolution
of the alumina film formed during the relaxation time as well as to the progressively
lower OH- ion concentration when DC cathodic polarisation (DC2-DC6), is carried
out in an alkaline solution. The dissolution rate of the aluminium substrate will be
retarded by aluminate ions enrichment and then solution pH ultimately reaches a
steady-state at t3 (710, 890 and 1060 sec) in stage (III) which continues until DC
cathodic polarisation is terminated at toff. It can be noticed that the slope of
increasing solution pH in stage (II) does not appear during DC2-DC6, which can be
related to a rapid dissolution rate of the thin and porous passive film, which is
(compared to the passive film formed during 2 h EOCP) that formed during relaxation
time. A rapid upward spike in measured solution pH is observed at toff, when the DC
cathodic polarisation is terminated. This can be attributed to the OH- and Cl- ions
charging at the pH probe.
5.4.2 Evolution of solution pH during relaxation time OCP to reach EOCP
Figure 5.27 (a-c) shows the six successive relaxation times OCP1-OCP6 to reach the
EOCP during R1, R2 and R3. The evolution of solution pH appeared to be composed of
two stages. The first stage corresponds to two different increasing rates in solution
pH; stage (I) represents the rapid increase of solution pH up to t1 (200, 300 and 600
sec for R1, R2 and R3, respectively) which can be attributed to ‘hydroxyl charging’ of
the pH probe due to the rapid accumulation of OH- ions at Al/electrolyte interface.
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Figure 5.28: Evolution of solution pH during six successive relaxation times after applied DC
cathodic polarisation during a) R1, b) R2 and c) R3.
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After imposed -2 V vs. SCE DC polarisation terminated the potential rapidly
increased beyond to-1.5 V vs. SCE and instantly increases to potential beyond -1.35
V vs. SCE, which caused a rapid agitation to aluminate ion viscous layer and fast
supply to OH- ions towards Al/electrolyte interface. An increase in solution pH is
observed up to t1, which can be attributed to the dissolution of Al substrate in the
form of aluminate ions. As mention earlier in section 5.3.5 Figure 5.21 p132 the
stage (II) is attributed to the low repassivation rate region due to the OH - ion attack
that lowered the growth rate of the passive film.
Stage (Ia) represents a further increase in solution pH up to t1a (620,780 and 1320)
sec during R1, R2 and R3 respectively. This can be related to the gradual increase in
aluminate ion formation (enrichment) at Al2O3/electrolyte interface that retards the
dissolution rate of Al substrate and enhances the growth rate of passivating film
Al2O3. This stage is consistent with the stage (IIa) in Figure 5.22 that is attributed to
the high repassivation rate region of the passive film.
Stage (II) shows a decrease in solution pH value with fluctuations until toff is reached
(10800 sec). The decrease can be explained by the acidification of the solution pH,
which probably due to the production of water and aluminium chloride (AlCl 4- )
complex called “Lewis acid” [186] from the pitting corrosion.
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5.5

Summary

Despite the large number of literature studies devoted to the dissolution of
aluminium in alkaline media [35, 49, 52, 54, 187], one cannot determine the precise
sequence of events by which the overall rate of corrosion is explained easily,
because it depends on various starting parameters, such as solution pH, initial
potential and presence of the native oxide film on the surface of Al substrate.
Therefore, the influence of these parameters on the dissolution behaviour of Al
6082 alloy was evaluated systematically in this Chapter. The main finding of this
work can be summarised in the following bullets:
–

The influence of both DC cathodic polarisation and solution pH on the
electrochemical corrosion behaviour of Al 6082 alloy was investigated using
a cyclic test procedure that can be applied in a relatively short period of
time (around 24 h).

–

During the DC cathodic polarisation the mechanism of hydrogen permeation
current and total charge of hydrogen permeated into the passive film are
demonstrated. Meanwhile evolution of solution pH demonstrated the
changes in solution pH due to aluminate ion formation caused by chemical
dissolution of the passive film by OH- ion attack. Aluminate ions gradually
accumulate at Al/electrolyte interface and form a gel layer that can retard
the dissolution rate of the passive film and the pH value ultimately reaches a
steady-state.
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–

The growth rate of the new passive film formed during the relaxation time
(in alkaline solution) is controlled by the competition between the rate of
electrochemical film formation and rate of chemical dissolution.

–

EIS data revealed how the passive film damage progressively increased after
application of the first DC/OCP cycle.

–

The thickness of the passive film formed after 2 h E OCP and after six
successive relaxation times was calculated in terms of EIS data and the
assumption of the existence (or not) of porosity in the passive film.

–

The progressive surface damage of Al 6082 alloy with increasing number of
DC/OCP cycles can clearly be seen from the SEM micrographs of surface
morphology. This observation is in accord with EIS data that confirms the
significant decrease in the impedance response values (Rct) and increase in
capacitance values (CPEcdl).

–

Investigation and correlation the temporal and spatial evolution between
solution pH and electrochemical characteristics on Al 6082 are confirmed.
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Chapter Six
6 Evaluation of Corrosion Behaviour of PVD Albased Coatings deposited on 17/4 PH steel

6.1

Introduction

In this chapter in order to obtain important new electrochemical information on
complex electrically-metallic coating/substrate systems, advanced (AC)DC/OCP/AC
cyclic testing with concurrent incorporation of solution pH measurement (as
developed in the previous chapter) was used to evaluate three different novel PVD
Al-based coatings (AlCr, AlCr(N) and AlCrTi) deposited on 14/7 PH (precipitation
hardening) stainless steel substrate, in terms of electrochemical corrosion
behaviour. The results obtained are retrieved from two main experimental sets that
were carried out to achieve the objectives of this thesis work; i) electrochemical
data obtained at initial EOCP and after six successive cycles of (AC)DC/OCP/AC cyclic
testing and ii) solution pH data monitored concurrently with the electrochemical
test cycle. In addition, the structural and chemical composition of these coatings is
characterised using SEM and EDX analysis. Conventional open circuit potential
(EOCP) and potentiodynamic polarisation scans are also employed, to determine the
corrosion behaviour of PVD Al-based coatings coupled to a 17/4 PH steel substrate
(a material used commonly for structural and load-bearing components in aircraft
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applications, where toxic protective coatings such as electroplated hard chromium
and cadmium are traditionally used).
6.2

Phase composition analysis

X-ray diffraction patterns of PVD Al-based coatings and their 17/4 PH substrate are
presented in Figure 6.1. X-ray scans were performed with Bragg-Brentano
diffraction method, over the range of 2θ from 20° to 90°.

Al80Cr20
Al3Cr7
TiAl3
Al
α-Fe
γ-Fe

Figure 6.1: X-ray diffraction patterns of uncoated 17/4 PH steel and PVD Al-based
coatings deposited on 17/4 PH steel substrate.

It can be seen that for 17/4 PH steel, there are four main peaks in the XRD pattern
corresponding to the presence of α-martensite reflection Fe at around 2θ = 45°,
51°, 65°and 83°. In addition, multiple XRD peaks are positioned around 2θ = 43°and
82°, associated (to other lower intensity diffraction) probably martensite and/or
delta ferrite.
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For AlCr coating deposited on 17/4 PH steel, the XRD pattern exhibited peaks
reflected from both structures: the substrate 17/4 PH steel as mentioned above
and the coating which was probably Al80Cr20 at around 2θ = 38° and Al3Cr7 at 2θ =
44°.
In AlCr(N) coating the Influence of addition of a nitrogen reactive gas flow rate on
the AlCr coating can be seen: a low intensity of peak at 2θ = 38° corresponding to
delta Al80Cr20 intermetallic phase appeared while the peak Al3Cr7 at 2θ = 44° has
disappeared. It can be noted the intensities of peaks at 2θ = 38°, 2θ = 65°, 2θ = 45°
and 2θ = 83°, were lower indicating a reduction in coating grain size than coatings
without nitrogen, (and/or partial amorphisation).
A slight change of all the detected XRD peaks were noted as titanium was added in
the AlCrTi coating; the peak at 2θ = 78° disappeared, which corresponds to the
absence of Al3Cr7 phase. The peak at 2θ = 43° corresponding to TiAl3 phases within
Al-based coating.
6.3

Composition and Structural Characterisation

Coating cross-sectional characterisation of PVD Al-based coatings deposited on
17/4 PH steel substrate as received carried out using SEM micrographs and EDX
linescan-profile are shown in Figures 6.2 to 6.4.
Figure 6.2 (a-c) shows the SEM micrograph with EDX analysis of the cross-section of
AlCr coating. The cross-sectional SEM micrograph (Figure 6.2 a) exhibits a thin Cr
base coat (interlayer) and an AlCr top layer. The structure of the coating appears to
have pores and be columnar with voids at the chromium interlayer/substrate
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interface, and the average thickness of the AlCr coating is about 6.7 µm. According
to the EDX linescan-profiles for the constituent elements of AlCr shown in Figure
6.3 c, the distribution of the components revealed in the AlCr cross-section
indicates to the high peak intensity of Al, which emphasizes that Al is the main
element (with high content about 80 at. %) in the coating composition, while the
intensity peak of Cr is moderated (about 20 at. %) with the energy resolution of the
EDX detector.
SEM micrograph with EDX analysis of AlCr(N) coating is shown in Figure 6.3 (a-c). A
relative thick and dense cross-sectional AlCr(N) coating is shown in the SEM
micrograph in Figure 6.3 a, compared to AlCr coating. The coating exhibits uniform
structure of Cr base coat (interlayer) and an AlCr(N) top with good bonding to the
substrate is apparent and the average thickness of AlCr(N) coating is about 7.8 µm.
EDX linescan-profiles for the constituent elements of AlCr(N) shown in Figure 6.2 c
indicates to high intensity peak of Al, while the peak intensity of Cr appears to be
low while the intensity of N is very low and undetectable with the energy resolution
of the EDX detector.
SEM micrograph with EDX analysis of AlCrTi coating is shown in Figure 6.4 (a-c). The
cross-section (Figure 6.4 a) shows a denser, thick and uniform structure compared
to AlCr and AlCr(N) coatings.
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Figure 6.2: SEM & EDX analysis of cross-sectional of AlCr coating: a) SEM surface plane micrograph, (b) SEM micrograph overlaid with
EDX linescan-profile and c) EDX linescan-profile of the distribution of constituent elements.
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Figure 6.3: SEM & EDX analysis of cross-sectional of AlCr(N) coating: a) SEM surface plane micrograph, (b) SEM micrograph overlaid
with EDX linescan-profile and c) EDX linescan-profile of the distribution of constituent elements.
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Figure 6.4: SEM & EDX analysis of cross-sectional of AlCrTi coating: a) SEM surface plane micrograph, (b) SEM micrograph overlaid
with EDX linescan-profile and c) EDX linescan-profile of the distribution of constituent elements.
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However, there appear to be voids at the coating/substrate interface and the
average thickness of AlCrTi coating is about 10.6 µm. EDX linescan-profiles for the
constituent elements of AlCrTi (Figure 6.4 c) show the distribution of the elements
cross-section, which reveals high peak intensity of Al, low peak intensity of Cr while
the intensity of Ti is very low and undetectable.
SEM micrographs and EDX analysis of the surface morphologies of PVD Al-based
coatings deposited on 17/4 PH steel substrate as received and corroded after six
successive DC/OCP cycles are shown in Figures 6.5 6.6 and 6.7.
The surface SEM micrograph analysis of as-received AlCr coating showed in Figure
6.5 a, exhibits compact structure and refinement of surface morphology. The EDX
spectrum analysis (Figure 6.5 d) of the as-received AlCr coating shows high peak of
Al and low peak of Cr; the chemical composition in at. % is presented in Figure 6.5
d) inset Table. In contrast, the corroded surface morphology of AlCr (Figure 6.5 b),
exhibits significant degradation of AlCr coating, which manifested as severe pitting
damage after six successive DC/OCP cycles.
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Figure 6.5: SEM micrographs of AlCr coating deposited on 17/4 PH steel: (a) surface morphology plane as-received,
(b) corroded surface morphology plane, (d & E) EDX spectrum analysis with inserted table of chemical composition of
as-received and corroded coating respectively.
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Figure 6.5 e shows the corresponding EDX spectrum analysis of the corroded
surface, which exhibits a mixture of chemical composition of AlCr coating and 17/4
PH substrate elements where stronger peaks of Fe, O and Cr are observed
compared to original EDX where an intense peak of Al was revealed. This can be
associated to the significant degradation of AlCr coating; the chemical composition
in at. % is presented in Figure 6.5 e inset Table.
The SEM micrograph (Figure 6.6 a) of the surface morphology of as-received AlCr(N)
coating reveals a more dense and compact structure compared to AlCr coating. The
corresponding EDX spectrum analysis (Figure 6.6 d) exhibits high intensity peak of
Al and low intensity peaks of Cr and N the chemical composition in at. % is
presented in Figure 6.6 d inset Table. In contrast, Figure 6.6 b shows the SEM
micrograph of the corroded surface coating after exposure to six successive DC/OCP
cycles. The SEM image reveals a partial integrity of coating and exposed area of
layers with some microcracks. This can be explained by coating spallation that
revealed layers, which can be probably attributed to chrome oxide of 17/4 PH steel
that formed on the substrate surface. According to the Figure 6.6 e the EDX
spectrum analysis of the corroded surface exhibits a mixture of chemical
composition between AlCr(N) coating and the substrate elements where high
intensity peaks of the substrate elements Fe, Cr and O are revealed, compared to
the main coating element (Al) the chemical composition of corroded surface in at.
% is presented in Figure 6.6 e inset Table.
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Figure 6.6: SEM micrographs of AlCr(N) coating deposited on 17/4 PH steel: (a) surface morphology plane as-received,
(b) corroded surface morphology plane, (d & E) EDX spectrum analysis with inserted table of chemical composition of
as-received and corroded coating respectively.
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SEM micrograph of as-received surface of AlCrTi coating (Figure 6.6 a) exhibits a
bimodal distribution of interconnected phases of primary aluminium matrix and
titanium intermetallic content. The addition of titanium to Al-alloys causes
separation in Al matrix and intermetallic phase mostly TiAl3 [78]. Figure 6.6 d shows
the corresponding EDX spectrum analysis of as-received AlCrTi coating, which
indicates high intensity peak of Al and low intensity peaks of Cr and Ti, the chemical
composition as-received AlCrTi in at. % is presented in Figure 6.6 d inset Table. In
contrast the SEM micrograph of corroded surface (Figure 6.6 b) exhibits white
precipitates of insoluble Al(OH)3 accumulated at Al matrix/TiAl3 boundary or
boundaries. This can be explained by the intergranular corrosion that resulted from
the localised galvanic attack. However, the addition of titanium into Al matrix
constructs local cathodic sites. therefore intermetallic phase TiAl 3 behaves as a
cathode, while Al matrix behaves as anode and dissolves [78].
Figure 6.6 c shows the SEM micrograph that exhibits corrosion pits that formed at
the Al/TiAl3 boundary, which are covered with white insoluble precipitates of
Al(OH)3. The EDX spectrum analysis of corroded AlCrTi coating (Figure 6.6 e) reveals
high intensity peaks of Al, Cr and Ti and low intensity peaks of Fe attributed to the
low coating degradation due to the contribution of the low galvanic potential
difference between this coating and the 17/4 PH steel, leading to a lower driving
force of galvanic corrosion. The chemical composition of corroded AlCrTi coating (in
at. %) is shown in Figure 6.6 e inset Table. The very low intensity peak of Fe can be
attributed to the slight corrosion of the metal substrate due to existence of very
narrow paths in coating structure caused by pits, which can allow a small amount of
electrolyte to penetrate and reach the coating/substrate interface.
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Figure 6.7: SEM micrographs of AlCrTi coating deposited on 17/4 PH steel: (a) surface morphology plane as-received,
(b) corroded surface morphology plane, c) SEM micrograph of a pit and (d & e) EDX spectrum analysis with inserted
table of chemical composition of as-received and corroded coating, respectively.
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Figure 6.8 a-d shows the SEM & EDX analysis of AlCrTi coating to distinguish the
bimodal phases that constitute the coating structure. Figure 6.8 a shows an SEM
micrograph which pointed to an upper surface in the bimodal structure, which
revealed Al matrix as can be confirmed by the corresponding EDX spectrum analysis
(Figure 6.8 c) whereas very low intensity peak of Ti with low at. % content is
revealed. While higher intensity Ti peak with higher at. % content is revealed
(Figure 6.7 d) for the lower surface compared to the upper surface which can be
attributed to the intermetallic phase TiAl3.
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(c)

(b)

(b)

Figure 6.8: SEM & EDX analysis of AlCrTi coating to distinguish bimodal phases; a) SEM
micrograph of upper level surface Al matrix and b) SEM micrograph of lower level
surface intermetallic phase (c & d) EDX spectrum analysis with inserted table of
chemical composition off Al matrix and intermetallic phase respectively.
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6.4

Electrochemical evaluation techniques

6.4.1 Open circuit potential EOCP
Open circuit potential EOCP curves of 17/4 PH, Al-alloy and PVD Al-based coatings
(AlCr, AlCr(N) and AlCrTi) are plotted in Figure 6.9 while the steady-state values
after 2 h exposure time in 3.5 wt. % NaCl solution are presented in Table 6.1.
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Figure 6.9: Changes of 2 h EOCP exposure to 3.5 wt. % NaCl solution for 17/4 PH
substrate, Al 6082 alloy, PVD Al based (AlCr, AlCr(N) and AlCrTi) coatings.
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For 17/4 PH steel substrate an EOCP value of -0.252 V vs .SCE was recorded, thus it’s
cathodic in comparison to the PVD Al-based coatings deposited on it (AlCr, AlCr(N)
and AlCrTi). The evolution of EOCP behaviour exhibits a particular trend where the
EOCP becomes more noble (-0.646 V vs .SCE) by the addition of nitrogen in AlCr(N)
coating compared to EOCP of AlCr coating (-0.773 V vs .SCE) and
increasingly noble by addition of titanium in AlCrTi coating (-0.576 V vs. SCE)
compared to AlCr and AlCr(N) coatings. It can be observed that the EOCP of Al 6082
alloy is nobler than PVD AlCr coating. This can be related to the addition of
ennoblement alloying elements such as Si and Mn to Al.
6.4.2

Potentiodynamic polarisation

Figure 6.10: Potentiodynamic polarisation curves recorded for 17/4 PH steel
substrate, Al 6082 alloy and PVD Al-based coatings (AlCr, AlCr(N) and AlCrTi
deposited on 17/4 PH steel.
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Figure 6.10 shows typical potentiodynamic polarisation curves obtained after 2 h
EOCP exposure to 3.5 wt. % NaCl solution for 17/4 PH steel substrate, Al 6082 alloy
and PVD Al-based coatings deposited on 17/4 PH steel. The polarisation curves
appear to reveal 17/4 PH steel has the strongest passivation tendency compared to
Al 6082 alloy and PVD Al-based coatings. The substrate shows a spontaneous
passivation leading to an insignificant increase in anodic current density, suggesting
that the 17/4 PH steel substrate is mainly inactive in 3.5 wt. % NaCl solution due to
high corrosion resistance induced by the contribution

of chromium in its

composition. There was no evidence of pitting corrosion potential E pit to be seen in
the polarisation curve of 17/4 PH steel.
Table 6.1: EOPC, corrosion potential, corrosion current, pitting and polarisation
resistance values of Al 6082 alloy and PVD Al-based coatings deposited on 17/4 PH.
Materials
Al-alloy
AlCr
AlCr(N)
AlCrTi
17/4 PH

EOCP
(mV)
-748
- 775
- 646
- 576
- 252

Ecorr
(mV)
-755
- 778
- 716
-579
- 252

Icorr
(µA/cm2)
1.084
0.445
0.312
0.107
0.025

Epit
(mV)
-295
- 300
-

βa
βb
Rp
(mV/decade) (mV/decade) (Ωcm-2)
174.3
164.8
84.7
166.8
126.7
71.15
180.5
116.2
99.16
247.5
166.4
196.64
494
79.7
229.5

The polarisation curve obtained for AlCrTi coating shows a similar behaviour to that
of 17/4 PH steel substrate and shows spontaneous passivation of the coating, which
continued until the polarisation terminated with slight increase in anodic current
density compared to 17/4 PH steel. This relative inactivity can be related to the
ennoblement effect due to the combined influence of chromium and titanium that
enhanced the corrosion resistance of the coating as well as titanium tending to
reduce coating porosity by the relative grains refinement. From Table 6.1, the
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relative low corrosion potential difference between AlCrTi coating and 17/4 PH
substrate is indicative of a lower driving force for galvanic corrosion.
For AlCr(N) coating the polarisation curve exhibited passive anodic behaviour,
which is quite similar to that of AlCrTi coating but, with lower corrosion potential
and they are close in anodic current density. This passivity behaviour of the coating
appeared to be due to the combined effect of chromium and nitrogen that leads to
enhanced corrosion resistance of the coated system as well as nitrogen tending to
reduce the coating porosity, as shown in the SEM micrograph of Figure 6.6 a where
a relatively dense coating was revealed.
For AlCr coating deposited on 17/4 PH steel substrate the polarisation curve
exhibits a typical very active anodic behaviour. An initial passivation period was
observed, followed by a gradual increment in corrosion current density at very high
anodic overpotential, which can be related to initiation and propagation of pits.
According to Table 6.1 a relatively high corrosion potential difference between AlCr
coating and 17/4 PH steel substrate demonstrates a strong affinity of the coating
for sacrificial protection of the substrate. The onset of coating pitting corrosion
potential at -300 mV vs. SCE is observed. The polarisation curve obtained for Al
6082 alloy shows a large passivation period followed by a gradual increment in
corrosion current density. The corrosion potential recorded for this alloy was -0.777
V (vs. SCE) . Furthermore, the pitting potential is at about -0.295 V vs .SCE, which is
less negative compared to AlCr coating deposited on 14/7 PH steel.
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Figure 6.11 shows the initial behaviour of the potential during 2 h EOCP (before
application of the potentiodynamic polarisation test cycle and during the 3 h EOCP
before application of the (AC)/DC/OCP/AC cyclic test to the three samples of PVD
Al-based coatings deposited on 17/4 PH steel substrate are. It can be observed that
the initial potential of AlCr during 2 h EOCP decreased from initial potential value of 0.710 V vs. SCE to a value of -0.775 V vs. SCE at 4500 sec. This decrease can be
related to the dissolution of the native oxide film, which is probably Al2O3 film that
formed during sample preparation.
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Figure 6.11: the evolution of open circuit potential during 2 h EOCP before application of
the potentiodynamic polarisation test and during 3 h EOCP before application of the
(AC)/DC/OCP/AC cyclic test to PVD Al-based coatings deposited on 17/4 PH steel.
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The evolution of potential during 3 h EOCP appears to exhibit slight increase from
initial potential -0.779 V vs. SCE to a value of -0.775 V vs. SCE with only minor
fluctuations at 4500 sec. The slight increase can be explained by the growth of an
Al(OH)3 layer on the surface of the AlCr coating. The fluctuation is probably
attributed to the porosity of the passive film due to the changes in surface
morphology. A temporary non-uniform dissolution/recrystallization of Al(OH)3
(because of the high corrosion potential difference between the coating and the
substrate), Al(OH)3 may cause to gradually changes to Al2O3 with time [161, 168,
169]. This can be consistent with the evolution of solution pH during 3 h E OCP for
AlCr (Figure 6.21) that shows minor fluctuations with time. Eventually, the passive
film that formed on the surface of AlCr is probably a porous film consisting a
combination oxides of (Al,Cr)2O3.
For AlCr(N) the evolution of potential during 2 h EOCP exhibits a gradual increase
from an initial potential value of -0.713 V vs. SCE to -0.646 V vs. SCE at 2000 sec,
remaining constant at this value until the end of EOCP. This increase can be
attributed to the formation of the Al(OH)3 that gradually changes to Al2O3 oxide film
on the surface of the AlCr(N) coating. Whilst, the evolution of 3 h EOCP exhibits a
slight increase in potential from initial potential value of -0.676 V vs. SCE to value of
-0.650 V vs. SCE at 2000 sec, and it remained constant at this value until the end of
EOCP. This slight increase in potential at the initial stage attributed to the growth of
the Al(OH)3 that changes to Al2O3 on the surface of AlCr(N). However, the existence
of nitrogen in the AlCr(N) coating tends to reduce the coating porosity as well as the
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passive film porosity. Therefore, a dense passive film consisting a mixture of (Al,
Cr)2O3 oxides is probably formed on the surface of AlCr(N) coating.
The evolution of potential of AlCrTi during 2 h EOCP exhibits a slight decrease, from
an initial potential -0.499 V vs. SCE to -0.576 V vs. SCE at 800 sec, remained
constant at this value until the end of EOCP test. The slight decrease can be
attributed to the dissolution of the native Al2O3 film that formed during sample
preparation. The evolution of potential during 3 h EOCP exhibits an increase in
potential from initial potential value of -0.558 V vs. SCE to value of -0.576 V vs. SCE
at 800 sec, remained constant at this value until the end of E OCP. This increase can
be attributed to the growth of Al(OH)3, which is probably consisting of ternary
composition of very protective oxides of Al2O3, Cr2O3 and TiO2 in the form (Al, Cr)2
Ti2 O7 on the surface of the AlCrTi, promotes this film to be more compact and
more resistant than that of the AlCr and AlCr(N).
It can be observed that the changes in potential in both 2 h and 3 h EOCP cases
occurred at the same time (4500, 2000 and 800 sec) for AlCr, AlCr(N) and AlCrTi
respectively. The changes in potential during EOCP of AlCrTi coating occurred in
shorter time than for AlCr(N) and AlCr. This can probably be related to the
contribution of the relatively small corrosion potential difference between AlCrTi
coating coupled to 17/4 PH steel substrate which causes a lower driving force of the
galvanic corrosion.
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1.1.1 Evolution of EIS spectra after six successive DC/OCP cycles
The characteristic EIS spectra of PVD AlCr, AlCr(N) and AlCrTi coatings deposited on
17/4 PH steel substrate obtained after 2 h EOCP at “EISi” (and after six successive
DC/OCP cycles at “EIS1-EIS6”) are presented as Nyquist plots in Figure 6.12 a-c and
as Bode plots (phase angle vs. frequency) in Figure 6.13 a-c, (impedance modules
vs. frequency) in Figure 6.14 a-c.
The Nyquist plots (Figure 6.12 a) for the PVD AlCr coating exhibits an incomplete
semicircle for the initial (EISi) spectrum in the high frequency range, which can be
attributed to the capacitive behaviour of the passive film that formed during E OCP;
however, at low frequencies a diffusional tail is appeared. This can be related to the
diffusion process caused by preferential dissolution of the Al that is probably
accelerated by the chromium interlayer. Nyquist plots displayed six depressed
semicircles of EIS1-EIS6 spectra obtained after six successive DC/OCP cycles. It can
be seen that the radius of the depressed semicircle decreased with increasing the
number of DC/OCP cycles, which implies a decrease in the charge transfer
resistance of the coating due to an increase in coating corrosion rate because of the
(sacrificial) galvanic coupling to the substrate.
For the PVD AlCr(N) coating the Nyquist plots in Figure 6.12 b show that the initial
EISi spectrum of the coating exhibits a capacitive-resistive behaviour over a wide
frequency range, suggesting the presence of a stable dense passive film that
formed on the surface of AlCr(N) coating during EOCP.
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Figure 6.12: Nyquist plots for PVD Al-based coatings a) AlCr, b) AlCr(N) and c) AlCrTi at
EOCP & after six successive DC/OCP cycles.
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Nyquist plots for EIS1-EIS6 spectra exhibit incomplete semicircles that can be
attributed to a predominantly capacitive behaviour of the AlCr(N) coating. The radii
of incomplete semicircle for EIS1, EIS2 and EIS3 decreased with increasing the
number of DC/OCP cycles, which can be related to the decrease of the charge
transfer resistance of the coating and then increased by DC/OCP cycle 4 (and
continues to increase cycles 5 and 6. This can be attributed to increasingly
capacitive behaviour that is probably due to the contribution of the chrome oxide
layer of 17/4 PH substrate to the overall corrosion resistance of the coating.
The Nyquist plots in Figure 6.12 c show that the initial EISi spectrum of the PVD
AlCrTi coating exhibits one depressed semicircle in the high and middle frequency
range attributed to the capacitive-resistive behaviour of the passive film that
formed on the surface of AlCrTi during EOCP.
In the low frequency range, a diffusional tail appears which can be related to the
diffusion of Al3+ ions, produced by the anodic reaction from the passive film.
Incomplete semicircles are displayed in Nyquist plots for EIS1-EIS6, associated to
the capacitive behaviour (like insulator) of AlCrTi coating. This behaviour is likely to
be due to a combination of solid solution effects (Al matrix) and grain size
refinement (Ti). The radius decreased with increasing DC/OCP cycles, which can be
associated to decrease in charge transfer resistance (corrosion resistance) due to
the preferential dissolution of Al at the TiAl3/Al interface caused by local galvanic
cell interactions between the Al matrix (anode) and TiAl3 intermetallic phase
islands (cathode) [78].
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Figure 6.13 a-c represents the Bode plots (phase angle vs. frequency) for EIS spectra
of PVD AlCr, AlCr(N) and AlCrTi coatings after 3 h EOCP and after six successive
DC/OCP cycles. Bode phase angle plots for the AlCr coating in Figure 6.13 a show
the initial EISi spectrum featuring two phase angles (two peaks) in the low and
middle frequency range; a high phase angle with -65° displayed in the middle
frequency range (attributable to a capacitive behaviour of the passive film the
formed on the surface of AlCr) and a low phase angle with -52° displayed over the
low frequency range, (related to the diffusional process of Al3+ ions diffusion from
the passive film). The Bode phase angles of spectra EIS1 and EIS2 exhibit typical
resistive-capacitive behaviour, featuring one constant phase angle (complete peak)
over a wide range of frequency (0.1-100 Hz), suggesting the presence of stable
behaviour of AlCr coating. The Bode phase angles of spectra EIS3-EIS6 featuring two
peaks, one at intermediate and close to the low frequencies, which relate to the
charge transfer resistance and exhibit a small inductive peak a low frequency range,
which can be correlated to passivation effects due to the accumulation of corrosion
products. The broadening of the EIS spectral peak becomes narrower with
increasing number of DC/OCP cycles as well as its phase angle progressively
decreasing to lower values. This can be related to a gradual decrease in charge
transfer resistance as the corrosion rate of the AlCr coating increases because of
the galvanic effect between the coating and 17/4 PH substrate.
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Figure 6.13: Bode plots (phase angle vs. frequency) of PVD Al-based coatings a) AlCr, b) AlCr(N) and c) AlCrTi at EOCP & after six
successive DC/OCP cycles.
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Figure 6.13 b shows the Bode phase angle plots of the AlCr(N) coating, which
exhibits one complete phase angle over a wide range of frequency range (0.1-1000
Hz) for the initial EISi spectrum attributed to the resistive-capacitive behaviour of
the passive film that formed on the coating surface. The combination of chromium
and nitrogen can enhance the pitting corrosion resistance of the coating as well as
addition of nitrogen reducing coating porosity. Bode phase angle spectra of EIS1EIS6 exhibit one incomplete peak in the middle to low frequency region, indicative
of capacitive coating behaviour with insulating properties. It can be seen that the
peak deviated towards the middle frequency range after the 4th DC/OCP cycle,
which can probably be attributed to a tendency for resistive-capacitive behaviour
due to the contribution of the chrome oxide layer of the 17/4 PH steel substrate to
the overall barrier protection.
Bode phase angle plots (Figure 6.13 c) of AlCrTi coating exhibit a resistive-capacitive
behaviour for the initial EISi over a wide frequency range (0.1-10000 Hz) by phase
angle approaching -83°, suggesting the presence of highly stable passive film on the
surface of AlCrTi. In the low frequency range (< 0.1Hz), a diffusional process is
observed, which caused by the diffusion of Al3+ ions, which is produced by the
anodic reaction from the passive film.
Bode phase angle plots of spectra EIS1-EIS6 exhibit highly capacitive behaviour,
which is indicated at intermediate frequency range (0.01-1000 Hz) by a phase angle
approaching -76°. The maximum phase angle reduced from -83° to around -76° and
the broadening of the peak becomes narrow with increasing number of DC/OCP
cycles, which can be attributed to a decrease of charge transfer resistance of the
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coating due to an increase in corrosion rate because of the local galvanic cell
interactions between the Al matrix (anode) and AlTi3 intermetallic phase islands
(cathode).
Figure 6.14 (a-c) represents the Bode plots (impedance modulus vs. frequency) for
EIS spectra after 3 h EOCP and after six successive DC/OCP cycles of PVD AlCr, AlCr(N)
and AlCrTi coatings. The Bode modulus of the AlCr coating (Figure 6.14 a) shows the
impedance modulus |Z| for the initial EISi is the highest (2.4 x 10-4 Ωcm2), which
can be attributed to the high corrosion resistance of the passive film and the
coating system. The value of |Z| decreased significantly to 5.3 x 10 -3 Ωcm2 after
DC/OCP cycle 1 and then it continues to the decrease with increasing DC/OCP cycles
until reaching 1.3 x 10-3 Ωcm2 by the 6th DC/OCP cycle. This can be attributed to the
decrease in the charge transfer resistance of the coating (increase in corrosion rate)
with DC/OCP cycles. For the AlCr(N) coating, the Bode modulus in Figure 6.14 b
shows the highest |Z| value for EISi (1.5 x 10-5 Ωcm2) but significantly decreased to
1.4 x 10-4 Ωcm2 after DC/OCP cycle 1, then continues to decrease with increasing
DC/OCP cycle to reaching 7.3 x 10-3 Ωcm2 by the 3rd DC/OCP cycle. This can be
attributed to a decrease in the charge transfer resistance of the coating due to the
increase in corrosion rate of the coating. After application of the 4th DC/OCP cycle,
the |Z| value increased to 9.6 x 10-3 Ωcm2 and then continued to increase with
DC/OCP cycles to reach 2.5 x 10-4 Ωcm2 by DC/OCP cycle 6. This can be attributed to
the increase in charge transfer resistance, which is in this case again probably due
to the contribution of the chrome oxide layer on the 17/4 PH steel substrate to the
overall barrier protection of the coating system.
180

105

105
EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

106

105

(a)

2

104

|Z| (Ωcm )

2

|Z| (Ωcm )

105

104

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

104

104
103

102

101
3
10
105 -2 3
10 10

10-1-1

10-2

100

10

Frequency (Hz)
Frequency (Hz)

3
100 100 10 -2EISi.z
10-210
10-1
EISi.z105 EIS1.z
EIS2.z

EIS1.z
EIS2.z
EIS3.z
6
10
EIS4.z
EIS5.z
EIS6.z

105

(b)

2

|Z| (Ωcm )

2

-1
101 10 102

103

104

100 105

104

Frequency
(Hz)
Frequency (Hz)

EIS3.z
EIS4.z
EIS5.z
EIS6.z

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

105

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

|Z| (Ωcm )

104

100

104

104
103

102

101

103 5
3
10
10-2 10

10-1-1

10-2

100

10

100
EISi.z
100 103
EIS1.z
-2
-2 EIS2.z
10
10-1
5
10
10
EIS3.z
EIS4.z
EIS5.z
106
EIS6.z

Frequency (Hz)
Frequency (Hz)

6

10

(c)

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

100

101 10-1 102

103

Frequency (Hz)

Frequency (Hz)

2

|Z| (Ωcm )

2

|Z| (Ωcm )

105

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

EISi.z
EIS1.z
EIS2.z
EIS3.z
EIS4.z
EIS5.z
EIS6.z

105

104

104 100 105

104

104
103

102

103
10-2 104

10-2

10-1
10-1

Frequency (Hz)
Frequency (Hz)

100

100

101

103

100 -2
10-2
10

10-1

100

-1

1
10
10

102

103

0

4
1010

105

Frequency
(Hz)(Hz)
Frequency

Figure 6.14: Bode plots (impedance modulus vs. frequency) of PVD Al-based coatings
a) AlCr, b) AlCr(N) and c) AlCrTi at EOCP & after six successive DC/OCP cycles.
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The Bode modulus of the AlCrTi coating presented in Figure 6.14 c shows the
highest |Z| for the initial EISi (6.3 x 10-5 Ωcm2), which can be attributed to the high
corrosion resistance of the passive film. The value of |Z| decreased significantly to
1.3 x 10-5 Ωcm2 by DC/OCP cycle 1 and then continued to the decrease with DC/OCP
cycle to reach 6.8 x 10-4 Ωcm2 by cycle 6. This can be explained by the increase in
corrosion rate of the coating due to the dissolution of the Al matrix by accelerated
by the TiAl3 intermetallic phase island.
Based on the features of the collected EIS spectra three different equivalent circuits
EC can be proposed, as shown in Figure 6.15 a-c below.
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selected to represent the diffusional process. A pair of time constants in parallel (
Figure 6.15 b), comprised of R1 CPE1 and R2 CPE2 were selected to model the EISi
spectrum that obtained after 3 h EOCP the for AlCr(N) coating and the EIS spectra
obtained after six successive DC/OCP cycles for AlCr and AlCrTi. In Figure 6.15 c an
equivalent circuit with only one time constant (R1 CPE1) selected to model the EIS
spectra obtained after six successive DC/OCP cycles for AlCr(N).
In the EISi spectrum equivalent circuit of AlCr (Figure 6.15 a), two time constants R1
CPE1 and R2 CPE2 represent the charge transfer resistance of the passive film and of
the AlCr coating, respectively, and a diffusional Warburg impedance, WR in the low
frequency region, attributed to anodic dissolution of Al3+ ions from the passive film.
The single time constant R1 CPE1 circuit (Figure 6.15 c) proposed for EIS1-EIS2
spectra, represents the charge transfer of the AlCr coating. The equivalent circuit
presented in Figure 6.15 b was proposed for EIS3-EIS6 spectra where R1 CPE1 and R2
CPE2 correspond to the charge transfer resistance of the coating and of the
chromium interlayer, respectively.
The equivalent circuit presented in Figure 6.15 b for the EISi spectrum of AlCr(N), is
comprised of a pair of parallel time constants R1 CPE1 and R2 CPE2, corresponding
to the charge transfer resistance of the passive film and of the AlCr(N) coating,
respectively. It can be seen that there appears to be no diffusion element
associated to the impedance response of this coating, due to the combined
influence of Cr and N that enhanced the corrosion resistance of the coating as well
as its densification as revealed by the SEM micrograph shown in Figure 6.5 a.
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The single time constant R1 CPE1 circuit (Figure 6.14 c) proposed for EIS1-EIS6
spectra, corresponds to the contribution of the chrome oxide layer of the 17/4 PH
steel substrate to the overall coating performance.
The proposed equivalent circuit for the EISi spectrum of the AlCrTi coating shown
in Figure 6.14 a, comprises two time constants R1 CPE1 and R2 CPE2 representing the
charge transfer resistance of the passive film and of the AlCrTi coating, respectively.
According to the model, a diffusional Warburg impedance element WR is present in
the EC, which is attributed to anodic dissolution of the Al3+ ions from the passive
film.
For EIS1-EIS6 spectra, the parallel pair of time constants R1 CPE1 and R2 CPE2 (Figure
6.13 b) represent the charge transfer resistance of the AlCrTi coating in terms of the
Al matrix and the intermetallic phase islands of TiAl3, which are cathodic regions of
localized galvanic cells inside the Al matrix.
The corresponding values of the individual phase elements of the these proposed
equivalent circuits of Figure 6.15 used for fitting the EIS spectra obtained after 2 h
EOCP and after six successive DC/OCP cycles for the three PVD AlCr, AlCr(N) and
AlCrTi coatings, are collected in Tables 6.2 , 6.3 and 6.4 respectively.
Table 6.2: Fitting results of EIS spectra of PVD AlCr coating obtained after 3 h EOCP &
after six successive DC/OCP cycles.
Cycle

Rs
2
(Ω cm )

CPE1
2
(µF/cm )

R1
2
(kΩ cm )

n

CPE2
2
(µF/cm )

R2
2
(kΩ cm )

n

WR
2
(kΩ cm )

at EOCP
1
2
3
4
5
6

4.3
4.3
4.3
4.1
4.4
4.4
4.3

11.1
38.0
47.4
52.4
55.4
56.0
90.6

23.5
6.2
4.2
3.1
2.8
2.2
1.4

0.93
0.74
0.73
0.72
0.71
0.71
0.70

10.7
60.1
74.3
96.8
110.5

22.2
8.3
2.4
1.9
0.63

0.85
0.30
0.25
0.26
0.23

30.5
-

184

Table 6.3: Fitting results of EIS spectra of PVD AlCr(N) coating obtained after 3 h
EOCP & after six successive of DC/OCP cycles.
Cycle

Rs
2
(Ω cm )

CPE1
2
(µF/cm )

R1
2
(KΩ cm )

n

CPE2
2
(µF/cm )

R2
2
(kΩ cm )

n

WR
2
(kΩ cm )

at EOCP
1
2
3
4
5
6

14.2
11.6
11.3
10.3
10.5
12.5
13.5

6.1
14.6
17.7
25.4
13.5
5.1
2.1

215
27.3
22.0
13.7
18.6
22.3
38.4

0.91
0.93
0.92
0.92
0.93
0.94
0.93

16.3
-

184.2
-

0.84
-

-

Table 6.4: Fitting results of EIS spectra of PVD AlCrTi coating obtained after 3 h EOCP
& after six successive of DC/OCP cycles.
Cycle

Rs
2
(Ω cm )

CPE1
2
(µF/cm )

R1
2
(KΩ cm )

n

CPE2
2
(µF/cm )

R2
2
(kΩ cm )

n

WR
2
(kΩ cm )

at EOCP
1
2
3
4
5
6

8.8
10.1
10.1
10.1
10.0
10.0
10.1

2.9
16.6
17.5
20.1
20.6
21.3
26.7

288.5
184.2
128.1
125.2
129.5
93.1
79.1

0.94
0.90
0.89
0.86
0.86
0.86
0.86

9.1
8.3
10.7
31.5
37.8
70.1
76.4

163.3
78.9
68.1
12.9
11.1
2.9
1.1

0.57
0.47
0.46
0.46
0.46
0.43
0.43

50.2
-

Figure 6.16 a-c shows the EC fitting results (solid green line) with experimental EISi
spectrum (dashed red line) obtained after 3 h EOCP of the passive film that formed
on the surface of PVD AlCr, AlCr(N) and AlCrTi coatings. The goodness of fit
between the proposed model circuit and the experimental values was on the order
of 10-4-10-3 of chi-squared values (X2).
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Figure 6.16: The sufficient fitting between the proposed models and experimental
values of EISi spectrum after 3 h EOCP for a) AlCr, b) AlCr(N) and c) AlCrTi coatings.
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6.4.3 Hydrogen permeation current density during DC cathodic polarisation
Figure 6.17 displays the changes in hydrogen permeation current density with
applied -2 V potential vs. SCE during DC1 cathodic polarisation for PVD AlCr, AlCr(N)
and AlCrTi coatings. The transients show that the evolution of hydrogen permeation
current density appears to be linked directly to the diffusion model D shown in
shown Figure 2.14 see section 2.8.1.
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Figure 6.17: Evolution of hydrogen permeation current density curves during DC1
cathodic polarisation for PVD AlCr, AlCr(N) and AlCrTi coatings.
It can be observed that the hydrogen permeation current density transients
increase rapidly from a low initial current density (18, 17 and 15 mA/cm-2) to reach
a maximum value (59, 43 and 38 mA/cm-2) at diffusion times tD1, tD2 and tD3 (60, 100
and 200 sec) for PVD AlCr, AlCr(N) and AlCrTi coatings, respectively. This diffusion
time is consistent with the time lag in stage (I) at t1 (60, 100 and 200 sec) of solution
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pH evolution during DC1 cathodic polarisation for PVD AlCr, AlCr(N) and AlCrTi
coatings respectively (see Figure 6.23 a-c p205), which will be explained broadly
later in section 6.4.5.1 p204.
The hydrogen permeation current density transient for the AlCr is high and rapid,
which attributed to the high hydrogen permeation rate through the passive film,
due to its permeability which is relatively porous. After reaching a maximum
diffusion rate value at tD1, hydrogen permeation current density curve is slightly
increased with significant fluctuations with time until DC1 cathodic polarisation
terminated at toff (1200 sec). The significant fluctuations can be related to the
hydrogen instability (permeation and expulsion through the coating) due to
changes in surface morphology of the passive film, because of the galvanic coupling
effect with the 17/4 PH steel substrate.
For AlCr(N), the hydrogen permeation current density transient is lower and slower
than that of AlCr, which can be attributed to the lower hydrogen permeation rate
through the passive film due to the lower permeability due to the influence of
nitrogen that reduced the coating porosity. After reaching an initial maximum value
at tD2, further light increases (with minor fluctuations) in hydrogen permeation
current density are observed. This can be explained by the low degradation of the
passive film induced by the combined influence of chromium and nitrogen that
increased the corrosion resistance.
A much lower and slower hydrogen permeation current density transient for AlCrTi
is observed. This can be attributed to the low hydrogen permeation rate through
the passive due to the low permeability compared to those of AlCr and AlCr(N)
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coatings. A very smooth and stable hydrogen permeation current density curve is
observed after reaching a maximum diffusion rate value at tD3, which can be related
to the interfacial property of the passive (low permeability) film, induced possibly
by the formation of a protective mixed oxide film of (Al, Cr)2Ti2O7 that promotes the
corrosion resistance of the passive film. However, the hydrogen permeation current
density curve reaches saturation at time tS3 (600 sec) for AlCrTi and remains steady
until DC cathodic polarisation terminated at t off (1200 sec). This can be explained by
the hydrogen permeation rate through the coating no longer increasing due to the
hydrogen ion decay and the contribution of the aluminate ion gel enrichment at the
passive film/electrolyte interface. This is consistent with stage (III) of solution pH
evolution during DC1 presented in Figure 6.23 c where the increasing in solution pH
reached a steady-state at t2 (600 sec) due to aluminate ion gel enrichment at the
passive film/electrolyte interface. Whilst, the effect of aluminate ion gel formed at
t2a (1040 and 500 sec) in stage (III) in Figure 6.23 a & b for AlCr and AlCr(N)
respectively, can causes a reduction in the fluctuations of hydrogen permeation
current density at ts1 & ts2 (1040 and 500 sec) for AlCr and AlCr(N) respectively.
Figure 6.18 (a-c) shows the hydrogen permeation current density curves during six
successive DC cathodic polarisation cycles for PVD AlCr, AlCr(N) and AlCrTi coatings.
In Figure 6.18 a it can be observed that the hydrogen permeation current density
for AlCr increased with increasing DC cathodic polarisation. This can be related to
the increase of hydrogen permeation rate through the coating due to the increase
in coating permeability (coating degradation such as porosity).
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Figure 6.18: Evolution of hydrogen permeation current densities of PVD a) AlCr, b) AlCr(N) and c) AlCrTi coatings during six DC
cathodic polarisations .
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Large fluctuations in hydrogen permeation current density are observed during
DC1-DC6. This can be related to the evolution of hydrogen ion instability
(permeation and expulsion through the coating) due to the passive film porosity
during DC1 and probably to pitting corrosion, which opens up pores to the
substrate with time during DC2-DC6. This can be related to high corrosion potential
difference between AlCr coating and 17/4 PH substrate. It can be observed that the
intensity of the accompanied fluctuations decreased with increasing the number of
DC, which can be related to the hydrogen ion decay at the coating/electrolyte
interface.
Figure 6.18 b shows an increase in hydrogen permeation current density for AlCr(N)
by applied for the first three DC cathodic polarisation cycles, which can be related
to the increase in hydrogen permeation rate through the coating due to the
increase in coating permeability because of the coating degradation that caused by
galvanic corrosion between the coating and the 17/4 PH substrate. A decrease in
hydrogen permeation current density from cycles 4th to 6th is then observed. This
can be related to a decrease in hydrogen permeation rate caused by an increasing
contribution of the chrome oxide layer of the 17/4 PH steel substrate to the overall
protection of the coating system. The hydrogen permeation current density
appears to exhibit smaller (and less) fluctuations than that of AlCr with no added
nitrogen. It can be seen that during DC2-DC6 there was no increment in hydrogen
permeation current density (diffusion rate), which suggests that hydrogen
permeation rate through the coating is very low due to the low permeability of
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AlCr(N) during DC2-DC3 and due to the chrome oxide layer of the 17/4 PH steel
during DC4-DC6.
Figure 6.17 c for AlCrTi exhibits a low and stable hydrogen permeation current
density during DC1-DC6 compared to those of AlCr(N) and AlCr. This can be
attributed to the low permeability of the coating due to the interfacial property of
the coating that induced by the addition of Ti as well as the contribution of the low
degradation rate of the coating due to the low electrochemical driving force
between AlCrTi coating and 17/4 PH substrate. It can be seen hydrogen permeation
current density curve decreased with increasing DC cathodic polarisation, which can
be due to hydrogen ion decay.
6.4.4 Evolution of relaxation time OCP after DC cathodic polarisation
Figure 6.19 a-c shows the evolution of six successive relaxation times OCP1-OCP6 of
PVD AlCr, AlCr(N) and AlCrTi coatings after six successive DC cathodic polarisations.
The observed variation in potential with time for PVD Al-based coating is the
galvanic coupling potential with 17/4 PH steel potential.
From the galvanic corrosion properties of PVD Al-based coatings coupled to 17/4
PH steel substrate presented in Figures 6.8 and 6.9 for open circuit potential and
potentiodynamic polarisation curves respectively, which appear to be located at
higher anodic potentials (-0.785, -0.650 and -0.576 V vs. SCE for AlCr, AlCr(N) and
AlCrTi respectively) compared to their respect 17/4 PH steel substrate (-0.252 V (vs.
SCE) ). However, the galvanic corrosion rate of the anode (PVD Al-based coatings)
exceeds that of the cathode (17/4 PH steel), which are inductive of sacrificial
protection for the 17/4 PH steel substrate.
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Figure 6.19: Evolution of relaxation time OCP of PVD Al-based coatings a) AlCr,
b) AlCr(N) and c) AlCrTi coatings after six successive DC cathodic polarisations.
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After DC cathodic polarisation terminated a rapid increase in potential from -2 V vs.
SCE to potential beyond -1.2 V vs. SCE which instantaneously observed. During DC
cathodic polarisation the standard potential of the cell is -2 V vs. SCE imposed
externally by a potentiostat. Once the DC cathodic polarisation terminated the
standard potential of the cell c be calculated from the standard reduction potentials
at the cathode and anode electrodes. Hence the standard reduction potential at the
∘
cathode is EH
= 0 V and the standard reduction potential at the anode is
+ /H
2
∘
EPt
3+ /Pt = -1.2 V (see Table 2.1 p35). Therefore, the standard potential for the cell
∘
ECell
can be calculated according to the following equation:
∘
∘
∘
∘
∘
ECell
= Ered,cathode
− Ered,anode
= EH
+ /H − EPt3+ /Pt = 0 – 1.2 = -1.2 V
2

However, the rapid increase in an initial potential beyond -1.2 V. vs SCE is probably
∘
due to the standard potential of the cell ECell
.

However, the continuous increase in potential from beyond -1.2 V vs. SCE in anodic
direction during 3 h relaxation time occurs by the driving force of the potential
difference between PVD Al-based coating coupled and their 17/4 PH steel
substrate. Therefore, it can be said that the electrochemical process during
relaxation time is typical a potentiodynamic polarisation scan.
In Figure 6.19 a, the evolution of the relaxation time for the AlCr during OCP1-OCP6
appears to exhibit an increase in anodic potential with time to reach EOCP, but the
potential evolution exceeds the initial EOCP of AlCr (-0.8 V) approach the EOCP of the
17/4 PH steel substrate. This can be attributed to partial substrate exposure even
after the first DC cathodic polarisation cycle due to the high coating degradation,
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which then acts as sacrificial anode for the substrate because of the high galvanic
driving force between AlCr coating and 17/4 PH substrate. The SEM micrograph
(Figure 6.5 b) of degraded AlCr revealed evidence of alloying elements from the
substrate by EDX analysis (Figure 6.5 e). It can be observed that the trend in anodic
potential during each relaxation time increases ever closer to the EOCP of the 17/4
PH steel substrate with increasing number of DC polarisation cycles. This can be
explained by the increase in coating degradation with increase the number of
DC/OCP cycle. A rapid increase in anodic potential during OCP4 at 3300 sec from
potential value -0.976 V vs. SCE to a value of -0.878 V vs. SCE is observed. This rapid
increase can be probably attributed to localised corrosion attack (pitting corrosion).
This can be confirmed by the concurrent rapid decrease in solution pH at 3300 sec
during relaxation time OCP4 for AlCr (Figure 6.24 a p210).
The evolution of relaxation time for AlCr(N) in Figure 6.19 b shows an increase in
anodic potential during OCP1, OCP2 and OCP3 relaxation times to become closer to
EOCP of AlCr(N) with increasing number of DC polarisation cycles. This can be
attributed to the lower level of coating degradation due to nitrogen addition with
lower potential difference between the coating and the substrate. During OCP4 to
OCP6 the anodic potential decreases with relaxation time to be far from the EOCP of
the AlCr(N) with increasing the number of DC polarisation cycles. This can be
attributed to the contribution of the chrome oxide layer of 17/4 PH steel to the
overall corrosion resistance of the coating, which is consistent with the surface
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structure as shown in Figure 6.6 b where a layers of chrome oxide with AlCr(N) are
seen as well as the high content of Cr revealed by EDX analysis Figure 6.6 e.
The evolution of relaxation times for AlCrTi (Figure 6.19 c) exhibit slight and closer
increase in anodic potential curves, which are located quite far from EOCP of the
AlCrTi during OCP1-OCP6. This can be attributed to the low coating degradation due
to the low galvanic driving force between AlCrTi coating and the 17/4 PH steel
substrate.
6.4.5 Evolution of solution pH measurement of PVD Al-based coating
Figures 6.20, 6.21 and 6.22 show the evolution of solution pH that was concurrently
monitored during 3 h EOCP and the six successive cycles of (AC)DC/OCP/AC in order
to study the effect of the (increasingly alkaline) solution pH on electrochemical
corrosion behaviour of the PVD Al-based coatings deposited on 17/4 PH steel
substrate.
Figure 6.20 shows a slight decrease with minor fluctuations in solution pH from an
initial pH value 6 to value 5.8 is observed during 3 h of EOCP for AlCr coating. This
slight decrease can be explained by the initiation of pitting corrosion. The
fluctuation can be attributed to the dissolution of Al accelerated by galvanic
coupling with chromium interlayer. After wards, a downward “spike” in solution pH
is immediately seen with applied -2 V vs. SCE to the electrochemical cell at step
DC1. This can be explained by the ‘hydrogen charging’ of the pH probe, due to the
accumulation of H+ ions at the cathode surface.
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However, the intensity of this spike is dependent also on the existing H+ ions
concentration at the coating/electrolyte interface. It can be seen that the spike of
solution pH value during DC1 is strongly acidic, which can be related to the high
concentration of hydrogen ion at the coating/electrolyte interface while during
DC2-DC6 near neutral values of solution pH are observed, which can be attributed
to hydrogen ion decay after each applied DC cathodic polarisation. After DC1
cathodic polarisation terminated (starting relaxation time step) an immediate
increase of pH can be explained by ‘hydroxyl ion charging’ of the pH probe. It can
clearly be observed that the solution pH then decreases (with significant
fluctuations) during the relaxation time of OCP1-OCP4. This gradual acidification of
the solution pH is probably due to the production of water and aluminium chloride
(AlCl4- ) complex called “Lewis acid” [186] due to the pitting corrosion reactions 2.172.21 p22-23 [47].
In contrast, decreases in solution pH with relatively minor fluctuations are observed
during OCP5 and OCP6, which can be attributed to the contribution of the (now
partially exposed) chrome oxide layer of 17/4 PH steel substrate, that enhanced the
overall pitting corrosion resistance.
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Figure 6.20: Evolution of solution pH vs. time during 3 h EOCP and applied six of (AC)DC/OCP/AC cyclic testing for PVD AlCr coating.
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The evolution of solution pH for the AlCr(N) presented in Figure 6.21 shows a small
initial decrease in solution pH (from 5.1 to 5) during E OCP and which remained steady
at this value until application of -2 V vs. SCE DC cathodic polarisation, where a sharp
downward “spike” in pH value is observed. During DC1 the intensity of the spike
appears to be moderately acidic value due to the moderate concentration of H + ions
at the coating/electrolyte interface, whilst, during DC2-DC6 appears to be near weak
alkaline values, which is probably due to hydrogen ion decay due to the evolution of
hydrogen gas after applied each DC cathodic polarisation as well as due to OH- ion
decay resulting from the formation of aluminate and high pitting corrosion
resistance of the coating. After DC1 cathodic polarisation terminated the solution pH
upward “spike” in pH value to the alkalinity is observed (starting relaxation time).
This can be explained by ‘hydroxyl ion charging’ of the pH probe due to the rapid
removal of aluminate gel and fast supply of OH- ions towards the coating. During
OCP1 a gradual increase in solution pH is observed immediately after upward spike,
which attributed to the increase in aluminate ion formation due to the attack by OHion, which causes the dissolution of the passive film that probably remained from
DC1 and then the solution pH deceased slightly with minor fluctuations to reach a
weak alkaline values. This decrease is probably due to the water reduction reaction
that responsible for the main cathodic partial reaction, which is coupled with the
anodic partial reaction of AlCr(N), thereby establishing a short-circuited corrosion
cell on AlCr(N) in alkaline solution [44]. Significant fluctuations in solution pH appear
to exhibit during OCP2 and OCP3, which probably attributed to the high corrosion
rate due to coating breakdown.
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Figure 6.21: Evolution of solution pH vs. time during 3 h EOCP and applied six of (AC)DC/OCP/AC cyclic testing for PVD AlCr(N) coating.
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In contrast, slight decrease in solution pH with minor fluctuations during OCP4-OCP6
is observed. The slight decrease can be attributed to the low corrosion rate due to
the contribution of the chrome oxide layer of 17/4 PH steel substrate to the overall
corrosion resistance of the coating.
The evolution of solution pH during 3 h of EOCP for AlCrTi (Figure 6.22) exhibits a
slight decrease with minor fluctuations from an initial value 6.7 to value 6.3 and it
remained steady at this value until -2 V. vs SCE (DC1) cathodic polarisation is
applied. Immediately a downward in solution pH to reach acidic value up to 3.9 is
observed. Whilst, the downward in solution pH during DC2-DC6 is close to the
neutrality due to hydrogen ion decay because of the formation of hydrogen gas with
applied DC cathodic polarisation. After DC cathodic polarisation terminated the
solution pH value instantly increased to the alkalinity value, which can be explained
by ‘hydroxyl ion charging’ of the pH probe.
It can be seen that the evolution of solution pH during six relaxation times OCP1OCP6 shows a gradual decreased accompanied by minor fluctuations, which can be
attributed to the dissolution of Al matrix accelerated by intermetallic phase which
probably TiAl3, leading to constructs local pitting corrosion [78]. This is consistent
with SEM micrograph of corroded surface morphology as shown in Figure 6.7 c)
where a pitting corrosion was revealed.
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Figure 6.22: Evolution of solution pH vs. time during 3 h EOCP and applied six of (AC)DC/OCP/AC cyclic testing for PVD AlCrTi coating.
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However, in order to follow the mechanism underlying the electrochemical
corrosion behaviour of PVD Al-based coatings deposited on 17/4 PH steel substrate
during six successive DC/OCP cycles, it was necessary to explore the evolution of
solution pH during DC cathodic polarisation and during relaxation time to reach E OCP
individually in section 6.4.5.1 and 6.4.5.2.
6.4.5.1 Evolution of solution pH during DC cathodic polarisation
Figure 6.23 (a-c) shows the evolution of the solution pH, which appears to be
composed of three stages of variation during six successive -2 V vs. SCEDC cathodic
polarisations of PVD Al-based coatings deposited on 17/4 PH steel substrate.
Figure 6.23a shows the evolution solution pH for AlCr coating during DC cathodic
polarisation. It can be seen that during DC1 the stage (I) represents a sudden
downward ‘spike’ in solution followed immediately by a time lag up to t 1 (60 sec) as
the -2 V vs. SCEDC cathodic polarisation is initially applied. This time lag can be
attributed to the hydrogen permeation rate into the passive film that formed on
the surface of AlCr, which can be consistent with hydrogen permeation current
density transient to reach a maximum diffusion value at tD1 (60 sec) for AlCr in
Figure 6.17. Low and rapid increase in solution pH followed the time lag at t2 (160
sec) in stage (II) is observed. This can be explained by the rapid formation of
aluminate ion from the dissolution of the passive film by OH- ion attack, which
probably completely dissolved at t2.
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Figure 6.23: Evolution of solution pH curves during six successive DC cathodic
polarisation for PVD coatings a) AlCr, AlCr(N) and c) AlCrTi.
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An increase in solution pH continues slightly and slowly until reaches a steady-state
at t2a. This can be explained by the slow aluminate ion formation, which delayed by
the instability of solution pH due to the evolution of hydrogen ion (i.e., permeation
as Hads or expulsion as H2 gas from the coating) that effect on OH- ion concentration
at AlCr/electrolyte interface. This instability in solution pH can be related to the
coating degradation because of galvanic effect that led to porous structure.
Stage (III) represents a steady-state in solution pH in the range between t2a (1040
sec) and toff, which can be attributed to the enrichment of aluminate ion gel at the
AlCr/electrolyte interface. It can be observed that the time lag during DC2-DC6
increases with increasing the number of DC cathodic polarisation. This can be
attributed to low hydrogen permeation rate due to the low permeability in which
probably resulting from the AlCr coating as well as the contribution of hydrogen ion
decay. Low and slow increase in solution pH followed the time lag during DC2-DC6
is observed. This can be attributed to the low aluminate ion formation. A steadystate at t2a (1040 sec) is observed during DC2-DC6, suggests to the enrichment of
aluminate ion gel at the coating/electrolyte interface.
For AlCr(N) the evolution of solution pH during six successive DC cathodic
polarisations is presented in Figure 6.23 b. During DC1 the stage (I) represents a
sudden downward ‘spike’ in solution followed immediately by a time lag up to t 1
(100 sec) as the -2 V vs. SCE is initially applied. The time lag for AlCr(N) appears to
be longer than that of AlCr during DC1. This can be attributed to the low hydrogen
permeation rate through dense passive film that formed on surface AlCr(N)
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enhanced its low permeability by the influence of nitrogen, which tends to reduce
the passive film porosity. This time lag can be consistent with hydrogen permeation
current density transient to reach a maximum diffusion value at tD2 (100 sec) for
AlCr in Figure 6.17. Stage (II) represents a high and slow increase in solution pH up
to t2 (340 sec). The high increase can be attributed to the high aluminate ion
formation by slow dissolution rate of dense passive film by OH- ion attack, which is
probably completely dissolved by t2. Low and slow increase is observed in stage
(IIa), which can be related to the enrichment of aluminate ion at AlCr(N)/electrolyte
interface and forms a gel layer that causes a steady-state at t2a (500 sec) in stage
(III), and it continues until DC cathodic polarisation terminated at toff.
However, the evolution of solution pH during DC2-DC3 appears to exhibit time lag
at about 100 sec and 200 sec. This can be associated to the low hydrogen
permeation rate through the coating due to high permeability of AlCr(N) coating as
well as the contribution of hydrogen ion decay at AlCr(N)/electrolyte interface,
where the solution pH during relaxation time of OCP1 and OCP2 ends with pH value
close to the alkalinity (see Figure 6.24 c). After wards a very low increase in solution
pH followed the time lag from pH value 7.3 to 7.4 for DC2 and from 3.5 to 3.6 for
DC3, and it remains constant with minor fluctuations around this value until DC
cathodic polarisation terminated. This very low increase can be explained by the
low aluminate ion formation due to the low dissolution rate of AlCr(N), because of
the low OH- ion attack. However, it can be seen in Figure 6.24 b that the solution pH
during relaxation time of OCP1 and OCP2 ends with values close to the weak
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alkalinity. Suggesting that there is no pitting corrosion reactions occurred, which
causes acidification of the solution pH and produces water that supposed to be
reduced to H+ ion and OH- ion during DC cathodic polarisation. Therefore, hydroxyl
ions decay can be expected.
While the evolution of solution pH during DC4-DC6 appears to be no time lag is
observed just a steady-state in solution pH value from the initial time until DC
cathodic polarisation terminated at toff. This can be attributed to hydrogen
permeation through the coating no longer occurred. This can be related to the low
permeability of AlCr(N) coating due to the contribution of chrome oxide layer of the
17/4 PH steel to the overall protection of the coating as well as hydrogen ion decay.
In Figure 6.23 c the evolution of solution pH for AlCrTi during DC1 appears to exhibit
longest time lag up to t1 (200 sec) compared to that of AlCr and AlCr (N) coatings as
-2 V vs. SCE is initially applied. This can be attributed to the low hydrogen
permeation rate through the passive film that formed on the surface of AlCrTi due
to low permeability that enhanced by the combination of very protective oxides.
High and slow increase in solution pH is observed up to t2 (600 sec) in the stage (II)
attributed to the high aluminate ion formation due to low dissolution rate of the
passive film, which is highly corrosion resistance and compact to the coating. The
passive film is probably completely dissolved at t2. A steady-state in solution pH is
observed in stage (III), and it continued with time until DC cathodic polarisation
terminated at toff. This can be attributed to the aluminate gel that formed at
AlCrTi/electrolyte. The evolution in solution pH during DC2 exhibits shorter time lag
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than that of DC1 and longer than that of DC3-DC6. This can be explained by the
higher permeability of the coating than that of DC1 due to the existing of local
pitting corrosion that formed during relaxation time OCP1. While it’s longer than
that of DC3-DC6 because of the permeability of the coating during DC2 is higher
than that of DC3-DC6. A short time lag is observed during DC3-DC6, which can be
related to the high hydrogen permeation rate through the coating due high
permeability of the coating because of the local pitting corrosion. Slight increase in
solution pH is observed during DC2-DC6, which can be explained by the low
aluminate ion formation due to low dissolution rate of Al matrix accelerated by
intermetallic phase TiAl3 because of OH- ion decay. A steady-state in solution pH is
observed in stage (III), and it continued with time until DC cathodic polarisation
terminated at toff, attributed to the aluminate gel that formed at AlCrTi/electrolyte.
6.4.5.2 Evolution of Solution pH during relaxation time to reach EOCP
The evolution of solution pH during six successive relaxation times of OCP1-OCP6 is
presented in Figure 6.24 a-c for PVD AlCr, AlCr (N) and AlCrTi coatings. After DC
cathodic polarisation terminated, a relaxation time OCP to reach EOCP starts
immediately. After DC1 cathodic polarisation terminated (starting relaxation time
step) an immediate increase of pH can be explained by ‘hydroxyl ion charging’ of
the pH probe. This can be explained by the rapid increase in potential from -2 V vs.
SCE to a standard potential of the cell -1.2 V vs. SCE that caused rapid removal of
aluminate gel and fast supply of OH- ion towards the coting/electrolyte interface.
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Figure 6.24: Evolution of the pH vs. time during relaxation OCP for PVD a) AlCr, b)
AlCr(N) and c) AlCrTi coatings.
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Figure 6.24 a shows the evolution of solution pH during six successive relaxation
times OCP1-OCP6 for AlCr coating. Immediately, after upward “spike” a gradual
increase in solution pH is observed. This can be attributed to the aluminate ion
formation due to AlCr dissolution by OH- ions attack. Afterwards a decrease in
solution pH with significant fluctuations during OCP1-OCP4 and minor fluctuations
during OCP5-OCP6 is observed. This can be due to the acidification in solution pH
that probably caused by the production of water and (AlCl4- ) from pitting corrosion.
A significant decrease with significant fluctuation in solution pH is observed during
OCP4 at about 3300 sec, which can be explained by high pitting corrosion rate.
By contrast, a decrease in solution pH with minor fluctuations during OCP5 and
OCP6 is observed, which probably attributed to the contribution of the chrome
oxide layer of 17/4 PH steel substrate that enhanced the pitting corrosion
resistance. Evolution of solution pH for the AlCr(N) during six relaxation times
OCP1-OCP6 that presented in Figure 6.24 b, shows a slight increase in solution pH
during OCP1-OCP6 followed by insignificant decrease until the relaxation time
terminated.
However, the solution pH became alkaline during DC1 due to high aluminate ion
formation by high dissolution of the passive film by OH- ion attack and then it
slightly increased during the initial stages of OCP1 due to This slight increase can be
related to the slight aluminate ion formation due to low the AlCr(N) dissolution.
Afterwards an insignificant decrease in solution pH with time is observed. This
insignificant decrease in solution pH attributed to the aluminate ion formation no
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more increased due to OH- ions decay at the AlCr(N)/electrolyte interface as well as
the contribution of interfacial property of AlCr(N) coating due to the combined
influence of Cr and N that enhanced the pitting corrosion resistance. Furthermore,
there was no evidence of diffusion process in the impedance spectra of AlCr(N)
coating obtained from EIS1-EIS6 is observed, which means no dissociation of
coating elements is occurred by the galvanic corrosion. According to the SEM
micrograph in Figure 6.6 b of degraded surface after six successive DC/OCP cycles, a
spallation at the surface was revealed, which probably caused by the galvanic
corrosion. Figure 6.25 shows the visual observation of coating spallation (debris)
black scale in electrochemical cell.

Figure 6.25: visual observation of AlCr(N) coating
(spallation) after applied six successive DC/OCP cycles
It can be seen that the solution pH during OCP2-OCP6 remained in alkaline level as
well as during DC2-DC6 (Figure 6.23 b), which may suggests to no hydrogen
permeation, no OH- ions attack, no coating dissolution and no aluminate ion
formation. The evolution of solution pH also shows minor fluctuations accompanied
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by OCP1-OCP4 and then it became relative stability by OCP5 and OCP6, which
attributed to their affinity for passivation as the chrome oxide of 17/4 PH steel
forms and increases the overall corrosion resistance of the coating.
In Figure 6.24 c the evolution of solution pH for AlCrTi during six successive
relaxation times exhibits slight increase in solution pH immediately after upward
spike, which can be attributed to the slight increase in aluminate ion formation. A
decrease in solution pH is observed accompanied with minor fluctuations, which
can be explained by the acidification of solution pH, which probably caused by the
production of water and AlCl4- from local pitting corrosion reactions that caused by
the local galvanic cell between Al matrix and intermetallic phase TiAl3. It can be
observed that the decrease in solution pH increased with increasing DC/OCP cycle.
This can be attributed to the increase of local pitting corrosion rate.
6.5

Summary

The results shown in this chapter demonstrate the effectiveness of a developed
novel electrochemical technique of (AC)DC/OCP/AC cyclic testing, with concurrent
of pH measurement, for evaluating the corrosion behaviour of three different PVD
Al-based coatings deposited on 17/4 PH steel, with the (AC)DC/OCP/AC test offering
detailed results in a relatively short time (less than 24 h).
According to the galvanic corrosion behaviour of PVD Al-based coatings coupled to
17/4 PH steel, the EOCP and potentiodynamic polarisation curves are located at
higher anodic potentials with respect to the substrate. Therefore, PVD Al-based
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coatings appear to act as a cathodic protection (sacrificial behaviour) for 17/4 PH
steel.
From the obtained results of EIS spectra presented in Figures 6.12-6.14 and Tables
6.2-6.4, it can be concluded that the EIS behaviour of PVD AlCrTi coating showed
excellent corrosion resistance with six successive DC/OCP cycles applied compared
to PVD AlCr and PVD AlCr(N) coatings. This can be related to the addition of
titanium that enhanced the grain refinement, which led to high pitting corrosion
resistance of the coating. Meanwhile, this coating exhibited a decrease in the
corrosion resistance with increasing number of DC/OCP cycles due to the local
galvanic cell between the Al matrix and TiAl3 intermetallic phase islands. According
to the small potential difference between AlCrTi and 17/4 PH steel, the driving force
of galvanic corrosion potential is very low, which is indicative of reliable cathodic
protection for the substrate for long time.
In contrast, PVD AlCr appears to exhibit significant, non-uniform degradation of the
coating with applied six successive DC/OCP cycles, which is inductive of sacrificial
protection for the 17/14 PH steel substrate, while the PVD AlCr(N) coating showed
a decrease in corrosion resistance of the coating after the first three DC cycles, then
showed an increase in corrosion resistance of the coating system after the 4th, 5th
and 6th cycles, which demonstrated a strong affinity for repassivation behaviour
(self-healing) due to the contribution of chrome oxide film of 17/4 PH steel
substrate to the overall protection of the coated substrate system.

213

Based on these results it can be concluded that the AlCrTi coating showed the best
corrosion resistance after application of six successive DC/OCP cycles as a sacrificial
protection for the substrate, followed by the AlCr(N) and AlCr coatings.
However, the repassivation behaviour exhibited by the AlCr(N) coating after the 4th
cycle applied may be suggest an advantage to use this coating preferably in
aerospace applications because of its strong ability to self-heal after breakdown
during extreme DC polarisation, which might be promising for future coating
materials for corrosion protection where cadmium or hard chromium need to be
replaced.
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Conclusions and Recommendations for Future
Work
Conclusions
A brief summary of the key findings resulting from the research undertaken in this
thesis (and how they contribute to the field of corrosion testing of engineering
coatings) follows below. The main outcome of this work is that it has led to:
1- The successful development of a novel corrosion accelerated electrochemical
evaluation technique for electrically-conductive coating materials on metal
substrates (for which there is an industrial demand), from which objective results
i.e. numerical data values, that can be related directly to coating degradation
behaviour can be extracted.
2- After extensive scoping and repeatability trials, to eliminate (or at least reduce the
influence of) random variables and reduce ‘background noise’ in the test
procedures, it has been shown that the cyclic test protocol developed can
discriminate between the performance of different coatings and (unlike long-term
EIS periodic interrogation, or subjective salt spray test evaluation), produce
comparative results that can be used to down-select new coatings for corrosion (or
combined corrosion and wear) applications in a relatively short time (less than one
day).
3- Incorporation of concurrent solution pH measurement with the advanced
(AC)DC/OCP/AC technique developed in this work, qualifies this approach to be
applied in different industrial applications, such as in aircraft, nuclear and
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biomedical sectors (as well as being a useful tool for further academic research into
environmentally friendly metallic coatings (PVD-deposited, or otherwise) to replace
toxic coatings and processes that currently still need to be used in industry despite
legislative pressure to eliminate them.

4- An estimation of the thickness of the passive film formed during 2 h EOCP and
six successive DC/OCP cycles has been made from the EIS data (using the
capacitance and n-exponent data generated after each polarisation cycle).
An assumption from n of the likely existing porosity in the passive film (and
its permittivity relative to the coating material) was used to explore what
the ‘real’ thickness of the passive film might be. The porosity probably
somewhat higher, in most cases, since the limited available literature data
generally does not take account of porosity.
In summary;
A new electrochemical method (AC)DC/OCP/AC with concurrent solution pH
measurement, for accelerated evaluation of the chemical and electrochemical
corrosion processes of electrically-conductive coating and/or substrate has been
developed and validated as showed in this thesis on uncoated Al 6082 alloy and
PVD Al-based coated 17/4PH steel substrate.


The (AC)DC/OCP/AC method can, with careful control of experimental
variables) reproduce the electrochemical corrosion process in the repeated
evaluation of (i.e. three repeat tests) uncoated Al 6082 alloy, with sufficient
sensitivity to detect changes in the passive film formed on the Al substrate
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during 2 h EOCP and after six successive DC/OCP cycles of extreme cathodic
polarisation and relaxation/recovery.


The corrosion behaviour of three prototype PVD Al-based nanostructured
coatings (AlCr, AlCr(N) and AlCrTi) deposited on a 17/4 PH steel substrate (a
material typically used, either coated or uncoated, for high-strength
corrosion applications in demanding, adverse environments in the
aerospace and power generation industries) was studied and compared. It
was shown that, for AlCrTi, excellent pitting corrosion resistance was
exhibited, compared to AlCr(N) and (particularly) AlCr, however AlCr(N)
exhibited strong self-healing behaviour after breakdown during extreme DC
polarisation, which might be more promising behaviour for future coating
materials. The new testing technique developed in this thesis can be used
to identify the onset of the degradation more accurately (and in a nonsubjective way), with good correlation between characteristic behaviour in
solution pH and the corrosion behaviour of the coatings, whilst the EIS
interrogation after relaxation provides detailed insights into the coatings’
ability to recover and to the rate of degradation likely to occur under
adverse conditions in service.

Recommendations for future work
As mentioned above, one of the main scientific outputs of this work was the
development of a new electrochemical corrosion evaluation technique for metallicconductive engineering coatings. In order to make our analysis more robust, certain
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variables features that ere noticed in the initial design and experimental conditions
(i.e. sample surface pre-conditioning, electrode positioning, electrolyte preparation,
etc.) needed to be resolved to allow reliable data to be gathered. From the current
findings, a set of logical extensions to this research can be proposed, that allow a
systematic exploration for new and useful information about corroding metallic
systems as recommended in the following research directions:


Improving the sample preparation protocol: The existence (or not) of a
native oxide film on the surface of the substrate or the coating (and its
thickness

and

structure)

before

conducting

any

electrochemical

experimental work should be taken into account. Actual performance of
metallic substrates and coatings can be significantly affected by the native
oxide film properties prior to testing, that cause difference in the initial
potential behaviour, which ultimately resulting in different corrosion
behaviour of the evaluated same sample or could affected even different
samples of notionally identical material. This is the most urgent challenge,
so the initial potential, since the existence (or not) of native oxide film is a
task that cannot be controlled easily, but should be avoided in the first
place. Therefore, optimal sample preparation should be further studied. It
may be that, in practice, PVD coated structures (particularly when using
active metallic films such as the three evaluated here), should be
preconditioned electrochemically prior to use, to ensure repeatable in –
service performance.
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Extending the chemistry of the environmental conditions: The neutral salt
solution used in this research represents a significant simplification from the
diverse chemical environments (both acidic and alkaline) that could actually
be experienced in practical application. In particular, acidic solutions could
act as a severe corrosive environment, thereby inducing high corrosion rate
during DC cathodic polarisation due to high hydrogen ion concentration. It
is, therefore, important to consider these types of solutions in future stages
of this research.



Improving the aggressive solution conditions: The effect of using fresh
electrolyte solution in each cyclic polarisation test (rather than keeping the
same solution for all six cycles) on the corrosion rate under application
DC/OCP cycles must be studied in further detail. The chemical composition of
the electrolyte after applied six cycles of DC/OCP and after each DC/OCP cycle

(for fresh electrolyte solution) should be analyse by Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS); to determine the concentration of ionic species (μg/l)
that dissolved in the tested electrolyte due to the changes in solution pH. Testing

new exposure area could be further explored in future research.


Revising the boundary conditions used by current electrochemical cell
design: In particular, the current electrochemical cell design could be
improved by adapting a gas collector with stirring mechanism to counteract
the evolution of hydrogen gas bubbles over the electrochemical reactions
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occurring at the metal/electrolyte interface during DC cathodic polarisation
or remove them when formed.


Diversity of sampling: continuation of evaluation of the electrochemical
corrosion behaviour of other electrically-conductive substrates and coatings
using (AC)DC/OCP/AC cyclic testing to verify their same corrosion behaviour
as that evaluated by conventional electrochemical techniques or explore a
new corrosion behaviour using our technique.



Further validation: The advanced electrochemical technique developed in
this thesis has shown a promising prospect for practical corrosion
accelerating and evaluating applications. However, further work is required
to validate the correlation between the results obtained electrochemically
over (AC)DC/OCP/AC and the actual in-service corrosion rates of the
monitored structure. For this purpose, a multiscale approach is
recommended that combines tests in small electrochemical cells, large salt
spray testing chamber and/or outdoor cyclic testing.

It recommended that the advanced (AC)DC/OCP/AC of all coatings should be
repeated several times for statistical reliability; it also need to be performed over
different numbers of DC/OCP cycles and at different potentials during DC cathodic
polarisation, in order to establish a consistency in the corrosion behaviour of the
coatings. An application of (AC) anodic polarisation rather than DC cathodic
polarisation cycle should also be considered in future models.
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Lastly, multiphysics modelling packages (such as COMSOL) are a powerful tool,
which could be used for developing compatible modelling to (AC)DC/OCP/AC cyclic
testing, including formation or dissolution of the passive film during DC cathodic
polarisation and relaxation time with chemical reaction under solution electrolysis,
hydrogen permeation rate, aluminate ion gel formation, growth rate of passivating
film, the thickness of the passive, breakdown (transpassive phenomena), and effect
of the reduction potential of electrodes.
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