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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 sudirates and/or electricaligonductive coatings.
Incorporation of concurrent solution pH measurement with the advanced
(AC)DC/OCP/AC technigue developed in this work, qualifies this approach to be
applied in different industrial applications, such as incraft, nuclear and
biomedical sectors. Iprovides 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 (8&d)to
conventional (periodically repeated but laborious) electrochemical impedance

spectioscopy (EIS) evaluation at opeincuit potential (bcp.

The (AC)DC/OCP/AC cyclic test provides valuable information concerning the
corrosion behaviour ofuncoated Al 6082 alloy (repeatests are performed, to
eliminate test protocol variables and improve the robustness of the t@stethree
examples of prototype PVD -Based nanostructured coatings (AICr, AICr(N) and
AICrTi), deposited on 17/4 PH steel, were thewaluated 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 &pand six repeated cycles of (AC)DC/OCP/Al:dagsting and

i) solution pH results during continuous monitoring of the cyclic electrochemical
test procedure. AICITi coating showed the best corrosion resistance after
application of six successive DC/OCP cycles as a sacrificial protection for the
substrate, followed by the AICr(N) and AICr coatings. However, the repassivation
behaviour exhibited by the AICr(N) coating after breakdown during extreme DC
polarisation, may suggest an advantage to use this coating preferably in aerospace

applications beause of its strong ability to seffeal Thismight be promising for

v



future coating materials for corrosion protection where cadmium or hard
chromium needs to be replaced. In addition, the structural and chemica

composition of these samples wacharactesed using SEM and EDX analysis.
Conventional open circuit potential 4&) and potentiodynamic polarisation scans
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Chapter One

Introduction and Objectives

1.1 Introduction

Surface modification and coating technologies have t®ed 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 anelsautt),

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 priofitly

Electroplated cadmium coatings display excellent sacrificial and barrier corrosion
resistance, thus providing lortgrm protection of steel. However, cadmium and its
compounds are severely restricted from use in corrosionstasce 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 aluminiusg all
coatings. Aluminiurbased 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 (amtich can be adjusted

to suitdifferent steel substrates).



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 theincathodically 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 interfd2e3].

In recent years, environmentally friendly vacuum deposition techniques sach a
PlasmaAssisted Physical Vapour Deposition (PAPVD) have been established as a
means to improve the performance of -Based coatings by incorporating
sacrificial/anodic elementsithe coating structurg¢4]. PVD technigugcan produce
alloyfilms using both interstitial and (low miscibility) substitutional alloying
elements, which are important factors in promoting nanocrystalline or glassy phase
components in metallic filmg5]. Pure Adbased coatings deposited blPVD
techniques are already used as nmxic alternative to cadmium on steel and
titanium (IVDAI) [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 draséd
coatings (primarilyoy limiting the adsorption of chloride ions that could lead to the

initiation of pits due to local breakdown of the passive fibn7-9]).



The TechnicaChallenge

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 dPVD metallic nanstructured 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 ferghrposes of
quicker and more precise dowselection of candidate coating systejninpractice

it would be highly desirable to apply an offline, laboratory method which can
reliably assess the anticipated-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 poplar but can be time consuming in their execution (SST) and/or
interpretation (EIS), for evaluating the corrosion behaviour of coatings pitirdir
selection for use iserial production. Salt spray testing offers many vestiablished
benefits, such as 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 theesults seen in the ncidealised, commercial

conditions of practical usgL0].



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 smmo
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 tifig), 11].
Nevertheless, to gain comprehensive information regarding the temporal evolution
of coating degradation, EIS evaluations still need to be carried out repetitively (and
Ay WNBI f coating 8xQasureRadhelcofrasion environment, to construct a
detailed map of the degradation and failure processes.

Current Stateof-Art Methods

Kendig and cavorkers[12] have developed a Rapid Electrochemical Assessment of
Paint (REAP) protocols whichieslon two dectrochemical tests, to predict the
longer term salt spray test life to estimate the tis@-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 coatorgmild steel over 24 h using a
combination of EIS testing and DC cathodic polarisation1té 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.



Suay and caevorkers [15-18] subsequently adapted th test for paints on steel
surfaces, with considerable success, while Poelman anrdockers applied the
same rapid electrochemical approach on an epoxgted aluminium substrate
[19].

The test consists dhree main steps: (i) an EIS measurement (AC) step, to establish
the initial state of the coating; (i) a DC cathodic polarisation step, where the
coating iscathodically polarised to stimulate coating disbondment (this also tends
to create an alkaline environment, as discussed later); andafteéy a period of
recovery to reaclopen circuit potential Eocp, an EIS measurement is run to assess
the current $ate 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 ctag/metal substrate interface by producing gas and

OH ions (that promote pore formation and coating disbondmef2p-24]. The
application of (a sufficiently negive) cathodic potential will cause electrolysis of
the solution to take place and different cations (such asutl Al will be attracted

to the cathode and reduction reactions will take place, producingyéb, whilst
different anions (such as Otdnd CI) 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]:

HOp+ €M M kgHOHug (1.1)



Testing of ElectricaldConducting Coatings

The applicability of such cyclic testing to metallic, electrieatlgducting films has

until now not been systematically investigated. Before carrying out the main aim of
this work (.e. to extend studies on thee rapid evaluation techniqueto electric

alloy conductive metallic PVD coatings),ist essential to study the evolutioaf
solution pH during the various ajes of the test cycle since the phaly increase
significantly de to the high concentration of Olgroduced 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 stren@givhen alloyedand heattreated),

good corrosion resistance (in neutral pH) and wear resistance #itaipugh poor

for pure aluminium, can be significantly improved by the addition of suitable
alloying elements and/or by surface modification treatments;lsas anodising. For
these reasons, the corrosion behaviour of aluminium and its alloys in aggressive
media has been extensively studig8].

Albased coatings (deposited on steels and other engineering radtaf
substrates) can in principle be used both as a physical corrosion barrier and as a
sacrificial anode to a steel substrgt29, 30]. However, the mechanical properties

of such materials (and hence their friction and wear behaviour) have historically
been rather poor[31, 32]. Recently developed Mlased nanostructured metallic
coatings with modified and improved corrosion resistance and (importantly) better

wear performance can now be deposited using advanced techniques such as



PlasmaAsssted Physical Vapour Deposition (PAPMNID)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 thinservice lifetime (and performance and/or product quality) of
tools and engineering components in a wide range of industrial sef38r84]. As

the metallic coatings sector continues to grow and new advanced deposition
0§SOKYyAljdzSa | NS RS@OSt2LISR (2 &addzoaildAiddziS 7
(such as electroplated cadmium drexavalent hard chrome), it is kecoming
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 corrosbn 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 “Gbn concentration. In highly alkaline
solutions containing a higtoncentration of OH the dissolution process takes place
readily[35].

1.2 The Need for a Rapid Corrosion Evaluation TechnitpreMetallic 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 beforimeir use in real applications

Broadly speaking, the neetbr rapid evaluation of corrosion behavioinas four



main reasons. Three of theseasons are based on societal issuegarding i)
human life and safety, ii) the cost of corrosion, and iii) conservation of materials.
The fourth reason isthat corrosion is inherently alifficult phenomenon to
understand, and its study is itself a chdkenging and interesting pursyiBe].

Therefore, before extending studies on coatings assessment by cohoreh
evaluation techniquegthat take a long period of time to obtain the resplit 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.
HowelS NE G KS NBadzZ §a adAftt ySSR G2 6S AYRAOFGA
of the coated system in serviae and this remains a scientifically and technically
challenging task to fulfil.

1.3 Research Aim & Objectives

Despite all adopte@lectrochemicakvaluation technique$o date,the challenge to
obtain comprehensive informationregarding the eectrochemical corrosion
behaviour of electricallyconductive (metallic coating/substrate combinations
during advanced(AC)DC/OCP/AQulti-cyclictesting ina short time (.e. no more
than 24 h) remainsand the aim of this researclwas to develop a new cyclic
corrosion test to satisfy this challenge

The main objectives of thresearchto achieve this aimvere defined as follow

1 Develop, adpt (and establishvalid test protocols for) anadvanced
(AC)DC/OCP/AC cyclic testing capatfieproviding detailed information

crucial for understanding of the corrosion behaviour underlying the



electrochemical characteristics ahcoatedAl 6082 alloy and PVD-Based
coatingson a steel substrate

1 Study the effect of solution pH on the electrochemical dissolution of Al 6082
alloy andof PVD Abasedcoatings usingAC)DC/OCP/AC cyclic testing.

1 Prove the validity and repeatability of advanced (AC)DC/OCP/AC cyclic
testing by carrying out repeatedsolution pHand hydrogen permeation
measurements on AI082 alloy oveseveral full test cycles

1 Investigate and correlate the temporal and spatial evolution of individual
solution pH withapplied electrochemicaparameterson uncoaed Al 6082

alloy and PVD Alased coatingsn a steel substrate

1.4 ThesisOutline
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 Chapterintroduced Albased coatings deposited by PVD
technique and explains why PVDbalsed coating ia hon-toxic alternative to
cadmium on steel. A review ofurrent Stateof Art cyclic accelerated
corrosion tests and athe need for a rapid corrosion evaluah technique is

given.

Chapter 2provides a comprehensiveverview of the background anca
literature review on electrochemical corrosion behaviour of aluminium and

PVD Abased coatings also discussed.

Chapter 3 reviews the history of the developn@t of electrochemical
accelerated corrosion evaluation technicgiéor coated steel mainly the
advanced (AC)DC/OCRIAcyclic testing is presenteahd the need for test

improvemensis explained.

Chapter 4 describes the experimental equipment and test pedares

employed in this work with fundamentals and principles of each test method

9



briefly explainedThe orrosion behaviour otincoated Al 6082 alloy and PVD
Al-based coatings is studied using electrochemical methods imgu®pen

Circuit Potential (OQPPotentiodynamic 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. Thaptér presents the

design of the experimental procedure of advanced (AC)DC/OCP/AC cyclic
testing. Coating characterisation techniques used in this work suchRag/ X
Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive
X-Ray (EDXgnalysis are explained.

Chapter 5covers the results and discussiontlofee experimentalrepeats (R,

R and R) using an advanced (AC)DC/OCP/AC cyclic tethtiighas been
developedon (firstly andelectricallyconductive but uncoatedAl 6082 alloy
with incorporaton of solution pH measuremet Evaluatiorof the corrosion
behaviour of Al 6082 alloy and an estimation of the test validity and

repeatability from the achieved results are explained.

Chapter 6presents the results and discussion of therosfon behaviour of

three different PVD Abased coatings with incorporadl real timesolution pH
measurement using advanced (AC)DC/OCP/AC cyclic testing. Comparison
between the coating resultand the ability to discriminate between different
coating behaioursis addressedrad the conclusionsand recommendationsf

this thesis for future worlare also provided
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Chapter Two

Background and Literature Review

2.1 Electrochemical Corrosion Behaviour of Aluminium

Corrosion in its simplest definition is the preseof 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 -non
spontaneously into engineering components. To refine pure métah 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 spontaneouslyamevert

to its stable statg37, 38]. The counteracting process is illustrated in Figurg Z7]L

Refined Metal
Thermodynamically unstable

Refining process Corrosion
Non-spontaneous Spontaneous
required energy

Ore
Thermodynamically stable
naturally occurring

Figure2.1: Cycle of counteracting refining and corrosi8d].
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Corrosion in nature is an electroaiméal process occurrinthrough 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 (oxidatjcand 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
electroded[37].

Aluminium is one of the most prevaleehgineeringmetal after steel usedwidely
since 1950[39]. Aluminium hadow atomic masshigh electronegativityand an
ability to transferthree electrons per atom, which make fiotentially attractive as
sacrificial anoddor corrosion protection for other metalsAluminium and its allesy
have high corrosio resistance, due to a native thin protective oxide film that forms
on its surface by its reaction with the ailowever, mce aluminiumisimmersed in

'l dzS2dza &az2ftdziAzy O2y Gl AyAy3 W-IINBaargs
dissolution of the natig 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 thiprotective 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, itilwbe significantly thicker at elevated

temperatures or in the presence of moistui&9, 40], as shown in Figure 2[39].

12



Superficial contamination: External film:

Adsorbed water Hydrated
Residues of rolling oil boehmite or
Residues of degreasing agents bayerite

Amorphous and compact oxide
Initial thickness 2—-4 nm

@ Intermetallic phase

Figure2.2: Aluminiumoxide filmlayers [39]

Aluminium oxide films genergllexhibit a nonhomogeneous surface (and very low
thermal/electrical conductivity) compared tihe parentaluminiumsubstrate The
oxide film is chemicBl (and mechanicallyyather weak and can be rather
influenced by moist, humid environments to exhibdichlised(pitting) corrosion.

The oxide film caralso 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 dontain
secondary, precipitate phasg but the use of pure aluminium is limited in
engineering applications due to its low mechanical strejgh 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 anaeiaction
(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 reactiosprevailin the overallcorrosionrate. 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*Alon throughthe film and an indirect
dissolution reaction via consecutive formation and dissolutionhef film [44].
The dissolution reaction of aluminium in acidic and alkaline solutions can be written
in the partial anodic and cathodic reactions. The cathodic reacéibiow pH
(strondy acidic) is @écharge of protor{H") while the common cathodic reactioat
high pH $tronglyalkaline) is the reduction of water td, gas and OHons:
H + € v kHu (2.1)

HO+élbuKk gy b~ hl (2.2)

The anodic reactianoccurringin the dissolution of aluminiurat acidic and alkaline

solutions respectively are:
Al+3HM ¥£-H,+3¢ (2.3)
Al +40H MHAI(OH) + 3¢ (2.4)
The overalbquationsfor both reactions and solutions can be written as follows:
Al+3HM ¥ £-H, (2.5)
Al+HO +30HD !  prhHb 0 (2.6)
MacDonald et al[45] proposed several mechanisms for the anodic reaction that
correspondto the dissolution of Al metal to aluminate ions in alkaline solution
through a stepwise addition of Oldns asin following reactions:
Al+OHTH ! f Hshé 0 (2.7)

Al(OH)gs+ OH Th ! £ HdgHeD (28)

14



Al(OH) ,9s+ OH Th ! f Hdatlev (29)
Al(OH),s+ OH Th ! f pHss O (2.10
Where (ss) representssurface site othe aluminium substrate.

A very simiar mechanisms to thabf Al metaloxidised to aluminate ions hdseen

proposed by Chu and Savin@dlg], involving Al dissolution reactian

I £ M54 36 (211)
APF*+ 30HMAI(OH) (2.12)
AOH}+OHM ' £ ph 1 0 (2.13)

However, underalkaline solution(high pH) conditions thedirect dissolution of
aluminium involves direct ejection of aluminium ions (reactiorlD. can never
occurbecause Al ions are not stable thermodynamically in alkaline solufi4.
However, aluminiumdissolvingin an alkaline solution may remain coverday
hydrated oxide film. The dissolidn of aluminiumby OH ions leads to the
formation of a porous bi-layer consisting of amorphous Al(QH)nd crystalline
ALOs; on the surface of aluminiursubstrate.The combination of thibi-layer can
reduce the corrosion rate of aluminium, but it cannéitlly protect it from
aggressive environmes{47]. Therefore,Moon and Pyur{48] divided theanodic
reaction (2.4) inteelectrochemicateactionas following

Al+30HH ! f H k3e0 (2.14)
They suggested that theeaction (2.14) is limited byelectrochemical formation of

Al(OHj film at Al/AI(OH) interface by diffusion of OHions into the passivefilm

15



towards Al substrate AI(OH} is chemically dissolved téorm aluminate ions
(reaction2.13) by OH ionsattack at the Al(OH)/electrolyte interface[44, 49, 50].
Perault [51] assumedthe formation of aluminium hydride intermediate iong
which cathodically formed hydrogen reacts with Al to forndhge (AIH) at the
surface of the electrode which thereafter is anodically oxidised byi@id to form
aluminate ions:
lf b o3 b ! £ (2.15)

AlH+ 70HMD ! { pHBHO +6€ (2.16)
Adhikari et al.[52, 53] proved that the transition of the dissolution mechanism
being observedccurswhen the solution pH is close to the neutralityhere the
formation of AlH takes place and increases the solution pH to alkalirityo, they
reported that the minimum cowsion potential of the anodic reaction of aluminium
hydride to form aluminate ions-1.9 (V vs. Ag/AgC[p2].
However, if the dissolution of the hydroxide film proceeds sufficiently, the
dissolution rate will besuppressedy the enrichment of aluminate ions. Aluminate
ions tend to accumulate ahe passive film/electrolyte interface to forma viscous
layer (gel), which hinderthe diffusion of OHions towards the Al(ORelectrolyte
interface[54-56]. Ths can cause the repassivation (growth of the passive film) with
applied anodic potential on the surfacghich is enhanced by the electric field. The
formation rate of the passive film dominaever its competingdissolution rate
thereby, a zero value ofrepassivation rate implies that the rate of formatios

equalto the rate of the dissolutioyso the passive film hardly groys7).
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2.2 Potential/pH diagrams (§H)

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 tfe oxidant reduction ismore
negative than its equilibrium potenti§b8]. Nevertheless, the corrosion of metal in
agueous solution not only depesdn the electrode pagntial but also on the
acidity or alkalinity of the solutiofi.e. the solution pH. Then the thermodynamic
prediction is illustrated by so-called Pourbaix diagram, first developed by Marcel
Pourbaix in 1938[59]. The EpH diagram is a graph representing the
thermodynamic stability of metal and its corrosion products adunction of
electrolyte pH and potential.EpH diagrams are usedvidely for studies of
corrosion, electrolysis, electrical cells, electroplating, hydrometallurgy and water
treatment, since they are electrochemical maps that can provide information on
predominant speciese(g.ions, oxides or hydroxidesh 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 'HH8,

60].

2.2.1 EpH diagram of aluminium

The EpH diagram of aluminiumpgcies shown in Figure 2[81] is a schematic
diagram which includes the water and oxygen lines that illustrate the passivation
region of Al(OH)at neutral pH and the corrosion regions at higher and lower pH

that extend to very low potentials, and the corrosion resistance depends tbere

17



on a dense and continuous oxide film. Four species containing the aluminium

elementcanbe considered, that is, two solid species Al and Al{@HRJ two ionic
species Al and Al(OH)ions. EpH diagrams show the possible corrosion reaction

thermodynamically, but cannot predict the corrosion r§8®, 39, 60, 61].

0 4 6 8 10 12 14
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Figure2.3: EpH diagam of pure aluminium specieat 25C{61]

Figure 2.4[62] shows the solubility diagram for aluminium hydroxide Al(fHhe
solubility boundary indicates the thermodynamic equilibrium that exists between
the dominant aluminium species in solution at a given pH and solid Al(DhB
minimum solubility of Al(OH)s about 0.03 mg Al/L at a pH about 6.3 and increases
as the solution pH bemes more alkaline or acidic. In alkaline solution the

aluminium hydroxide formed electrochemicallgan dissolve chemically to
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aluminate ionsvia OHion attack at thepassive film/electrolyte interface through

reaction (2.3B) [44, 62].

AP*

Al(OH)

Al(OH), g

3

(=]

% == logAP*
—. log Al(OHY"
—— logAl(OH},
-« logAI(OH),

- Solubility boundary

Figure2.4: pH-dependent slubility diagram of alumilum hydroxide Al(OH)62].

Measurements of aluminium potential at all values of pH should take into account
of the following points[39]:

¢ the corrosion potential &and the pitting corrosion potentialfeare 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 under cathodic polarisation,

¢ immunity is theoretically unattainable atHp valuesabove 9 because, at
potentials low enough to enter the region of immunity of aluminium,

water is no longer stabland hydrogen will be released.
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The electrochemical behaviour of aluminium is defined by the influence of the
natural oxide film thatontrols 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 aluminiwsuabstratecannot be measured
because, in oxidising media su@s water, the oxide film will formalmost
immediately(within 1 ms or even le$$39].

In evaluating the corrosion behaviour of aluminium, the pitting potential does not
have the same importance as for steel. Figure[2% shows schematically that the
polarisation curve for aluminium do not have the same shape as fot. steeere is

no region of passivity, because aluminium is a naturally passivating metal. Corrosion
on aluminium will progress as pitting in agueous 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.

_—

el > »
/ log i log i
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Figure2.5: Schematic plarisation curves afteel 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 covensatliral
environments such as surface water, seawater, and moiq68ijr64]. This type of
corrosion is always highly visible because the corrosion mts@vered with white,
voluminous precipitate of AI(OHj on the metal surface. Pitting corrosion is a very
complicated process, and is not totally understood even today. The onekmain
aspect ofpitting corrosion however, is the conditions under whit is initiated and
propagates. The evolution of pits in aluminium is observed in NaCl 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 At*, whereby hydrolysis of a portion of these cations tOW!" 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 Al through the pit mouth into the bulk of the
electrolyte, an intermediate deposition of a veil of solid hydroxide may occur,
followed by aluminate ralissolution. The acidity of the pit electrolyte is such that
repassivation of the pit interior is excluded at least when the pit electrolyte is

saturatedwith respect to hydrated aluminium chlorid&9, 65].
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Figure2.6: Mechanisms of pitting corrosion of aluminium in NaCl solution [65]

2.3.1 Initiation and propagation of corrosion pits

Passive filmare prone to localised corrosion caused by arstimat can incoporate

into the passive film andnitiate pitting corrosion at weak sites. The pitting
potential E;i of aluminium is a potential of passivation breakdown in which an
acceleration of the corrosion procesgcursby incorporaton of various species
presentwithin pits such as metal cations, metal hydroxidé,a@t H. Acidification
within pits as a result of hydrolysis is generally recognized to be a critical factor

[66]. The possibility of pitting corrosion by @ns attack as described by the

following reactiong47, 67]:

ALOs + 6Cl+ 6HThH H s € IHO (2.17)
AI(OH} + CITh ! { £h+D (2.18)
AI(OH)CI + CIh !  6,ROH) / ¢ (2.19)
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AI(OH)GI+ CIlp ! f+OH (2.20)
AICK+ CI ! jf / ¢ (2.22)
The adsorption of chloride ions into the passive film at weak goimill cause
formation of microcracks a few nanometres wide. line propagation stage,
initiated pits will continue to propagate in the floor of the pit. According to the
following reactiong39, 61], pits will propagate:
¢ Reduction reactions of hydrogen and oxygen at the cathodeea
surroundingthe pit are importanf i.e.reactions (2.1) and (2.2).

¢ anodic aluminium oxidation reactio(2.3) at theanodefloor pits.

The solution pH will decrease due to the production BHd Af*ions at the floor

of the pit. The pit floor environment changes to become anodic and, to balance the
positive charge, Cions will be attracted and transpied into the pit. Asa result,

HCI acid will form inside the pit, causing acceleration of pit propagation. The
reduction reaction will produce OHons, thus increasing alkalinisation around
cathodic siteg68]. As mationed previously, Af ions are highly concentrated in
the floor of the pit and will diffuse outwardsom the pit opening, where they meet
the high pH condition of the surrounding cathode area and react with theddsl

to form insoluble Al(OHYhat will precipitate. The micrdoubbles of hydrogen gas
formed in the pit push the AlI(OKjo the pit opening, where it forms insoluble

white pustules around the p[B39, 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 naturalcurring passive oxide
film. As noted by Macdonaldj69] & LJI @yaish tBe key to our metatbased
OAGATAT I GA2Y £ d aughdadironOtRaxivie slumiGniichréndium
and nickel(and their alloy} have activepassive behaviour as they occur in nature
as their ores. A thin layer can be formed on the metafase in most cases where
activepassive 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 activgassive transition, found in the adix polarisation
curve, is shown in Figure72.37].
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Figure2.7. Schematic diagram of anodic polarization curve for metal exhi
active-passive behaviour [3.
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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 t@otial. Further increases in
L2 GSYydAlLf OFdzaS I RSONBI &S Astyhe potérfial i© dZNNB y
increasedfurther, the corrosion basically stops because a passive film is being
formed at the metal surface. In this case the metal is ugdang an activgassive
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 calledetHcritical
current density for passivatidn 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 breakdowre of t

passive film takes place and the corrosion current density starts to increase again

with increasing potentigl37, 70, 71].

2.5 Passivity breakdown

While repassivation kinetics of metals greathducesthe dissolution rate they

camot completely protect the metal surface from corrosion. In pautar,
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 breakdmfwn
passivity, in which the passive layer is ruptured #melunderlyingmetal becomes

exposed to the environmenl, 72].
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2.5.1 Passivity of aluminium

Aluminium and its alloys are important structural metals because of thaiellent
corrosion resistance. Aluminium is naturally passive and, therefore, does not
usually need to be passivated. The dissolution potential of aluminium in most
agqueous 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 formulgDAl
which is formed spontaneously in oxidising media according to the reaf3@n

59:

4Al (s)+ 12HO 0) + SQ (g)l'b H2®3 £5)+ 12H(aq)+ 12 OH(aq) (218)

2.6 Influence of Alloying orthe DissolutionPotential of Aluminium

Transition metal alloying elements (in aluminium alloys and coatings)pring
improvemens of wear and corrosion properties. Transition metd@mentsdisrupt

the kinetis of localsed corrosion and/or facilitate formation of an improved
protective passive film [30]. Formation of nitrslis known tobring a positive effect

for high temperature resistance to aluminium alloy. Figur8 [B7] shows the
influence of alloyelements 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 potentiadirection (anodic direction) to cause a decrease in

corrosion current density.
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Figure 2.8: Influence of alloying elements on dissolution potential
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 denshg. result showshat
aluminium alloyOCP valuevill be inversely proportional to the percentage Mg.
However, corrosion current density is increasing as the Mg % increased.

Baldwin et al[73] concludedthat the corrosion resistance of sputtered aluminium
alloy coatings alloying witBO wt. %Mg would yield the best anodic protection to
the steel substrate. Further increasef Mg inthe aluminium dloy coatingmore

than 20 wt. %could potentially initiate selective dalloying as Al is nobler than
Mg. Molybdenum added as tertiary element into@t alloy coatingennobled both

the open circuit potential andhe pitting potential. AIC-Mo alloy codings required
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relatively high Cr content more than 20fand 1518 % of MQ to effectively
increase resistance to corrosion. This type of aluminium alloy coating wouldaform
passive film instantaneously even exposed in 1M HCI. Primary Mo enrichment
faciltates formation of an improved chromium oxide passive film and widesithe
passive region of anodic polarizatipfv].

Aluminium alloys can ealy oxidisewhen Al is existing in solid solution as
intermetallic (IM) phasept1]. AlthoughIM phases may have a dissolution potential
rather different from that of the solid solution, they have 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 ,abr close tg grain boundariest as in (for
example)titanium addition to AISi alloy[39, 41, 75-77]. Titanium addition to ASi

alloy causes IM separation in the composiabform of titanium aluminide TiAl

TiAk phase that formed inside the Al matrix constructs caticodgions of localised
galvanic ceflinsidethe Al matrix. Thentermetallic TiA] behaves as a cathode and

the nearby Al matrix behaves anodically @hdrefore dissolveg78].

2.7 Electrochemical Polarisation

For metallic corrosion to take place there must be current fl&nwce the corrosion

reactions involve the transfer of electrons between the metal and the solutfen

rates of these reactionare proportional to the measured electric currefif9]. The

St SOGNRPOKSYAOIt OStt Aa Iy StSOGNRO OANDdz i
law ( = E/R). If cell resistance was infinite, the potential could be calculated, and
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there would be no corrosion in this casecdl resistance was zero the potensalf

both haltcells would approach each other and the corrosion rate would in principle
0S AYTFTAYAGS® Ly (GKS WNBIFHfQ OFasS 62F Ay
potentials of each hal€ells will move slightlyowards each other as current flows;
the flow of electrons between the anodic and cathodic sites generates a net current
(), resulting in a local electrochemical potential in the media. This change or shift in
potential is called polarisation- ; 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)rettion [36, 39, 79, 80]. The
relationship between the polarisation reactions of aluminium for each-tgllf in
relation to the corrosion potential and current, is represedtschematically in

Figure 29 [39].
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Figure2.9: Anodic and cathodipolarisationcurvesof aluminium [39].
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There is little advantage in plotting these curves complgtbecause only the area
around the corrosion potential is useful for measuring corrosion currgpt[39].
Corrosion occurring in aqueous media can be measured by electrochemical
techniques based omolarisationt these being mainly Tafel extrapolation and
linear polarisation measuremés 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 aluminiugure 29), the anodic polarisation
curve has no linear portion, anddtcathodic part must be used, with the condition
that hydrogen reduction takes pla¢a9, 81].

2.7.1 Electrochemical polarisation corrosion tesyi

Corrosion testing with polarisation methods basically consists of impoaing
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 wirrent (AQ source. A typical instrumerfor carrying outpolarisation
measurements(as used in this study at our Lab) is illustrated in Figur®. 2tl
comprisesan electrochemical cell setup consisting of an electrolyte solutimee
electrodes (workig, counter and reference electrodes) and electrochemical
instrumentation to carry out polarisation measurements in  which a
potentiostat/galvanostat power controller is used to pass curréintough the
working electrode and an auxiliary (counter) electrodehile monitoring the

potential of the working electrode against a reference electrode.

30



Solartron 1260 impedance
gain-phase analyser

Solartron 1286 electrochemical interface

Counter
Electrode

Reference
Electrode
SCE

Electrochemical
cell

Working
Electrode

Analysis Software

Figure2.10: Polariation measurement apparatusnd electrochemical cell.

Most often, the types of polarisation measurement that are useful in understanding
the behaviour of metal and alloy systemsaigueousenvironmentsare the analic

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 guassve
behaviour that most actiMg corrodingmetals exhibit. Cathodic polarisation is often
used to accelerate the rate of reduction reactions and develop local alkalinity that
disbonds and degrades coatin@ihis forms part of the rational of rapid testing
procedures developed in this workyVhere a constant potential inthe negative
direction is applied, electrolysis of the Isbon should take place. iBsolution
occurring due to the effects of cathodic reacti® at the passive filnmetal

substrate interface is known as cathodic disbondm@&a.
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2.7.2 DC cathodic polarisation

A

| A3K az2fdziAz2zy LI alt{ltftAyAal GA2passiveA & (KS
film/metal interface due to the chemical attack by Obins [44, 83]. The loss of
adhesion known as cathodic disbondmestue to water reduction that produce

H" ionsthat permeate into the passive film and reduces tegds, which promahg

the physicaldisbondment with the contribution of OH ions that causes chemical
dissolution[18, 84, 85]. The application of DC cathodic polarisation causes cathodic
degradationthrough electrolysis of the electroly{@2, 86].

Electrolysis is the process by il ionic substances are decomposed (broken
down) into simpler substances by passafan electric currenthirough them from

a DC direct current battery or power sugpThe substances must be ioffige to

move anddissolvein water (or be molten). Durirg electrolysisreduction reactions
occurat the cathode (which attracts positively charged ions, cations) and oxidation
reactionsat the anode electrode (which attracts negatively charged ions, anions)
and these are discharged to give the produgctehichmay be solid or gaseoun
general, when an aqueous solution of an ionic compound is electrolysed, a metal or
hydrogengasis produced at the cathode. At the anodegaseousnon-metal, for
example oxygen ochlorine may be evolve@87]. The electrode ractions and

products of the sodium chloride solution (brine) are shownHigure 2.1187].
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Figure2.11: The electrolysis of sodium chloride solution (brif8%)].

An aqueous solution of sodium chloride contains four different types of ibnese
are:

o lons from sodium chloride : Ngaq) and Claq)

o lons from water : F(aq) and OHaq)

During the electrolysis of dilute sodium chloride solution the' &alH ions are

attracted to the cathode. Th€land OHions are attracted to the anode.

¢ At the cathode:
The positive charges {Hnd Nd) are attracted to the cathode electrode. Hons

reduce to H gas (Hions gainelectrons more readily than Néons).

9%

Na'+el bl =-2.713V

b

o4

oV

H'+el 4
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Also at the cathoddbecause it is much easier to reduce water than' ias), the
only product formed at the cathode is hydrogen gas.

2HO + 2elh J+ OH W, =-0.828V

¢ Atthe anode:

The negativly chargel ions(Cl and OH) are attracted to the anode electrode. OH
ions release electrons andre oxidised toform water and Q gas while Clions
remain in the solution.

AOHTH 1O + Q+4€ W, =-040V

2CIThH 4+2€ W ; =1.358V
By contrast, during the electrolysis of concentrated sodium chloride solaiotme
cathode electrode Hions reduceto hydrogen gas as during diluted NaCl solution.
The only differences that at the anodeCl ions aremuch more probalyl oxidised
than OHions It would seemto be easier to oxidis®©H ions (o =-0.40 V) than ClI
ions (B, = 1.358 V); howeverbecauseof the concentrationkinetic factor wins
out, the much higher carentration of Clions over OHons leads to the oxidation
of the chloride ion to form chlorine ga@7, 88]. Table2.1 [36] illustrates the
standard reduction potentials formost typical half-reactions encountered in

electrochemistry
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Table2.1: StandardRaduction of HalCell Potentials

Half-Reaction E°
O,g)+2H+2e = 0,g) +HO 2.07
HO,+2H"+2e =2H.0 1.776
Aut + e~ = Au 1.68
PbO, + 4 H* + 2 e~ —= Pb* + 2 H_,O 1.467
Clig)+2e — 2CI 1.3583
O,+4H +4e =2H,0 1.229
Pt>*+2e =Pt 1.2
HO, +2e — 2 0H- 0.88
Hg> + 2 e~ = Hg 0.851
Agt +e- = Ag 0.7996
Hg > + 2 e = Hg 0.7961
Cu+r+e = Cu 0.522
0,+2H0+4e =4 0H" 0.401
Cu*+ 2e = Cu 0.3402
2H*+2 e =H, 0.0000...
Fe* + 3 e = Fe —0.036
Pb* + 2 e = Pb —0.1263
Sn?* + 2 e = 5n —0.1364
Niz* + 2 e~ = Ni —0.23
Co* +2e =Co —0.28
Fe** + 2 e- = Fe —0.409
Cr3*+3e =Cr —0.74
Nt 4+ 2e =7n —0.7628
Mn? + 2 e- = Mn -1.04
Al + 3 e = Al —1.706
Mg+ + 2 e- = Mg —2.375
MNa* + e~ = Na —-2.7109
Kr+e =K —2.924

2.8 Hydrogen Damage

It iswell known that atomic hydrogen, and not th® 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 corrosigphenomena under the general term of
cracking which relates to its penetration into metals and all{8§. 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 @&athodic reaction, either during natural corrosion processes or
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forced by cathodic protection, when certain chemical species are pre3dns.
hydrogen damage is very dangerous and clossttess corrosion crackingCg;
but is caused only by hydrogen atoms and molecules and tensile stresses. Hydrogen
can enter metad and alloys either from a gas or a liquid phase. The mechanism of
entering from the gas phase includes adsorption efdd other gas containing
hydrogen(such as kB), its dissociation into adsorbedatbms (H,g9 on the surface
and the diffusion into themetal structure. In the liquid phasefdis formed as a
result of an electrochemical reaction in acidic solution:

HeO'aqyt € Th dhis* HOy (2.2)
Hydrogen atomshat originatefrom the cathodic reactiof H ionsare very active
and easy to dffise intoa metal lattice. Inside the metallic lattichydrogen atoms
can combine to form Kgas,the accumulatiom of whichcan cause hydrogen blister
formation because othe large hydrogenmolecular pressurethat results The
internal pressure of fincreases to a level at which cracks initiate and propagate
[89]. The methods that produce hydrogen are numerous; one of gesiest and
fastest one is eledrolysis of an aqueous solution by producihgdrogen on the
cathode electrode. Cathodic hydrogenodtion represents the most important
reaction to produce hydrogeras fuel. Thebiggest problem facing hydrogen
producers is to finda suitable metal or alloythat works asa cathode with low
hydrogen overpotential (electrode damage) to reduce the ajseplacementand,
at the same time, istable enoughfor longterm electrolysis[90, 91]. Hydrogen

damage in metals camccurin three different wayg89]:
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1 Formation of hydrogen atoms and their adsorption on metal surface.
1 Diffusion (p@etration) of adsorbed hydrogen atoms into metallic lattice.
1 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 hydrogefdiffusion) into metals has been widely studied by
electrochemical permeation tes{®2, 93]. The dffusion of hydrogenn metalsis a
significant problem met by engineering componeirtsndustry. his phenomenon
must be studied closelyto give a better understanding of its mechanisms.
Permeation of hydrogen is strongly influenced by the local hydrogen ion
concentration[94]. Due to theionic behaviour of passive fisnhydrogemabsorbed
into the passive film must be considered asnggresentasa charged species and
very low hydrogen diffusion coefficienire expected in theni95]. It is well known
that the passivdayer can act asan effectivebarrier against hydrogen entry into
metals, depending oexposuretime 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, corrosedectrodeposition coatings
and cathodic polarizatior]96]. The electrochemical hydrogen permeation into
metals depends on the w@wface preparation, defects and surface oxidation and
passivaion state. Hydrogen permeation can be measuredibyrrent density that
isexpected to be proportional to the hydrogen fIy®@5, 97]. Figure 2.2 [97] shows

hydrogen evolution with time during and after cathodic padation.
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Figure2.12: Schematic diagram ohé overall proces®f hydrogen permeatio
current development with time during and after DC polarisation [97].

The time lag () is the time required to btain a steadystate of hydrogen flow
through the metal interstitial sites, after a sudden change of experimental
conditions[95]. The hydrogerpermeation curve is function of time during and
after DC cathodic polarisation (potentiostatic proce#tsivas usually illstrated that

the typical hydrogen permeation flugurves 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
reactve than the ion because it is more unstablEhis risingcurrent transient will
become constan{steadystate current), where hydrogen atoms reach saturation
level. Oncehe metal surfaceis saturated with hydrogen atoms i, hydrogen will

no longerdiffuse easily into the mtal and would preferentialljorm hydrogen gas

H,. The dscharg transient (with decreasng current), starts after the DC

polarisation isterminated. Continuation of discharging results andecrease in
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current until reacing the steadystate level. If a steadystate is not reachedput a
peak is observed, this can be assuniede due to the production of voids within
the metal structure, orto changes in the surface fili87, 98]. Hydrogen affects the
properties of a metal whents absorbed concentration equals or exceeds a
thresholdhydrogen concentration.

The protective surface oxide layer genergdlgsent 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 themetal [96]. Generally, the accepted reactistior H' ion evolution

can be written as follows

1) Ha@y+e b ais (2.23)
followed by either the chemical reaction

2) Hags+ H aq+ € MH: ) (2.24)
or the electrochemical reaction

3) 2Hslb d(g (2.5)
and accompanied by the following reaction

4) HaaslD abs (2.26)

For this sequencahe reductionreaction of Hion (2.28) would be expected to be
rapid since the energy of ;i on a metal surface is large. However, the
concentration of Hysat the surfacevould be decreased since the rate ofpkvia
the reaction4 (2.26) would also be expected toe rapid(as the permeability of a
passive film is highandcan proceed by the mechanism illustrated schematically in
Figure 2.8 (a)[99]. Consequently, the rate of the reactis@ and 3(2.24 and 2.%5)
would be slow and low since both are dependent on the availability f H

concentration at the surface
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Figure2.13: Schematic diagrams for the mechanism of hydrogen evolution :
passive film/electrolyte interface, aftd@9].

The protective passive films would slow down hydrogen absorption into the metal.
Thus, the rate of the reacti@® and 3would be highertian the reactiodand the
reaction 1 would be irreversible with the following current/potential relationship

formula2.27 [99:

0 (& ( Agb—0 (2.27)

40



Where, k; is the rate constant for reactiod, whichis dependert on H ions
concentration and can proceed by the mechanism illustrated schematically in
Figure 2.8 (a)[99].

Hydrogen permeation into the passivém is a complex process involvitigree
mechanismsdiffusion, absorption and trapping. Qin et fIOQ createdsimulation
modekthat describethe hydrogen permeation procesbrougha passive filmThey
proposed adiffusion only model (D)diffusionand trapping moel (DT), diffusion
and absorption model (DA), and cambination model(DAT) as showm Figure

2.14.

0.8

H permeation (ifi,)

Time (x10% s)

Figure2.14: Types of radels that describe hydrogen permeatiohough ¢
passive film [100].
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These models were numerically simulated by finite element method and caedpar
with hydrogen permeation curves, values of the parameters assmti with
permeation (such as diffusion coefficients, absorption and desorption rate
constantg, passive filmstructure and chemical composition, the presence of
oxygen vacancies, the types of impurities and their concentration, the permeability
characterstics of the passive film, the passive film thickness, poroaity
uniformity and environmental parameters (such as electrochemical potential and
temperature) [96, 99-101]. Thus, the hindrance of hydrogen permeation hy
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 filher&fore, it can be
seen in Figure 23l(b) that the rate constargtof k; and k for reactions2 and 3are
greater than the ate constantk, of the reaction4.

The distribution and diffusion of hydrogen aometal 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 surfaceiswhich can be
calculated by first converting current measurements ifitox of hydrogen atoms.
Wherethe saturationcurrent is meaured inamperes(whichis coulombs of charge
passedper secong, the permeation of hydrogen atoms diffing into the metal
may now be measuredin the steadystate (saturated level), the maximum
concentration of hydrogen in met& (mol cm®), can be catulated from the

following equation:
0 — (2.27)
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whereO is the permeation current densitfA cni) at the steady statet.(cm) is
the specimen thicknesgis the Faraday constant (96500 Aasy D (cnfs?) is the

hydrogen diffusion coefficient ithe specimen at 298 (97, 102, 103).

2.9 Protective Coatings

A countless number of environments cause corrosion of structures and engineering
components, and therefor@ariousapproachesexistfor the protection ofmetallic
substrates. Most of these approaches @@vernedby the use ofither organic or
metallic barrier coatingsand 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 applicdépends 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
thatl O2F GAy3 gAtf LINPOYARS A& olaSR 2y GKS
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 ad coating processes. A coating may be prone to identical conditions and
not improve or protect the substrat¢l, 104, 105]. Typicalsteps of the coating

selection procedure and the process employed are shown in Figusd .1

43



What is needed? | Whatis possible?

e |
Component i
> specification }
[
3 Functional {
tribological |
requirements {
|
4 Functional |
coating }
requirements l
|
|
1 S 4 'f"-’Coating
Application and = Non-functional —» process
design study requirements | Ly characteristics
|
| 8 Coating
: material
6 Economic and I characteristics
 procurement —| 0 bt
requirements l Specific coating
} materialand  p{ SOLUTION p
| process
A A A ! characteristics

Figure2.15: Methodology for coatingnd pocesseselection[1].

2.10 Advaned Methods for Coating Corrosion Protection of Steel

Most of the time, environmental degradation resistance is provided égoating
system applied toa metal substrate that acts as a back suppagproviding
mechanical strength and fracture toughness. bfigtally, development of improved
corrosion andwear resistah coatings can be defined as a combinatiari one or
more dissimilar materials applied ta metal substrate.Corrosion and wear
resistance ar@f significantconcern in many industries, as theyosten the service
life of many engineering components. Therefore, stoflthe factors that influence
coating durability includes chemical composition, morphology, structure and

adhesion[106]. The most common techniqudkat have been widely employed to
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impart corrosion resistancare chromate @nversion coating andcadmiumor zinc
electroplating. These typeof coatingexhibit excellent mechanical and corrosion
resistance properties andlso improve engineering paint adhesion and lubricity
characteristics; they have beewmsed inthe aerospace ndustry for many years
[107]. However many suchcoatings are banned under strict regulation due to the
toxic nature of materials and deposition processhreaten human health andhe
environment [108, 109]. PVD coating technology has the highest potential, where
the market share of PVD segment will be worth 42 million in 2016 with
compound annual growth rate (CAGR) of 7.peaq].

2.10.1 Physical vapour deposition coating

PVD coatings are vitdbr surface modification of various tools and emggring
components. In generalPVDof engineering coating isonducted through four
commercially maindeposition processeson vapour deposition(VD) magnetron
sputtering, cathodic arcevaporationand plasmaassisted electrobeam PVDig¢n

plating) in vacuum or low pressure chamber amdcoating is deposited ora
substrate surface by condensatiohatoms or molecules of metal vaporised from a
solid or liquid statg111]. PVD coating technique accomplished to deposit coatings
thickness from few hy 2 YSGNB & oyYO0 (2 FTS46 YAONRYaA
alternative coating methods used for thfitlm deposition or coating such as
chemical vapourdeposition (CVD), thermal sprayinglectroplating, etc.[111].
However, nowadays most PVD processes can be done using processes involve

generation of arelectrical discharge, in order to createn bombardment during
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deposition whichis known genericallyas plasmeaassisted (RPVD). In the context
of metallic coatingsPAPVD is usedvidely for depositing very thin coatings of
aluminium on substrates for @erativeand optical applications.

2.10.2 PVD processing

2.10.2.1lon vapour deposition

lon vapour deposition (IVD) is a physical vapour deposition process for applying
metallic coatings on various metallic steel substratemainly pure aluminiunfor
corrosion protectionof steels and titanium alloysin the early 1960s, IVD was first
applied by Mattox[111]. Many researchers started to eliminate cadmiuand
some zinc coatingg with alternative nontoxic aluminium coating. IVD procésg
employed resistive evaporation using Al wire feed oatteramic boride crubie.

The IVD procesaisesevaporation éither resistive orelectronbeam) and a high
voltage applied taa cathode, toproduce uniform adherent aluminium caags on
metallic substratse. A DC cathodic potential 600 to1500 V) igypicallyapplied to

the substrate. Aluminium is evaporated from resistively heated elements or from
an aluminium slug by electron beam evaporatidrhe IVDAI coating does not
affect the mechanical properties of the substrate a(with shot peering after
deposition)can provideprecise thickness control on a wide range of shapes-AVD
coating is nortoxic and can be used in a wide range of applications and is
particularly effective as a replacement for cadmium coatings. However, the

disadvantage of I\AAI coatirg is that it dten has structurablefects (such as pores
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and columnamicrostructurg which may result in insufficient corrosion resistance
for the metallic substrat¢112].

2.10.2.2Electron beam evaporation

Electron beam evaporation is physical vapour deposition process whereby an
intense, highvoltage electron beam is generated from heated tungsten filament
and acceleratd these electrons using electronic and/or magnetic fields to deflect
the beam EBeam evaporation ia preferred vauum technique for deposit highly
dense metallic films. ElectreBeamevaporationeliminates many disadvantages of
IVD process such contamination frothe crucible, heaters and adjusting the
relative low input power levels, which makésdifficult to depasit pure films at
appropriate rates. BBeam evaporation method can deposit materialhich are
difficult to deposit by IVDsuch as reactive, low vapour pressurefractory and
insoluble material mixtures [113]. Materials including low vapour pressure metals
(such as platinum), refractory metals ¢u 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 obtaiaed a factor which is
of commercial significance in thick, metalboating praluction[117].

When the electron beam hits the surface of targeaterial, the highkinetic energy

is transformedefficiently into thermal energy. The energy given off by a single
electron is quite small and the heagins accomplished simply by advantage of the
vast number of electrons hitting the evaparassurface.Theachieved energy level is

quite high, often more tharten million watts per squareentimetre The power
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supply for ths operation is a high voltage Dibwer suppy and the applied

accelerationvoltage is typically (10 to 2QV)[114].

2.10.2.3Sputter deposition

According to MattoX111] the first sputter deposited filmsvere reported by Wright

in 1877. Sputtering, in contrast to evaporation, is a nttrermal vapourisation
process where atoms are physically ejected from a solid subfgdeombardingit

with energetic atoms/molecules which are usually gaseous ions accelerated from
plasma Sputter deposition is performed under vacuum conditions (typically less
than 10° mbar base pressure and fOoperating pressure) and uses a glow
dischage 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 techniquesre generally categorised aspld cathode DC
diode sputtering, DC triodepsittering, DC magnetron sputtering, AC sputtering and
Radio Frequency (RF) sputteringputtering provides a number of advantages
including i) excellent coatinghickness uniformity; )ilarge area vapour sources)

no droplet formation iv) no spittirg, v) depostion of insulating films; and Vi

deposition of refractory materialgl15, 116).

2.10.2.4Magnetron sputtering

Magnetron sputtering is the most widely used of sputtering methahd was
developed to overcome the limitatiaof traditional sputterdeposition method
such aslow depositionrate, low ionisation efficieay and excessivesubstrate

heating by electrong117, 118]. Extra magnetic fieldines parallel to the target
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suirface restrain the secondary emitted electron motion in the vicinity of target or
cathode. The magnetic field South Potelocated at the central axis of target
whereas North Poles formed at the outer edgdor vice versa), aslustrated in
Figure 2.6 [119. A Lorentz force (FL) induddy the magnetic field trapemitted
electrons ancconfines them i~ WNJ G&wedhlth® lai@et polesThisleads to

an incrementin sputter rate, corresponding toa higher degree ionization [114,

119.
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Figure2.16: Schematiaiagramof magnetron sputtering119].

2.10.3 PVD coating microstructure

All industrial oracademiaesearch in magnetron sputtering deposition invaweo

or more elements simultaneouslithe mcrostructure, crystabtructure, grain size
and texture of films are influenced by deposition parameters. Properties of
protective ®atings are strongly influenced by the microstructurenertwo critical

factorsare ionbombardment energy and sputtering rate must be controlled for the
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growth of the desired thin film microstructurgl2(.. The $ucture zone model
(SZM) was first inbduced by Thorntonelating microstructure growtito the ratio
of the experimentatemperature tothe melting[121].

Following onstudies ¢ these malels by researcherbave beenbasel on either
deposition methods or bias voltage to identify growth pattern of thin film
microstructures. Kelly and Arnell proposed a structure zone modglcplarly for
CFUBMS method. Thethors outlined a new approactotdetermine the effect of
temperature, high ion flux ashion energy each individualtgn the microstructure.
This model considertree variables which are homologous temperature, A
atom ratio and substrate bias voltage. Results shows this depositethod usually
producss either fully dense or dense columnar coating struct[k8§].

Sanchette et al.[122] successfully deposited microcrystalline-Gxl and AlTi
coatings. Grain size of coatings decreased when percentage of foreign elements Cr
increased from &t.% to 40at% or 25at.% to 60at.% for Ti. Nitrogen (N injected
into PVD chamber with mixture of argon (Ar) resdltransition of microcrystalline
to amorphous structure. Aully amorphous coating was obtained around 5vol.%
of Ny injection for ATi (11 at.%) and ATr (10 at.%) coatings system. Thethors
also rert amorphizationoccurred at low 2vol.% N injection as Ti increment to 23
at.% or 13at.% for Cf5, 8, 122, 123]. Nitrogern stabilized amorphous coating and
dense AICr coating theoy were supported by researatonducted by Creus et al
[5]. Also Creus et aJ124] deposited a range of PVD-Bdsed coatings composed of

pure aluminium, ACr, AIN, AITi, AlZr, AIMn, AFMo, ALSi, AINi, AtV, AlZn, AlY,
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AlCe, AIGd and AMg on glass substrates by greetron sputtering and (more
recently) EBPVD techniques. The following alloy€&rAAIN, ALTi, AlZr, AiMn, Al

Mo, ALSi, AINi and AV were all found to improve the resistance of Al to localised

corrosion.
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ChapterThree

Accelerated Caosion Evaluation Techniques for

Coated Steel

3.1 Introduction

As the demand for improved corrosion residtaosf coating increase, users of
coatings require improved testing andjuality control procedures to be introduced

to determine how long coatings ilivresist corrosion of the metal substraten
which they are applied[125-128]. It is becoming increasingly necessary to develop
rapid evaluation and screeningchniques that can estimate the likely corrosion
behaviour of coatings before using them in actual applications. However, it is
impractical for coating manufacturerto wait weeks, months or even years for
completion of outdoor exposure testfl5, 128. At the beginning of the 20
century accelerated corrosion testing was first developed to induce quicker
deterioNI G A2y 2F O2FGAy3 aeaidSvya ol aSR 2y
e.g. temperature, salt, humidity, UV light) at higher levels than might be expected
to occurunder natural exposurg129. Electrochemical evaluaticdechniques 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 taaggressivenedia[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 aéngineeringcoatings in a shorter
period of time [131]. For example, EIS gives useful numerical information about
coated system degradation characteristifs32], but still involves the periodic
interrogation of corroding coating/substrate system in real time. Recently, a rapid
accelerated technique has been developed by Hollaender ¢1.3/.14] calledthe
AC/DC/AC test; this can provide a rapid assessment of the corrosion behaviour of
organic surfaces and particularly of paint coatings wHmih to this test being
successfully adopted by Suay et al., 2(8& to evaluateliquid 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 isperformedthrough acceleratel testing techniques, in whicthe time to
failure is considerably less thdhat expectedfor real applications and conditions.

In 1914, Salt Spray Testing (SST) was first aseshevaluation technique fobulk
materialscorrosion testing125]. SST wafrmalisedasthe ASTM B117 standard in
1939 [133, andis one of the most widely accepted accelerated testing methods
(particularly by industry) to evaluate the corrosion behaviair coatings. SST
causes the degradation of tHmulk materials anatoatings or their failure in shorter
time periods than natural conditions withoutin most cases, changing

fundamentally the failure mechanisn{d34]. SST is performed under conteall
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conditions and any alterations in the appearance of the coating during exposure are
monitored asa 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
compktely independent of the operator. So faa direct correlation between
natural and SST degradation is not cjdaherefore, SST is generally only used for
comparative ranking of differerailloys andcoatings.The method is based on the
principle that corosion can only occur if electrolyte and oxidant species are present
at the metal surface. Nevertheless, ASTM B117 is generally acceptgdlids
corrosion test technique due to its standardised protocols for conducting the test
exposure and evaluating theesults, its procedural simplicity andhe ability to
discriminated SG ¢SSy W32 2 RQ [10,¢3RI26484186Q O2 Ay 3a
3.2.1.2 Salt spray test procedure

ASTM Bllprovides a standardised protocol of test procedure, whichvolves
continuous exposurdgo a fog or mist of 5 wt. % NaCl solution at 35°C. Other
chemicals mayalso be added to the electrolyte to simulate other corrosive
environments such as acid rain or industrial atmosphef&25]. Salt spray testing

has been criticised for its inability to provide a quantitative results of corrosion
damage andfor a lack of reproducibility fronone test to other.Figure 3.1[125

shows a schematic of a typical chamber used for salt spray testing.
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Figure3.1: Schematic of a typical salt spray chamiitq.

3.2.2 Electrochemical Impedance Spectroscopy EIS test

3.2.2.1 Background of EIS

Since corrosion is an electrochemical process, electrochemical technigues
frequently employed to study and understanding the corrosion process. However,
electrochemical testing techniques, such as Electrochemical Impedance
Spectroscopy (EIS) are very commase in evaluating corrosion behaviour of
coating over[137, 13§. EIS is a powerful, proven and ndestructive technique
that can provide valuable information with regard to the details of corrosion rate,
electrochemical reactions and detection of localised corrosifif89-142).
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 8f@htury byFinkelstein[144]

characterisethe dielectric response of the oxide film. A few years later, CKI8.
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[145 found that the capacitance was a function of frequency from the analysis of
cell membranes. The rdlanship betweenthe frequency exponent of impedance
andaconstant phase angle watso observedby Fricke in 193p144].

Cole, K. S. and Cole, R. H. in 19#45|, reported the fequency dependent
dielectric constant in a Nyquist plot (imaginary part and real part of dielectric
constant as y and x axis, respectively), which is so calledGotdeplot'. They also
suggested the use of & onstant Rase Hement (CPE) for noieal data.
Furthermore, m the next decadethe doublelayer structure was explored by
Frumkin and Grahamend provideda fundamental understanding &lS technique
useand le to the development of thEquivalentGrcuit (EC) modelling approach by
Randle and \&rburg[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 (0Hz to 16 Hz) the resulting impedance

calculated 34, 147]. The results obtained from EIS scares@mmonly represented

asaplotofrealZY LR YSY(d 0%Q0 @Gad AYIIAYlINEB 6%E0

02Y
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phase angle vs. frequency (Bode plofShe impedance Z can be calculated as
follows[138:

% 62.0 [ %O b 2%E (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, etd.138, 143).

The interpretation ofEISresults can be made by calculating the values of electric
circuit elements fron a modelequivalent circuit. There is a correlation between the
elements of the EC and thatructure of (and resultingorrosion propertieyof the
coating systeni134, 135, 148]. Figure 3.2127] shows schematically the equivalent

circuit for a general case of a permeable coating under attack by an electrolyte.

: Corrosion
~———Electrolyte —ie— Coating s T —sleMetal—
Reaction
Coating
Capacitance
{\ Double Layer
Capacitance
Rs Ce e
LYY T
-V l\/ r & |
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Resistance 77
| Ret
Pore _\/\/\_
Resistance J
Charge transer
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Figure3.2: Schematic general equivalent circuit EC of coated metal surfa86%

3.2.2.3 Equivalent circuit interpretation
Generally, EIS data analysis requiresag@propriate 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 3s2typicallyused for a corroding metallic
coating which,comprises the following elements: solution resistan@g pore
resistance Ry, charge transfer rastance Ry constant phase element CPE
(representing the coating capacitance) and constant phase elementy CPE
(representing the double layer capacitanc&€PEs in the equivalent circuit describe
the distribution of relaxation times, due to inhomogenieg present at the
solid/liquid interface [149]. This norideal 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 byetdisc
resistive or capacitive electrical elements and CPEs thus provide better circuit fitting

results. The impedance of a CEE-§ is defined by:

— (3.2)

Where C is the capacitance and is the power that relates to the extenh of
heterogeneity generally attributed to the fractal geometry, inhomogeneity and
sample porosity. Ae exponent nisan adjustable parameter that lies the range (1
XXn >K0). When the value oh approaches unity, the CPE is equivalent to a pure
capacita, if n approaches to 0, the CPE is equivalent to pure resistancewiitht

an n exponentcloser to 0.5the CPEvalueis indicative of diffusion processes and
consequently, the CPE indicates a Warburg diffusion compdadst151].

R0 and CPEare related to the coating characteristif&3, 151, 152]; R,, represents
the resistance to current flowhrough the pores, which can provide a measure of

coating porosity and deterioration:
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Y — (3.3)

wK S NXB the eledirizal resistivity of the electrolyte in the porasjs the coating
thickness and A is the total surface occupied by the porgs.tiRis tends to
decrease with immersion time, as the electrolyte penetratesough the pores
and/or columnar structee 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 iA ateeh
relates to an increase ithe number of pores (or in their size) if the coating is
damaged. Howevery,, can also be seen to increase with immersion time under
certain circumstances, probably due to the deposition of corrosion products that
can block the poregl50, 151]].

The coating capacitandg is a measure of coating integrity and can be determined

by the composition and structure of ¢hcoating material:

d =GGRA/C (3.4)

| S NBi& thespermittivity of free space (8.854 x H0C k Y pif thetpermittivity
constant of the coating materialA and d are the coating surface area and the
thickness, respectivel23, 34, 151-153.

The charge transfer resistané®; and double layer capacitand&, represent the
corrosion proces®f the coating at the coating/metal interfacd; is associated
with charge transfer behaviour of the metal substratd. G exists at the
electrode/electrolyte interface. This double layer is formed as ions from the

sdution approach the electrode surfac&he magnitude of theZ, is affected by
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many variables includeelectrode potential, type of ion, ions concentration,
roughness of the electrode surfaceonic oxide layersand the electrolyte
temperature[150, 154, 155]. TheGy in Figure 3.2an be charged andigsthaged

like any other capacitdil54].

Adsorbed Diffuse
FIXED MOBILE
layer layer

~ N\ ]
d. koo

o

@@ o X O@
O¢ »O

O@ o ¥ @@
DO . q OJolS;
6@ + s * Y oe + @e

0= & *

@@O ++++1é4é%36$
6(308
L 665606 )

Figure3.3: Schematic diagram of double layer capacitor [1!

3.2.3 Rapid Electrochemical Assessment of PEREAP

Since not even conventionatceleratedcorrosion evaluation techniques apiick
enough, several more rapitechniques have been developed mecent years to
introduce aggressive conditions to accelerate thmating degradation. This has
been driven the development of unconventional accelerated corrosion test
techniques that can provide quantitativendications of corrosion damagen
consideraby less time than conventional test techniques.

In 1996, Kendig eal. [12] first proposed a rapid (about 24 h) electrochemical

method that could combine EIS measurement with DC cathpdiarisation to

60



RS (i S NJY A tim8-to-faikiréQof W painted mild steel substrate. Since then his
approach has been verified and expanded by otlesearcherq14, 85]. A Rapid
HectrochemicalAssessment oPaint (REAP) was proposed by Kendig, wisaiow
being considered by ASTM astandard under ASTM GO01.1bn ekctrochemical
measurements in corrosion testing of painted st¢&b6l. REAP is a procedure
designed to estimate the loRgerm corrosion resistance of coated metals using
short-term electrochemical tests. It involves running a semésexperiments(of
about 24h duration)on two or more samples.

3.2.3.1 REAP experimental procedure

In REAP testing the electrochemical cell shown in Figure)3¥%bd was used to
carry out the test. The evaluation of corrosion behaviour of the painted metal
samples using REAP testing involves a combinatfowide-frequency AC(as an
electrochemicalmpedance spectrunfElS) and DC cathodic polarisation oveh?24
The REAP testing procedure involves runrangumber of testson at least two
paint sampleqpreferablymore). To evaluate the relative time to failure and kan
the coating samplesa scribed samplewith 2 x 2 cm right anglcross must be
created, andhe other sample remaininginscribel in case of testing two samples
(Figure 3.4 b)12]. The flat painted metal sampils fitted to a cell that contains a
saturated calomel eldmde (SCE) as a reference electrode, while the counter
electrode can be graphite, platinum or any noble metal #relcellisfilled with 0.5

M NacCl solution witkan expo®d areaof 56 cnf.
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b)

Unscribed Sample Scribed Sample

Figure3.4: REAP experiment; aqpid electrochemicalassessment opaint cell
[158] and b) painted metal samples [12]

Figure 3.5[12] shows the schematic diagram of REAP testommprisingthe

following steps :

I.  Measuring the corrosion potential of the painted sample immediately after
the cellisfilled with saltsolution.

II. EIgat 0 iy aninitial electrochemical impedance measurement to evaluate
the effectiveness of theaint as abarrier before applyingDC cathodic
polarisation.

[ll.  DC cathodic polarisation measment-1.05 V(vs. SCE)for 24 happlied to

the scribed paintto accelerate the distinding of the coating.
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IV. ElI$at 24 h to evaluate the efficiency of the coatingbility to remain
adherent under conditionsof electrochemically acceleratl corrosion after

applied DC cathodic perisation for 24 h

ElQ El$

o _—\/\/\— _N_

24 h DC

Potential (V vs. SCE

-1.05;

t t
° Time (h) f

Figure3.5: schematic diagram of REAP test proceduf.

The results were then compared ta@onventional salt spray test results. The
outcome results of suclcomparativetest method were an observed formula that
predicted the relative time to failure TF) of the coatings as a function of the
corrosion resistance () measured after 24 the coating disbondment rateéx dt
and coating permeability to the electrolyfé2, 128 157].

3.2.4 REAP data analysis

3.2.4.1 Measuring coating dbondment rate dx/dt
The disbondment rate can be determined by the following relationship:

dx/ dt = Avg. width scribe mark (mm)/ total timbk)( (35)
After applied REAP testing for 24 the scribed paired sampleis removed from

the cell and directly rised in deionised water and d#d. Anyloose coating around
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the scribeis removedusing a sharp edgéo make sure thedamagedcoatingareas

are completely removed. The average width can be measured using a ruler to
measure the loosned coating area in seeral places. The default valug 10*
YYKK A& dza SR A ywhandwirmésigrifiantHufidackiR bl¥drved
[158].

3.2.4.2 REAP impedance (EIS) datad G sand Ro)

Analysis of EIS data of painted metal saraeachieved using a sable equivalent
circuit. The fitting results of the EIS data at 0 laagarting pointandthe fit for the

EIS data at 24 hs a final point. The considered elements of the electric circuit are
coating capacitance at 0 and 24(& o and G 24). But forthe corrosion resistance
R.or the value obtained at 24 ghouldbe takenin to the account.

The obtained coating capacitance i€used to estimate the water uptake of the
coating(i.e. thepermeability) as volume percent (%v), which can be calculditeth

the following formula:

PO p neR—nLf (3.6)

The measuredhree REAP parametersiX/dt, %v and R,) can predict the timeo-

failure (TTF) of coating. Thereforeigher values ofix/dt and %v lead to shorter
failure time, while higher valuesf &, lead to longer failure time. Considering the
relative TTF in REAP testing can be used to compare several different types of
coatings, whichcan revealnoticeable differences in disbondment ratdt is

assumed thathe Bestroatingswith lowest dsbondment rate would be associated
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to the low water uptake and high corrosion resistarjt&§). It was found that the

TTHsdirectly proportional to that obtained from salt spray test resyt2§).

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) maasumts, initially for the
testing of organicallycoated metal surfaces in food packaging applications
repeated sequence of(AC)/DC/AC procedusethis was successfully adopted by
Suay et al[85], 2003 on a liquid painted steel. In 2005, Poelman efl4],

extended 8a@ Qa | LJLiN&stig&ddainte@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. SCHR59. Cathodic reactions at the coating/substrate
interface produce K gas and OHions, which promote coating degradation
BEvolving H gas bubbles can lead to physical delamination, whichsgiise to
coating damage (reflected by the variations in EIS spectral resp{i3g) When

the cathodic eaction is terminated(and H gas evolution has taken plagethe
normal electrochemical corrosion reactions of the coating system take place in the
presence of an electrolyte with production of iron oxide and hydroxi@2s 148].

Figure 3.4160 shows the physical effect tiie (AC)/DC/AC test on the coating.
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The electrochemical cell setup used in AC/DC/AC experimental procedure is the
same electrochemical cell used in REAP testing under the same coadé®
described inthe previous section A schematic diagranof the (AC)/DC/AC test
procedureis shown in Figure 3[45]; it isused in repeated cycles fan extended
period of time (almost 24 h) to accomplish the acceledadegradationof painted
coating systems on steelhe (AC)/DC/AC test procedure consists of the following
steps:

I. Initial EIS step: AC measurement at the irggtpotential monitoring the
painted metal system state @pen CircuiPotential(OCH before appli@

DC cathodic polarisation.

II. DC cathodic polarisation step: which driven by applied a constant cathodic

voltage €2 V) for 20 min.

[ll. OCP step: potential relaxation for 3 h until the painted metal system

reaches a newteadystate after DC cathodic polarisan.
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IV. Final EIS step: AC measuremenagmin applied to determine the new
state of the painted metal system aftethe applied DC cathodic

polarisationand relaxation cycle.

S
© ) )
2 Relaxation time OCP
o 180 min
0
o ;
(I
i » -2 V/20 min
DC
I | | | ] | ] ] ] ] I ] |
0 40 80 120 160 200 240

Time (min)

Figure3.7: Schematic diagram of (AC)/DC/AC test procedures vs. time

Thetest sequence (IV)isrepeated several timem a very short timgalmost 24 h)
until the coating systenms significantlydamaged This is aignificant improvement
when compared to traditiongberiodicElSnterrogationand conventionasalt spray
tests each of which require weeks or month®f cumulative testingto give
meaningful results. Depending on the coating quality, the number of cycles of
(AC)/DC/AC could be increased and/or the relaxation time redgoce@xtended
whilst the accelerated failure of the coating system is monitored periodically by the

appliedimpedance measurementi®2, 41, 135, 148 160].
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3.3.2 (AC)/DC/AC data analyiemthelLl2 Ay i 2F @ASg 2F {dzZ 28Qa adic

Experimental results of (AC)/DC/AC testing obtained by EIS measurements, DC
cathodic polasation measurements and potential relaxation OCP, which are fitted
using a suitable equivalent circuiare shown in Figure 3.885] and the potential

relaxation time data isxplained usig the graph irFigure 3 [41].

Theequivalent circuibelow wasusedby Suayo model AC/DC/AC impedance data,
where (R = electrolyte resistance, ,R= pore resistance, CPE constant phase
element of coating capacitance, R polarisation resistance and GP£ constant

phase element ofthe double layer capacitance [85]

CPE,
]
[
Carbon—\\/\/ CPEy Steel
R
3 L
WM —
R po ﬂ"fn'v"' "'.'"ﬁ' f
R P
AV

Figure3.8: Theequivalent circuitused to modé AC/DC/AC impedance data [85].

During DC cathodic polarisatiaectrolysis of 3.5 wt. %laCl solution occurs and
the following process will take place during this sf8p]:
a. Different cations (eg. H Al will be attracted to the cathode electrode and
accumulate at theelectroddelectrolyte interface,which can lead ta high

concentration of the positive ions thahay (depending on the film integrity)
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passthrough the paint film due to the high negative potential imposen
the metallic substrate. This passage of positive ihnsughthe paint filmcan
cause its deterioration anthitiate pore formation.

b. If the electrolyte passethrough the coating and reaches the coatingétal
substrate interface thercathodic reactios will take gace produdng H, gas
and OH ions. This can depend on many coatipgoperties (such &
permeability to ions, adherenceo the substrate and susceptibility of the
coating to form cracks because of its rigidity the substrate).Evolution ofH,
gasin this circumstancewill cause physical deterioratioof 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 polarsat
However, the relaxation potential with time was added to the test pragedor

the first time by Suayand coeworkers [85]. When cathodic polarisation is
terminated, the coated metapotential may be seen to relaaccording to two

types of typical trenddepending on the quality of the coating (Figure 34J.
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Figure3.9: Typical trend of relaxation time OCP of organic coated steel [4

a)

b)

Strongly degraded coating systems (trend 1), show two relaxationstime
(OCPRS&AIAYFGISR M YR i & LF (GKS OFiK2RAO N
organiccoating/metallic substrate interface, the potential will firsthow a

NI LIAR NXBf FEF (A2 y-1VLIRftdr&afds, Jalsécond felaxationS & 2 y R

LR GSYGALFf oh 0 NEdINBtE&puision fronki®laniageyy |y

coating.

Less degraded coating systems (trend 2), show just one relaxationtdime

h/t 6h0 SKAOK O2NNBalLRyRa G2 A2y |yR St SC
and cathodic reactions in this case did not occur at tbeganic

coating/metallic substrate interfacgtl, 157.

70



3.4 Development of (AC)DC/ATest protocol for Meallic Coatings

3.4.1 Am of the test developmenin this work

With the increasingdemand for improvedmetallic engineeringcoatings for
corrosion resistanceattempts to develop a nature (and variability) of test regime
under static corrosion cell conditiongtore several advanced metallic coated steel
are then will be evaluated and compared. Howewbe scientificliterature gives
little or no attention and consideration tahe effect of experimental parameters
such as solution pH on the rate of degradatmiorganic coated steels using the
current (AC)DC/A@rotocols this in turn lends this technique to be considered
impreciseand not fully truged for practicalresults. Hence, the resultsbtained so
far from (AC)DC/A@sts involve many assumexkplanatons with fictional physical
interpretation. Therefore, it was very important in thigork to take into account
considerations to perform suchtest method in a reliable, repeatable way, which
importantly can give more precise details for electrochemicatasion process at
the coated steel/electrolyte interface during every step of test procedure to
evaluate(and discriminate betweerdifferent compositions of metallic coating and
substrate Qurrently the use of (AC)DC/AC is limited onlythe (rather sipjective)
evaluaton of non-conductivecoatingmateriak on steel. In thisvork conducting the
advanced (AC)DC/AC cyclic testmguld be the first attemptfor evaluating the
electrochemical corrosion behaviour of conductive material rather than-non
condudive material This approach would appear tdfer unique advantages over

other availablecorrosion techniques.
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3.4.2 Experimental requirements and electrochemical cell design

A critical problem for any experimedit analysis is the validity of the data
determined. In proper use of experimental procedurg protocols by numerous
engineering experimental designersag€ommonoccurrence[161]. Developingan
experimental protocol that can enhance the validity, reliability and claaty
corrosiondata leads to muckeasier analysis and interpretation of obtaid results
[162]. For a longtime of usingthe (AC)DC/AC technique for evaluating the
corrosion degradation of organic coated steels, the undewditay of obtained
resultswasincomplete because of the missingeasurement ofchanges occurring
during theDC step andhe measurement okolution pHevolution during the test
procedure, despite such factors being strongly indicative of the development
coating permeability and inducing the degradation of organic iogabn steel.
However, m order to avoid misleading interpretations, modifications on the
electrochemical cell design for measuring the effect of solution pH was the first
targetin this work Therefore, the experimental procedureas carried out using a
pH meter with probe thatwas integrated with the electrochemical cell
construction,in which conneabn to pH software for monitoring and recordingf

solution pHallowed real timetest measurements.
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Chapter Four

Experimental Techniques

4.1 Introduction

This tapter describes the techniques usemevaluae the corrosion behaviour of

Al 6082 alloy and PVD-Based coatings; specifically, a newly developed (AC)DC/AC
cyclic test method used for the first time to evaluate the corrosion behaviour of
metallic, electically 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 Abasedcoatings (AICr, AICr(N) and AICrTi) deposited on 17/4 PH stainless
steel substratewas evaluatedusing advanced (AC)DC/OCP/AC cyclic testing
Potentiodynamic (PTD) polarisationOpen Circuit Potential (OCPhand
Hectrochemical Impedance Spectroscopy (Ei&)e studied Second, the effect of
solution pH on the electrochemical reactions was simultangotescorded while
conducting the electrochemical testsgdeand (AC)DC/OCP/AC ). In addition, the
experimental work involved coating characterisation (phesmposition, structure

and corrosion properties of theamplesabovecoating whichwasinvestigated‘ts
receivedand ater sixsuccessiveycles of (AC)DC/OCP/AC using Scanning Electron

Microscopy (SEMjnd Energy DispersiveRay (EDX) analysis
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4.2 Experimental Materials
Different metalli¢ electrically conductivesystens wereinvestigatedin this work
including;uncoatedAl 6082 alloyto establish test protocols and repeatabilignd
PVD Abased coatings (AICr, AICr(N) and AICrTi) deposited on 1gtaRitess steel
substrate(to demonstrate the ability of the optimised test protolcto discriminate
between different behaviour of electricallyonductive coatings)

a) The substrate
In this work thesteel substrate usedis a well-known martensitic stainles steel
precipitation hardening 17/4 PHThe name comes from the key addition of 17%
chromium and 4% copper due to an ability to obtain a combination of high
strength, hardnessnd fracture toughnesghrough flexible heat treatment paths
(whilst maintainng high corrosion resistancd)//4 PH steel is usedwidely in
variousindustrial sectors, such aaircraft structures, steam turbine components,
energy applicationspffshore oil and gasind loadbearing applicatios in marine
sector. 17/4 PH steel is sidgm@antly more noble than (for example) mild steel and
M2 tool steel. The nobility of 17/4 PH can be attributed to tteomiumand nickel
content in its composition, which (depending on heat treatment) raises the
electrochemical potential of the 17/4 PHesd to less negative values. A summary
of the chemical composition (wt. %) of 17/4 PH steel substrate is presented in the
Table 4.137].

Table4.1: The chemical composition of 17/4 PH stg4l].

Substrate Fe C | Mn P S Si Cr Ni Q

wt. % Balance | 0.07| 1 | 0.04]0.03| 1 | 15.017.5| 3.05.0| 3.05.0
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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 evaluatedbecause itis a well proven medium strength alloy with excellent
corrosion resistance that satisfies the requirements of most applicable alloy and
number of specifications that used automotive and aerospacapplicationg161].
It also providesthe 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 showthe Al 6082 alloy test used for this work disc (diamet@rndn).
{FYLX Sa 6SNB 3INRdzyR YR LRtA&GKSR G2 I OK;
um), then ultrasonically cleaned in isopropanol for 10 minutes. A summary of the

chemical composition (wt. %¥ @&l 6082 alloy igivenin Table 4.2[162)].

10 mm

Figured.1: Al 6082 alloy disc sampl
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Table4.2: Chemical composition of Al 6082 allag7].

Element at. %

Silicon (Si) 0.70¢1.30
Magnesium (Mg) 0.60¢ 1.20
Manganese (Mn) 0.40¢ 1.00
Iron (Fe) 0.0¢0.50
Chromium(Cr) 0.0¢0.25
Zinc (n) 0.0¢0.20
Titanium (Ti) 0.0¢0.10
Copper (Cu) 0.0¢0.10
Others (in total) 0.0¢0.15
Aluminium (Al) Balance

The effect of alloyig elements suclasMg included in Al alloys ia improving the
corrosion resistance eveoughits electrodepotential is more negative tharthat
of Al (this is primarily)because Mg stabilisesnd increases the thickness tife
naturally-occurring «ide film. The addition of Mn to Al alloys controls the grain
size, which in turn results in a harder alloyAdding Si, Cr andi improves the
corrosion resistance because of their nobi[iy, 78].

c) PVD Albased Coatings
Figure 4.1 shows the PVD#dsedcoatings disc with diameter 2&m, which used
for this study. PVD Adased coatings AICr ar&ICr(N) were deposited on 17/4 PH
substrate discof 25 mm diameter by electron beam (EB) phasassisted (PA)
physical vapour deposition (PVD) using a ts#PAPVDsystem (modified Tecvac
IP70L) with separate Al and Cr vapaources An AICrTi coating was also
deposited using mukliarget magnetron sputtering (three pairs of horizontally
opposa Al, Cr and Ti sputter targetd)he previously ground and polisheti7/ PH

steel substratewasultrasonically cleaned in acetone and isopropyl for 10 minutes
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and dried.In the EBPVD process, tlseibstrate was attached to a rotating holder
about 170 mm fron the rotation axis to ensure better homogeneity in coating
thickness and composition of depositedaterial. The distance of the crucible

substrate was constant at 25 cm.

Figured.2: PVD Abased coatings a) AICr, b) AICr(N) and c) AICrTi.

EBPVDaatings of AICr and AICr(N) were deposited at 300° C, wWialsputered
AICrTi coating was deposited at 180° C substrate temperature. The deposition of
was in pressure of an ionised argon gas at alm8tPa for AICr, 0.5 Rar AICr(N)

and AICrTi in total mass flow about 45 ml/min. The deposition of AICr coated 17/4
PHsteel used in this study was carried out by mixing of vapour flux of evaporant
source pure materials (80 at. % Al and 20 at.% Cr) freonseparatecrucibles by
controlling the current flow in both crucibles and monitoring the actual evaporating
rates viaoptical emission spectroscopy (OES) of single spectra line that generated in
ionised vapour flux. Whilst, the deposition of AICr(N) coated 17/4 PH steel was
carried out by mixing of vapour flux of evaporant source of puréenms (75 at.%

Al and 15 a®oCr) inthe presence of a partial pressure of nitrogen gas at flow rate
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of 5 ml/min. Whereas, the deposition of AICrTi coated in this study was carried out
by mixing of vapour flux of evaporant source pure materials (75 at. % Al, ¥ @r

and in addition5 at% Ti).The AICrTi 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 1®mbar. The addition of Tipromotesthe formation of a Ti@layer

over AbOsresulting insuperiorcorrosion resistancelhe chemical composition and

deposition conditios of three PVD Abased cotings are presented in table 4.3

Table4.3: Chemical composition and deposition condition of PVibadded coatings

Sample Process Actual Al | Actual Cr | Actual N | Actual Ti
coating Temperature (° C) at. % at. % at. % at. %
AlCr 300° C 80 20 0 0
AICr(N) 300° C 75 20 5 0
AICITi 180° C 75 20 0 5

4.3 Microstructural Analysis Preparation

Evaluation osurface morphology of Al 6082 alloy aoficrosssectiors of the PVD
Al-based coatingsvas carried out by successive grinding with 120, 240, 800, 1200
and 2500 grit emery papefollowed by polishing with diamond paste (6 and 1 pm).
The mouning of PVD Abased coatingcrosssectionswas carried outby non-
ferrouscutting wheel priorto the hot mounting in carbon conductive epoxy resin.
4.4 Coating phase analysis and structural characterieati

4.4.1 X-Ray Diffraction XRD

X-Ray diffraction isa commonly used ted&inique in determining the phase
composition of Al 6082 alloy and PVDbAked coatings. A Siemens D500BaX

RAFTFNF OG2YSGSNI gAGK 6/ dz Yh NIRAFGAZ2YZ
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voltage and 30 mA filament current was used to obtain XRD patt&aadard
O2 dzLJ¥HS R avreyggtupimmH‘ NI y3IS 2F wnc G2 dnc GA
1 sec dwelper step.

4.4.2 Scanning Electron Microscopy SEM

The surface morphology of Al 6082 alloy and P\/Ba&éd coatings as received and
after exposure to sixycles of DC/OCP were characterised using Scanning Electron

Microscopy (SEM, JE®400) with an perating wltage of 20 kV.

4.4.3 Energy Dispersive-BRay (EDX Spectroscopy

The chemical composition of Al 6082 alloy and P\\baséd coatings as received
and after exposre to sixcycles of DC/OCP was determined using (SEM;GHI0)L
linked to INCA software® that oeed the EDX spectroscopyvhich is used to
determine and quantify the coating compositiomhe function of EDX linescan
profile is used to study the distribution tiie distribution of constituent elements
on both surface and crossectional images.

4.5 ElectochemicalCell and Electrolyte

Electrochemical tests were carried out ia conventional three-electrode
electrochemical cell, witlthe coated sample athe working electrode Anarea of
0.432 cniis exposed to the electrolytasing an inert @ing fixed inderneath the
corrosion cell a platinumrod wasused asthe counter electrode and saturated
calomel electrode SCE of (HgéiBHKClsat.) was used ahe reference electrode.
This cell consists of a (electyachemically inert container, which is attachexthe

coating surface and withn electrolyte capacityof 0.2 | The electrolyte 3.5 wt. %
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NaCl neutrakaltsolution), was prepared by dissolving 34 g of reagent grade sodium
chloride in 920 ml deionised water following ASTM G449 standard test
procedure used for electrochemical tasy[163]. Fresh solution was used during all
electrochemical experiments which wergaintainedat room temperature under
laboratory conditions at all times.

4.5.1 Measurement of solutiopH

The solution pH of the eléolyte was measured during the o and
(AC)DC/OCP/AC cyclic testing ugintentiometer pH meterHANNA210®using a
glassprobe (H#1131)filled with neutral KCI solution buffered pH 7 and contains
Ag/AgCl wire forms the electrical connectiand the pHdata 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 studypf changs in corrosion behaviour with
increasingexposure time. gcpcan measure the potential ahe working electrode
respect to the reference electrode, when naternal polarisation or currentiows
from or to it. The fundamental principle obEpris that a Sift in potential inthe
cathodic direction is a sign of active corrosiamile a shiftin the anodic direction is
an indicationof ennoblement(passivation or film formation). All coated samples
were monitored for 3h Eocpto study their corrosion potemal with respect to the
reference electrodeEocpmeasurementsvere carried out usinga Solatron SI 1286

potentiostat. Furthermorestable Eocpmeasurements can be employed as an initial
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(starting) potential before conducting any other tests (such as pttstynamic
polarisation and Electrochemical impedance spectroscopy EIS) omesa@as to
establish arelaxation timefor provoke coating system after applied DC cathodic
polarisation whenconducting advanced (AC)DC/OCP/AC cyclic testing.

4.6.2 Potentiodynamic plarisation

Potentiodynamic polarisatio(PTD) measurement is the most commbnused
electrochemical corrosion techniqugl64]. PTD measurements werased to
evaluate the corrosion behaviour of the coated samples in anodic polarisatios scan
by determining the corrosion current density.f). The potential is scanned from

(or near tg the OCP potential t@ more anodic potential. The corrosion current
density increases after the scanning system passes the corrosion potential, then the
coating starts to corrodeA Solatron Sl 1268 electrochemical interface potentiostat
was used for PTD measurements to determine the corrosion rate. All coated
samples wee polarised at a scan rate of (1.667 mV/s) fre880 mV vs. OCP to O

mV (vs. SCHh 3.5 wt. % NaCl solution. In PTD measurements, the corrosion current
represents the rate in (uA/cf), at which anodic and cathodic reactions are taking
place on the workingnd 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 expressel a T dzy OG0 A 2y 2 By theJlowild® & I G A 2

relationship:

— 1 aé=Q (4.1)
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2 K SNE qppied-Boc®9 1 A a  (eKi$he dppli#dSdrrend derdsity and the
change in current density.oRarisation increases with increasiegrrosion current
density.

The corrosion potential (&), corrosion current densityc(), and anodic/cathodic
fAYSENI ¢ FSt ) weteddelfiified and dalculatydRusirig the CorrWare
software® supplied and marketed by Scribner Assocatehc. Plarisation

resistance (R was determined by the following equation:

2 (4.2)
¢2 SadAYIGS GKS O2NNRAaA2Yy NI 4GS 2F GKS O2F GSi
employedsuchthat, in terms ofthe mass loss rate

#2 —E (4.3)

Where CR is the corrosion rate (mm/yr), M atomic weight of metalnd3,the

number of electrostransferredAy (G KS RA&A&2f dziAz2y NBFOGA2Y I C
6choZnyp [/ kY2f 0 ci)ahdie, ¥ BeidorfosioR Suyfentidénsity 6 3 k

(LA/cnT).

4.6.3 Electrochemical impedanc@actroscopy

In recent years, electrochemical impedance spectroscopy (EIS) has been developed
and used for measuring and studyg the electrochemical corrosion processadan
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 shownFigure 2.0 p31 were used to

perform electrachemical impedance tests. A sinusoidal AC perturbation of 10mV AC
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signal was applied to the working electrode (ptevious potentialmode) over a
range of frequencies from 10to 10° Hz [140, 165. Obtained EIS data were
presented in terms of Bode plots (log of |Z| and phase angle as functions of log
frequencyf). The impedance spectra were collected and analys#guZplot® 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 Gure 4.3.

Electrochemical

oftware
Solatron S| 1286

Electrochemichinterface

pH Meter

7.01 20°C o0
(X ) =
o ==l

Potential
Current

[m— e | ===

Rel  Aux
p

[ ]
Z

PH probe Pt Counter
SCE Reference L Electrode
Electrode \\
| o X 3.5 wt. % NacCl
Electrochemical = ) | i / Solution
Corrosion cell e B I N P
\S
Surface
exposure area Working
Electrode

Figure 4.3: Schematic modified electrochemicaell configuration for advanc
(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 evaluat

the organic coated steel.

In this work (AC)DBC cyclic test procedure (Figure 3[1p] was developed by

augmented with anncorporatingsolution pH measurement ahown in Figure 4.4,

in order to study the effect of solution pH on the degradation of the coating

concurrentlywith conducting the advanced (AC)DC/OCP/AC cyclic test procedure,

which perform as the following steps:

2 h open circuit potential g&zpexposureto 3.5 wt. % NaCl solution prior
to starting (AC)DC/OCP/AC test ensures that a stetatg is established

for the potential.

AG step:an initialEIS measurement appligdspect to the reference electrode
SCHo establish ageceived state of the coatingystem before applying DC
cathodic polarisation for 15 minutes.

DG, step: A high cathodic potentialVvs. SCES applied for 20 minutes
for where electrolysis process generates hydrogen evolution and OH
ions.

OCR step: A stabilisation period followy the application of DC cathodic
polarisation, where the sample is left to relax at its resting potential for
3h, to reacheocpafter applied DC cathodic polarisation.

AG, step: The same initial (AC) step is repeated to obtain information on
the new steady-state OCP condition of the sample aftep@ied DC

cathodic polarisation.

Where,n is the number of applied cycle.
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Figure4.4: Schematic diagram of advanced (AC)DC/®CHRest procedure witlncorporating solution pH measureme(dfter Ref.[D]).
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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 imped spectra obtained

after each Dolarisation/OCRelaxation 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.

Fa performing the repeatability of the advanced (AC)DC/OCP/AC cyclic testing,
experiments were carried out otinree trial samples of Al 6082 alloy to ensure that

the electrochemical corrosion process during (AC)DC/OCP/AC cyclic testing for each
sample is haing 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 befe 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 electrothemica
corrosion behaviour at the conductive material/electrolyte interface. However, the
NEBl 42y 0SKAYR (KS aS4+S§O02k¢¥I I &dzOK ad 2 BS WIAA I ff
need for conducting and interpretation of the obtained results, rather than
selectinga complex conductive material (such as an electrically conductive metallic
coated metallic substrate), that consists tiree different layers includes: (i)

metallic substrate (ii) metallic coating and (iii) native oxide film. Therefore, selecting

simple o©nductive metal would be better for the first use of the advanced

86



(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 he validity and reliability concerns of (AC)DC/OCP/AC cyclic
testing, the repeatability of the test was carried out on Al 6@3y forthree runs.
Thus, the first run was designed ag Re second run Rand the third run R The
(AC)DC/OCP/AC test peslure consisted of a sequential combination of DC
cathodic polarisation, OCP potential relaxation time and AC impedance
spectroscopy measurement (EIS), applied eumcessiveix cycles on Al 6082 alloy

sample for period of time almost 24 h.
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Chapter 5

Development of advanced (AC)/DC/OCRAC
cyclic testingto evaluate the corrosion behaviour
of uncoatedelectrically-conductive substrates

5.1 Introduction

The aim of the work in this chapter was establishing a reliable and repeatable
accelerated ést protocol to evaluate the corrosion behaviourf celectrically
conductivesubstrates carried out simultaneouslywith solution pH measurement
Incorporatingreal time pH solution measurement concurremd (AC)DC/OCP/AC
test procedures carprovide informdion that would be usefulto follow the
mechanism underlying the corrosion of the metd gain insights regardinthe
electrochemistry of the corrosion processdlBrough every step of the test
procedure. Howevetrthe literature lacks information o the effects of experimental
parameters such as solution pH simultaneously waftlic electrochemical test
procedures and little or more information existen the corrosion behaviour of
electricallyconductive substrates and/aroatingsin the types of acceletad cyclic
test regimes previously investigated

(AC)DC/OCP/AC cyclic testing was carried outregetsamplesof Al 6082 alloyoy
three differentruns (R, R and R). The obtained test results retrieved from the
experimental work are carried out and @ented into two main sets; |)

electrochemical results obtained at kcp and repeated (sicycles) of
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(AC)DC/OCP/AC cyclic testing and ii) solution rpsllts during continuous
monitoring of electrochemical test procedure. In addition, the structure and
composition of these samples were examined using XRD, SEM and ED&sultse
are later used to evaluate the electrochemical corrosion behaviour of Al-608y
samples induced bthe DC/OCP cycle® try to establish aorrelation between the
obtainedtest results of (AC)DC/OCP/AGd the parallesolution pH measurement.
5.2 PhaseComposition Analysisand structuralCharacterisation

5.2.1 Phase composition analysis

The phase composition analysis was conducted-kgydiffraction as described in
Chapter 4. In Figuwe 5.1 the XRD pattern of Al 6082 alloy exhibits high intensity
peaks at 38° and 45° ardvery weak peak at 84are indicatve to FC@luminium.

Other weak peaks are observed at 34° for Mn, 37° and 43° for Mg and at 40° for Si.
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Figure5.1: Xray diffracton pattern of Al 6082 alloy.
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5.2.2 Structuralcharacterisation

Three Al 6082 alloy samples were analysed by SEM and EDX intord¥entify
their structural characteristic(surface morphology and compositipefore and
after sixapplied cycles of DC/OCRhen exposed to 3.5 wt. % &CI solution The
SEM micrograph and EDX analysisghaf asreceived Al 6082 alloysample are
shown in Figure 5.2 {B) respectively. The SEM micrograph exhilatsurface
morphologyfree from any pits or cracksome small polishing scratches are visible
on the surface, Wwich were formed during the sample preparation. The EDX
spectrum of ageceived Al 6082 alloywith inserted table of the chemical

compositior) is presented in the Figure 5.2 (b).

< - . o
susasi1 ‘S2eku

(b) Element | at. %
A Al 98.20
Si 0.50
Mg 0.74
Mn 0.16
£
g
£
Mn g La Mn
o 1 2 3 4 s M 7 8 s
keW)

Figure5.2: SEM & EDX analysis agreceived Al 6082 alloy aSEMsurface plan
micrograph b) EDX spectrum analyswith inserted table of chemical composition.

90



EDX analysis exhibited highest intensity peak for Al with 98.20 at %naaitipeaks

of Mg, Mn and Si.

Figure 5.3 (al) shows the SEM micrograph with EDX analysis of corroded Al 6082
alloy duringthe first run R, after six successivBC/OCP «jes.Figure 5.3 (a) shows
the SEM micrograph of the surface morphology thiatveak some corrosion
features and products of pits and crevice corrosion surrounded with white
precipitation of AI(OH) The corresponding EDX spettemalysis of corroded Al
6082 alloyduring R, is presented in Figures.3 (b) with inserted Table of the
chemial composition. From the inserted table it can be observed that that highest
content is observed for Ahbout 65.13 at. %and O about 33.43 at.%which
emphasize the exisience of corrosion products such as Al(@H)hich appearas
white pustules around té pits.

Figure 5.3c) shows the SEM micrograph overlaid with EDX linegeafile of ~ 150

pum length. Figure 5.3(d) shows the revealed EDX linesqamofiles for the
constituent elements of corroded Al 6082 allafter six successive DC/OCP cycles
The pofile analysis indicates 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 associatedwvith redepositedaluminiumin hydroxideform. TheMg, Mn, and

Si synal intensitiesare very low and indistinguishable with the energy resolution of
the EDX detector. In contrast, no sigisadbserved from the EDX detector over the

pits, which can be related to thedeepcavitesthat the pits caused.
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linescanprofile and d)EDX linescaprofile ofthe distribution of constituent elements.



TheSEM microgaph with EDX analysis of corroded Al 6082 aliayng the second
run R, after appliedsix DC/OCP cyclase presented in Figure 5.4-¢. TheFigure
5.4 (a) shows the SEM micrograph of the surface morphokig§082 alloyduring
R that revealsmore pits and crevicecorrosion surrounded with much more white
precipitation of AI(OH) Some mud cracks on the surface plane @s®oreveakd.
The corresponding EDX spectra analysis of corroded Al 6082iatiog R. after six
successive DC/OCP cycleprsented in Figureb.4 (b) with inserted table of the
chemical composition. From the inserted table it can be observedtkieatontent
of Al and Qare high, which emphasizethe re-depositionof Al(OH) layer after Al
dissolved in Ris high than that in R This explains that Al 6082 alldyring R is
corroded more than Al 6082 allayuring R, after sixsuccessivéddC/OCP cyclgd
they compared.

SEM micrograplpresented in Figure 5.4 (c) shows tbeerlaid with EDX linescan
profile of ~ 150 pumlength. The EDX linescaprofile in Figure 5.4 d revealthe
constituent elenents of corroded Al 6082 alloy, whiokxhibits a high signal
intensity of Al whichemphasizs the main element in the alloy lattice i&l, while
low signal intensity observed around the passociatedavith aluminiumdeposited
in hydroxide.Very lowsignal intensitiesire observed and indistinguishable with the
energy resolution of the EDX detector associated with the Mg, Mn, andIrBi
contrast, no signal observed from the EDX detectorraie pits, which can be

related to the cavity that pits caused.
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Figure 5.5 (al) shows the SEM micrograph with EDX analysis of corroded Al 6082
alloy during the third run R; after applied six DC/OCP cyclésFigure 5.5a) the

SEM micrograph of theurface morphologyevealssignificant corrosion feature of
mud cracked pattern surface withig cavities caused by pénd crevicecorrosion

From the inserted tablén Figure 5.4 (b) the chemical composition of corroded Al
6082 alloyduring R, after sixapplied DC/OCP cycles exhibits thghest contentof

Al and Qwhich emphasiz&the existenceof corrosion products such as Al(QH)

Figure 5.4d) shows the EDX linescqmofiles for constituent elements of corroded

Al 6082 alloyuring Rs that revealsfluctuations of high and low signal intensity of Al
which influenceddue to the cracked pattern of the surfacehile the low signal
intensity observed for O which can be associated to oxides. The Mg, Mn, and Si
signals intensity are very low and indistinghable with the energy resolution of

the EDX detector. In contrast, no signal observed from the EDX detector over the
pits, which can be relatedtdeepcavitesthat pits maycause

It can be concluded that the SEM micrograph and EDX analysis exisigméttant
degradation to all samples after ssxiccessivddC/OCP cycles. The most corroded
sample is observeduring Rs followed by Rand R, which can be attributed to the

high dissolution rate ahluminium
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E (V vs. SCE)

5.3 Electrochemical evalu#on testing

5.3.1 Open circuit potential &p

Figure 56 shows the Bcpof Al 6082 alloy while steadystate value after 2 h
exposure to 3.5 wt. % NaCl solutiorcEapplied for 2 h to measure the corrosion
potential of the Al 6082 alloy electrode, which oeded to be around0.748 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 prioto starting any electrochemal
measurements. This enswge¢hat a steadystate is established for the potential
valueto avoidanyinitial fluctuationin potential, which may affect their resulfsee

inset in Figure %).
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Figure5.6: Change of pen circuit potentialEocpof polished Al 6082lloy during2 h
exposure time td3.5 wt. % NaGolution
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5.3.2 Potentiodynamic polarisation measurement (PTD)

Potentiodynamic polarisatiorbehaviour and corresponding parameters derived
from the polarisation curvef Al 6082 allowafter 2 h bepexposure time to 3.5 wt. %

NaCl solutiorare presented irFigure 57 and Table 5.2espectively

— PTD_AI 6082lloy.cor

-0.25 -

S TN

-0.50 |-
Passivation tendency

E (V vs. SCE)
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-1.00 _|_|.Luud_|_u4um_|_upuud_|_uuud_|_uuud_|_uunﬂ_l_uuun
10°® 107 10° i 10° 10 107 107 10"
lcorr | (Amps/cm?)
Figure 5.7: Potentiodynamic polarigtion curve ofAl 6082 alloyafter 2 h kg
exposuretime to 3.5 wt. % NaCl solution.

Table5.1: Open circuit potential &zpand potentiodynamic data of Al 6082 alloy.

Material EOCP Ecorr Icorr Epit I a j b Rp
(mV) | (mV) | (uA/cm?) | (mV)| (mV/decade)| (mV/decade)| 6 Y m®
Al-alloy -748 -147 8.96 -295 482.8 747.6 8.5

The obtained polarisation curve for Al 6082 alloy exhibits a strong period of
passivation tendency frorb87 t0-295 mV (vs. SCHbllowed by a gradual increase
in the current density, representing the initiation of the pitspaiting potential (Byit)

of -295 mV (vs. SCEnd at a corroson current density 0D.3 pA/cn?. 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 sliglwith increasing
potential. It wasfound necessary to explore the initiglotential behaviour of each
sample for betterunderstandingof the mechanism underlying theevolution of
electrochemical corrosion of aluminiudariations irthe formationand dissolution

of the passive filnon the surface of the Al 6082 alloy substrate durihg 2 h Bcp
pre-test stage leado differences inthe development of theoxide layer, resulting

in variations irpassive film permeabilitj44]. Figure 58 inset shows how the initial
potential behaviour othree samples oAl 6082during three different runs R, R

and R after 2 h Bbcpfluctuated between passivation and dissolution proces$as

the first few minutes of exposure

-0.50
— FEoce R.COr
—— Eocp R.COr
B =  BEocp Rs.COr
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Figure5.8: Fluctuations inEgcprecorded during 2 h exposure to 3.5 wt. % Ni

solution for three samples of Al 608&lloy duringthree runs R R and R. Inset
Variability in of the initial potential behaviour durify, R and R.
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Thus, during EBcp during Ry, the initial potential instantly increased in anodic
potential from an initial value 00.802 (vs. SCED -0.748 Vin lessthan 2 minutes
(110 seg, and remained steady at this value until the endlof 2 h Eocptest. The
rapid initial increase in potential can battributed to the initial growth of an
Al(OH) film on the surface[47, 55]. The formation of aluminium hydroxide
proceeds by the partial anodic dissolution of Al t8" Al reaction 211 (see section
2.1, Al5), and the electrons produced are consumed by the partial cathodic
reaction of water reduction to its constiant hydrogen and hydroxide ionic
componentsreaction 22 p.14. Hence, Al ion reacts with an OH ion to form
insoluble precipitate of Al(Oklpy reaction2.12 (see section 2.1, ¥b). The overall
reaction can be written as the follows:

2Al+6Hh Th HL€3h | O (5.1)

The potential durindeocpduring R, instantly decreased from an initial potential of
0.721 V(vs. SCHY -0.748 Vafter approximately 20 sec, and it remained steady at
this potentialwith minor fluctuatiors until the end ofthe Eocptest. In this case, the
immediate decreasein potential can be attributed to the electrochemical
dissolution of the(very thin)of native A}O; oxide filmthat formed during sample
preparation Chao et al[166] theoretically assumed that the removal of*Alons
into solution is responsible for the observed electrochemical dissolutibithe
native oxide film.Srictly speaking however, theemovalof the ALO; film is not due

to oxide film dissolution but to the removal (ejection) of Alions from the oxide

film lattice towards the solution, generag aluminium vacancies in therfi, which
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B*ions willthen react with OHionsin

leads to a porous structureTheejected A
solutionand form passive film of Al(OHyeaction 2.12 p%); the remaining oxygen

in the lattice of the oxide films removed by cathodic hydrogen readhg with
oxygento form water (simultaneousgo the removal of Al ions) [55, 57].

In contrast, thepotential duringEocpduring Rs decreasedalmost instantaneously
towards the cathodic direction from an initial potential €7.757 V(vs. SCBp -
0.776 \ over aperiod ofapproximately 40 sec. The decrease in potential ioahis
casebe ascribed to the dissolution of alimium by Af* ion removal fromthe
aluminiumsubstrate Afterwards a rapid increase in potential towards the anodic
direction is observed, which cagainbe attributed to the growth of a passive film
Al(OH) by the chemical reactior2.12. Ultimately the anodicincrease reachedm
over potential of -0.732 Vvs. SCHhigher than the Bcp valug then rapidly
decreasé in cathodic directionin few seconddackto Eocp-0.748 V vs. SCENd
remained steady at this potentiglvith minor fluctuationg until the end of the
experiment. Theinitial overshoot and subsequemépid decreasein potential can

be attributed to transpassive dissolution, which is closely related to passive film
breakdown and locaded corrosion phenomenadue to the metal electrode
potential becominghigher than Bcd167).

It can be seen that the potentialalue during Eocp (Figure 33) and during six
successiveelaxation times Figure 523 during R, R and R convertedto the same

value of potential about-0.748 Ws. SCEwhichsuggess a similartype of passive

film formation, but these may possesdifferent surface morphology and thickness
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which can influence subsequent DC cathodic polarisation behaviduminium
hydroxide precipitatesoften form gels which crystalliseand gradually change to
ALOs with time, resultingin the formation of passive fily the following reaction:
2AI(OH) M 40 +3H,0 (5.2)
Although this passive oxide filman reduce the corrosion rate dfie aluminium
substrate, but it cannot fully protect it from aggressive spe¢sesh as Cand OH
ions) when exposed ta corrosive solutionFor example ldoride ions can easily
diffuse through the passive film causes dissolution thie underlyingaluminium
substrate and resulting in pitting corrosiofi6l, 168 169. Nevertheless the
passie film formedafter 2 h Bbecpand after six successive relaxation times (Figure
5.22) during three runs R, R and R is probalty pure alumina The surface
morphologyand thicknes®f the passive filntan bemodelled and predictedising
the formula (3.4) p59, by fitting electrochemicalimpedance spectroscopy data

(capacitance ant¥ ypdlametei), which will be discussed later ihis Chapter

5.3.3 Evolution of EIS spectra aftgix successiiBC/OCP cycles

EIS (AC measurement) is ndestructive electrochemical technique applied to

reveal specific effects on the electrochemical corrosion process at the metal
electrode/electrolyte inteface without any morphological changes. Figur@ (&:c)

shows the Nyquist plots of characterised EIS spectra obtained abg-iB L { A ¢ | Yy R
six successives / k h/ t Oe-Of §4¢ aitRézNdny R, R and R

respectively.
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Different EIS spectra were generated after 2daEE1SI and EIRIS&duringR;, R
and R exhibits one semicircle with large radius for the most of the frequency range,
which can be attributed to charge transfer resistangg(€rrosion resistance).
Visually, the radius of the seniicleduringR; is the largestfollowed by troseone
during R, and R, which suggests that the passive film formafter 2 h Bcpduring
R has high charge transfer resistancg Re. highest corrosion resistance A
significant decrease in sewircle radiusis seenafter the first DC/OCP cycie
applied. Thisis related to a significant decrease incf132], which canin turn be
attributed to a high rate of dissolution of the passive film formedluring 2 h Bcp
Probably, it wascompletely removednd fornmed a newpassive film less protection
to the corrosion (low charge transfer resistance) during relaxatiome tOCP1
Nyquist plots featuresix slightly depressedemicircleswith smaller radiusn the
high frequency range and diffusional tail tend to appear in thelow frequeny
range after six successivddC/OCP cycles (EHIS6)for all test repeats The
decrease in the radius of the semicirclean be explained by progressive
reduction incharge transfer resistance due to the lemcorrosion resistance of the
passive filns that formed during each relaxation time (OCPIOCP& The
repassivation process during OGBCP6occurredin progressive strongealkaline
solutions, where OHions attackslows the growth of the passive film and leads to
less protective passive film formation on the surface of aluminium substrate.

As mentiored above, thefilm can reduce the corrosion rate dhe aluminium

substrate but does not provide adequatprotection from pitting corrosioncaused
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by the inward diffusion of aggressive aniarspecies such as @ns which form

soluble complexesy the reactios 2.17-2.21 p22-23 [44, 54, 17(0]. In the very low

frequency range a diffusional taiuhich tends toappearin most casesdicates the

initiation of metastable pitting coosion[47].

By comparing the Nyquist plots obtainedring R, R and R, it can be concluded

that the EIS spectrandicate similar degradation behaviour overall but with

different semcircle radiusat each step in each repeated cyclecan be observed

that the semcircle radi of EIS spectrduringR; are apparentlythe largest followed

by thoseduringR, andthen at Rs. Thiscan be related to thénighest charge transfer
resistanceof the passive filnthat formed on thisbulk sampleafter 2 h Bcpduring

Ry, whichis probably due tats low permeabilityand high thickness

Figure 5.0 (a-c) shows Bode plots (phase angle vs. frequency) obtaafied 2 h
FocpGOL{Aé | YR NBLISH GSR-9E&AfdngR, Rhand R O& Of S
respectively. The Bode plots exhibit typical resistivecapacitive (RC) behaviour

featuring constant phase amg(i.e. complete peakover a wide frequency range

(10*-10* Hz) for EISEISGasindicatedby the semicircle (and depressed seiniles

in the correspondingNyquistplots. A dffusionaltail in the low frequencyrange

(below 0.1 H2 is visible; thisprobably due to the diffusion processf corrosion

products It can be sen that the Bode plots exhibit lsigh phasemaximumangle

" max and a broadening ofthe peakat EISi whichis indicative of dow dissolution

rate of the passive film (hidgyresistive behaviour).
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However, themaximumphase angle during EISi is observed taHsehighestat R,
(-79.39 compared with-77.7° and-73.1°for R, and R respectively as well as the
broadening of the peakeingthe widestat R; followed by Rand R, from whichit
can be deduced that the passive film foriRthe most corrosion resistamollowed

by R then Rs. A decrease ihmaxanda narrowing of thephaseanglepeakwith the
increasing the number dDC/OCP cydds observed during EIEIS6, which can
also be related toa progressivedecrease in charge transfer resistanoé the
passive film

Figure 5.1 (a-c) shows the 8de plots (impedance modulus vs. frequency) obtained
at2 h kbepdt 9 L { Jafer sixsfidRessiv®C/OCP cyaeEISIEISFduringRy, R and

R; respectively. It can be seen thatl impedancemodulus|Z| spectra contain a
linear slope at high frequeies (1-10° Hz) indicating that |Z| increassinversely to
the frequency.The slope decreasedor frequenciesless thanl Hz and reactsea
plateauin the frequencyrangebelow 0.1 Hz in ElSiuringR;, R and R. The slope

for EISIEIS6tend to plateauat a frequency less than 1 Haut are stillincreasng
slightly, awith diffusional tail in the low frequecy range<0.1 Hz, whictprobably
related to the diffusion processf corrosion productsThe highest value of |Z]| at
EISi is observed at 2.3 X0 0% 1.7x 10* m O%and 7.5 x 18 m O3duringR;, R
and R respectively, which can be attributed to the high corrosion resistance of the

passive film the formed during 2 kh&compared to |Z| at EISEIS6.
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It can clearly be observedat the |Z| value during EISiuring Ry is the highest
followed by Rand R, which can beelatedto the high charge transfer resistanoé
the passive filnduringR,.

After applied first DC/OCP cycle the |Z| value decreased significantly to 6.9 x 10
men?, 5.4 x 16 m O¥and 1.6 x 18 m O¥during R, R and R, respectively. The
decrease in |Z|indicateslow corrosion resistancef the passive film formed during
the relaxation timeOCP1whichis probablysusceptible to pitting corrosion attack.
The passive film tlat formed during 2 h &pis probably completely removed
(chemical dissolutiopby OH ions attack during DC1 cathodic polarisation.

During EISEIS6 aslight decrease in |Z| valuavith increasing the number of
DC/OCRs observed. This can lexplained by thdow corrosion resistance of the
passive fils formed duringthe relaxation time OCROCP6.The repassivation
process duringODCPI0CP6was carried out in alkalineconditionswhere OH ion
attack lowers the growth rate of the passive film rd leads toless protective
passive filmformation onthe surface of aluminium substratevhich susceptible to
pitting corrosionduring OCP relaxation time.

Theimpedance spectra were analysed usingi&@v® softwargScribner Associates)
and based on thdeatures of the EIS spectra two different electrical equivalent
circuits (EC) wereonstructedto analyse the electrochemical corrosion process
shown in Figure 52a & b.

The EC in Figure 2 4 was employed to model the corrosion behaviofithe HSi

spectrumatfter 2 h Bepduring R, R and R, which provided a typical resistive
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capacitive (RC) behaviougaturing a singletime constantover a wide range of
frequency, suggesting the present af highly stable passive fiimThis EQs
composedof a solution resistancelement,R;, in series with a parallel combination
of a constant phase element CREepresentng the double layer capacitance; Gf
the passive filmpanda charge transfeelement,R;; across the passive film (corrosion
resistance) A similar EC (Figure 2.b) has also been used to model EIS sgectr
with an additional element of Warburg impedaneiement, W, in series with R,

selected to represent the diffusional tail.

R cP R cP
NN S NN e J
Re Re w
C\/\—lt D\/—t Ws
a (b)

(@)

Figure5.12: Electrical equivaht circuit used to model EIS spectra at Za)
Eocrand (b) after six DC/OCP cycles.

The valus of the ECelements in the electric circuitsed to model the EIS spectra
after 2 h bcpand after sixsuccessive DC/OCP cycles are presknt Tables 2.to
5.4 and plottedas afunction ofthe number of DC/OCP cycleskigures 5.3t0 5.15

duringRy, R and R respectively.
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Table5.2: Fitting results of EIS spectra of Al 6082 alloging R, obtained at bcpand after six successive DC /OCP cycles.

R CPEy Ret Wr
o omoeY (UFcnY) : 61 MDY 61 MDY
EISi 14.81 8.73 0.92 21.3 -
EIS 11.68 29.3 0.91 6.3 1.92
EIZ2 11.62 32.4 0.91 6.1 3.61
EIS 11.71 34.3 0.91 5.9 2.62
EIg 11.67 34.4 0.91 5.3 3.43
EIS 11.68 36.5 0.91 4.8 1.68
EI® 11.59 38.1 0.91 4.6 2.56
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Figure5.13: Evolution of (a) charge transfer resistancg B) constant phase efeent representing double layer capacitar
CPE;y as function of DC/OCP cydéter Al 6082alloyduringR;.
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Table5.3: Fitting results of EIS spectra of Al 6082 allgplRained during Eocpand after six successive DC/OCP relaxation cycles.

CP W,
e o 5\5 3y (uF.c%%z) : o 1RC;V\2® Y 61 ;2;') Y
EISi 14.5 10.3 0.91 18.6 -
EIS1 10.7 33.1 0.89 5.5 1.4
EIR 10.7 34.4 0.89 4.4 2.1
EIS 10.8 34.6 0.89 4.2 2.6
EI” 10.8 35.4 0.89 3.7 2.2
EIS 10.7 36.8 0.89 3.1 3.7
EI$ 10.7 40.5 0.89 2.9 1.9
25 60
(a) (b)
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Figure5.14: Evolition of (a)charge transfer resistanceR(b) constantphaseelementrepresenting the double layer capacital
CPE; as functionof DC/OCP cyclef Al 6082 alloyluringR..

112



Table5.4: Fitting results of EIS spectra of Al 6082 aflogingR; obtained at bcrand after six successive DC/OCP cycles.

Rs CPE!I R;t WR
SIDETUSRICIT OomoeY (UF/ cnf) : 01 MDY 01 MDY
EISi 10.98 17.4 0.88 8.3 3.4
EIS1 11.45 43.1 0.85 3.2 1.9
EI 11.62 45.5 0.87 2.9 0.73
EIS 11.58 46.3 0.88 2.8 0.29
EIZ 12.23 46.5 0.88 2.4 0.11
EIS 12.43 47.7 0.88 1.8 0.33
EIS 12.37 49.3 0.88 1.6 0.32
25 60
() (b)
50
20 _ - "
& c 40 /
£ 15 § /
e w
c =30
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Number of DC/OCP cycle Number of DC/OCP cycle

Figure5.15: Evolution of (atharge transfer resistanceR(b)constantphaseelementrepresenting the double layer capacita
CPE, as functionof DC/OCP cyclaf Al 6082 alloyluring Rs.
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Accordingly, the corrosion behaviour can be deduced from the charge transfer
resistance Rand constant phase element GREalues. A significant decrease in

R value of EISi from 21.3 to%] m @%r R, 18.1( 2 p @ pfor Rar@8.3to

o ®H Afon R¥fter applcationofi KS FANRG 5/ kh/t 08d0fS 4a9L{ m:
significant decrease can be explained by the high dissolution rate of the passive that
formed during 2 h &p which isprobably completely removed duringathodic
polarisationDC1 and lessffectively re-formed during relaxationunder alkaline
conditions (i.eprobably thin porousand very susceptible to pitting corrosiprA

slight decrease in Rvalue with increamg the number of DC/OCP cyslduring
EIS2EIS6 is observed.

In contrast an increase in CBfvalues with increase of humber DC/OCP cyides
observed Hence, the constant phase element CPE is replaced in thét&pure
capacitance elemen(C)to reflead the norrideal capacive behaviour,caused by
factors such asurfacecompositional heterogeneity andoughness at the metal
substrate/passive film interface As described i€hapter 3 section 2.2.3 p58, the
CPEBvalueis controlled by lhe exponentn, which is an adjustable parameteglated

to the inhomogeneity of the samplavhich always liesk y G KS MBPK S d6m XK
When the value oh approaches unity, the CPE is equivalent to a pure capacitor, if
approaches to 0, the CPE is equivalent to pure resistance, but witheaponent
closer to 0.5, the CPE value is indicative of diffusion mseE® and consequently,

the CPE indicates a Warburg diffusion compor{@d8-151]. A significant increase

in CPEg value for EISi from abo@ 7 to 29.3uFcn? during R, 10.3to 33.1 pFeni
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at Rand 174to 43.1pFenf at R FGSNJ | LILX ASR GKS TANERIG
observed.

As can be seen in Table? %o 5.4 the Warburg impedancéVg values are varying.
Low value of W corresponds todiffusion of Al ions, produced by the anodic
reaction ofthe metal surfacewith the bulk electrolyteand to the initiation of
metastable pitting corrosionHgh values of Wcan be attributed to accumulation
of corrosion products such as white precipitation of Al(OHat 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 a&ixsuccessive DC/OCkclesduring R

, R and R, respectively.

Due to the needo performthe cyclicexperinental test procedursas a continuous
process it wasnot possibleto characterise by SEM and EDX analysis to exfilere
actual thicknessand chemical compositioof the passive layers formedfter the
practical condition®f 2 h Bcpand during/after ead the successivddC/OCP cycle.
Furthermore, he extremelylow thicknessof the (hydrated) alumina layemhich is
only a few nanometresdeep, is hardy measurable using commoanalytical
instruments.Up to now the extensive literature on this topfailedto introducea
precisetechnique that can measure the thicknessueof aluminalayer claimed to
be present The thickness valuefamouslyclaimed to bebetween2-3 nm[171], 5
10nm [172], 7.515 nm[173, 25 nm[174] less than 40hm [175 and 73100 nm
[176]. Referencd177] resorted to emploing EIS datditting (capacitance and the

exponentvalues)to determinethe thickness obxide filmusingthe formula (3.4)
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see B9. In this casethe calculated thickness derived from the capacitandey
assumingthe oxide film acts as a parallel plate capacitor with tipermittivity
constantis ¢ = 10 in case odluming avalue comparable to thosgpicallyfound

in literatures[178-180]. It should besaid thatvalues of permittivity constant() of
aluminabetween 8and 12 have been reported in the literaturegd 81, 182]. The
calculatedalumina layerthicknessas a consequence of thigas between 1.6 and
2.5 nmbut noconsideration of factors such as porosity was made

However the onlysensible optionto indirectly obtain a defined thicknesef the
passive filmis to employ the obtained data (capacitane and n exponen) from
fitting of EIS spectra that are introduced in TablB.2 to5.4at R, R and R
respectively using thaforementionedformula(3.4).

As described earlier, when the exponenapproaches unity, the CPE is equivalent
to a pure capator, which means that the oxide film can be considered act as a
parallel plate capacitor. Figure B.$hows the schematic diagrane$ the capacitor
classification according to the characteristics and properties of their insulating
permittivities; (a) the prallel plate capacitor, (b) the fact of thp@rosity, which isn
parallel to the passive film growth direction, but not parallel to the capacitor plats
(and that a parallel calculation taking account of theespective permittivities of
the material andhe electrolyte filled the porg and (c) the fact if the layer formed
during 2 h bepand during six relaxations cycles is probably in practicelaybr of

AI(OH} and A$Os;, which isin series with the growth direction, but parallel to the
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capacitor pates (and that series calculation taking account of the respective

permittivities of the both materials

F
r

< 27 7z
: . éééé f ﬁAI(OH}
o 7 ™

]
1

(a) Parallel plate (b) Porosity mrallelto (c)bi-layer of Al(OH)and
the passive film growth ALO; in series with the

capacitor
direction growth direction

Figure5.16: Schematic diagrams illustrate the capacittassification according
the characteristics and properties of their insulating permittivities

As mentioned earlier in section &2 pl1@-103, the ultimate passive film formed
during Bcpand during six successive DC/OCP cyclesoisably pure aluming
where aluminium hydroxide precipitates often form gels, which crystallise and
gradually change to AD; with time, resulting in the formation of passive film by
the reaction 5.7161, 169.

The calculations presented iifables 5.5 an®.6 and plotted as a function of the
DC/OCP cycles shown in Figure 5.18)(aere carried out to detenine the likely

evolution of passive film thickness based on a consideratia@xistenceporosity or

not in the passive film.
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Table5.5: The calculated thickness of the passive fitesUmingoure ALOs and noporosity) formed during 2 hdgpand six successive
DC/OCP cyckuringR;, R and R.

CPEy R . « » 4 Permittivit Total permittivity
Qe N (UF.cnt) 01 MDY : DEEY 1D B i electroly)':e constant G d(nm)
Ri:
(at Bocy 8.73 21.3 0.92 100 - - 10 43.5
1 29.3 6.1 0.91 100 - - 10 12.9
2 324 6.2 0.91 100 - - 10 11.7
3 34.3 59 0.91 100 - - 10 11.1
4 34.4 5.3 0.91 100 - - 10 11.1
5 36.5 4.8 0.91 100 - - 10 104
6 38.1 4.6 0.91 100 - - 10 9.9
R
(at Bcp 10.3 18.1 0.91 100 - - 10 36.9
1 33.1 5.5 0.89 100 - - 10 11.5
2 34.4 4.4 0.89 100 - - 10 11.0
3 34.6 4.2 0.89 100 - - 10 10.9
4 354 3.7 0.89 100 - - 10 10.7
5 36.8 3.1 0.89 100 - - 10 10.3
6 40.5 2.9 0.89 100 - - 10 9.3
Ry:
(at Bocp 17.4 8.3 0.88 100 - - 10 21.8
1 43.1 3.2 0.85 100 - - 10 8.8
2 455 2.9 0.87 100 - - 10 8.3
3 46.3 2.8 0.88 100 - - 10 8.2
4 46.5 2.4 0.88 100 - - 10 8.1
5 47.7 1.8 0.88 100 - - 10 7.9
6 49.3 1.6 0.88 100 - - 10 7.7
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Table5.6: The calculad thickness of the passive fillassuming puréAl,Os; and porosityd A Y

successive DC/OCP cydesingR,, R and R.

L) fochet! uBniy & h &pand six

CP Densi Porosi Permittivity of Tota permittivit
SEEIN: (uF.c%ilz) ) FC;\AZD : D%ty ty electroly)t/e corr:stant ¢ ’ el
Ri:
(at Bcp 8.73 21.3 0.92 98 2 45 ¢ =(0.989x 10) + (0.20x 45) = 0.60 50.5
1 29.3 6.1 0.91 95.5 4.5 45 ¢ =(0.955 x 10) + (0.045 x 45) =11.58 | 15.0
2 32.4 6.2 0.91 95.5 4.5 45 ¢ =(0.955 x 10) + (0.045 x 45) £58 13.6
3 34.3 5.9 0.91 95.5 4.5 45 ¢:=(0.955 x 10) + (0.045 x 45) =11.58 | 12.8
4 34.4 5.3 0.91 95.5 4.5 45 ¢=(0.955 x 10) + (0.045 x 45) =11.58 | 12.8
5 36.5 4.8 0.91 95.5 4.5 45 ¢ =(0.955 x 10) + (0.045 x 45) =11.58 | 12.0
6 38.1 4.6 0.91 95.5 4.5 45 ¢=(0.955 x 10) + (0.045 x 45) =11.58 | 11.6
Ri:
(at Bcp 10.3 18.1 0.91 95.5 4,5 45 ¢ =(0.955 x 10) + (0.045 x 45) =11.58 | 42.8
1 33.1 5.5 0.89 94.5 5.5 45 ¢ =(0.945 x 10) + (0.055 x 45) =11.48 | 13.2
2 344 4.4 0.89 94.5 5.5 45 (¢ =(0.945 x10) + (0.055 x 45) = 11.48 12.7
3 34.6 4.2 0.89 94.5 5.5 45 ¢ =(0.945 x 10) + (0.055 x 45) =11.48 | 12.6
4 35.4 3.7 0.89 94.5 5.5 45 ¢ =(0.945 x 10) + (0.055 x 45) =11.48 | 12.3
5 36.8 3.1 0.89 94.5 55 45 ¢ =(0.945 x 10) + (0.055 x 45) =11.48 | 11.8
6 40.5 2.9 0.89 94.5 5.5 45 ¢ =(0.945 x 10) + (0.055 x 45) =11.48 | 10.7
Ry:
(at Bcp 17.4 8.3 0.88 94 6 45 ¢ =(0.94 x 10) + (0.06 x 45) =12.1 26.5
1 43.1 3.2 0.85 925 7.5 45 ¢=(0.925 x 10) + (0.075 x 45) = 12.63 | 11.2
2 455 2.9 0.87 93.5 6.5 45 ¢ =(0.935 x 10) + (0.065 x 45) =12.28 | 10.2
3 46.3 2.8 0.88 94 6 45 ¢ =(0.94 x 10) + (0.06 x 45) =12.1 9.9
4 46.5 2.4 0.88 94 6 45 ¢ =(0.94 x 10) + (0.06 x 45) =12.1 9.9
5 47.7 1.8 0.88 94 6 45 ¢ =(0.94 x 10) + (0.06 x 45) =12.1 9.6
6 49.3 1.6 0.88 94 6 45 ¢ =(0.94 x 10) + (0.06 x 45) = 12.1 6.3




Table 5.5 presents the obtained thicknesses catedldy assuming a passive film
(pure aluming with no porosity (100% density) for R and R. This assumption is
based on the previous thickness edftions that are found in the literaturfl77,
183 184], which use the formula 3.4 to fiEIS data without taking intaccount
factors such as the permittivity constant of the electrolyte that might fill any pore
that are present, which means they assumed the passive film is fully d&éhse.
calculatel thicknessof the passive film formed after 2 hogpis the largest
compared to the obtained thickness of the passive film that formed after six
successive DC/OCP cycldaugl this result suggests théds previously speculated)
the growth of the passive film fornoe during exposureto neutral salt solution
proceedednormally (vithout OH ion that cause competinghemical dissolution
but then there-growth ofthe passivae film taking placeduring therelaxation time
in each cycle wheref the passive filnformed inan increasinglhalkaline solution
(i.e. progressivehhighly concentration of OHons) was gradually disrupted and
suppressed

In fact,the passive film(even after B¢y will definitely contain some porosity that
should takeinto account(andthat will be filled with the electrolyt9. Theefore, the
permittivity of the electrolyte that filled the pores in the passive féhould alsde
considered in the calculation of thectual layerthickness However the effective
permittivity is thesummationof the permittivity of the passive film (amina G =
10 andthe permittivity of the electrolyte (sodium chloridg ¢; =45 [185 (in parallel

at a level of overall porosity that can be inferred frothe exponentn in EIS data
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Tables 5.2to 5.4). However, there is an assumption that, when= 1 (pure
capacitor), the density of the passive film is 100%, where when0.5 (Warburg
impedance) the assumed density is 75% and when O the (pure resistor) the
assumed density is 25%. kerins of considering porosiip alumina the calculations
were carfed out in parallel (Table 5.6) to simulate connected porosity.
Thevalues of the inhomogeneitgxponentn, whichresearches generallyattribute
to the porosity of the passive film(but rarely, if ever, take account of in their
subsequent thickness calculatioredjer different runsR;, R and R that are plotted

as function of number of DC/OCP cycle in Figure.5.17
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0.92 el 11

0.91 —> > 4 'S YN —a—R:

0.9
0.89 \I_——l = = = =

0.88 — E—

0.87 —

0.86

0.85

Inhomogeneity parameter n

0.84

0 DC1 DC2 DC3 DC4 DC5 DC6

Number of DC/OCP cycle

Figure5.17: Inhomogeneity parameter as a function of number of DC/
cycle of the passive filat R, R and R.

The highestn value is observedor the passive film that form& during 2 h Bep
duringR;, R and R. This can be explained by the passive film that formed during 2

h Ecpbeing 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\takies of the pssive film
formed during 2 h &pand six successive DC/OCP cydletng R, are the highest
followed by thoseduringR, then R. This can be attributed to the passive film fqr R
being more compact and less defective than of the passivediiinmgR, and Rs.

From the obtained resultthat presentedin Table 5.5and 5.6 and plotted in Figure
5.18,it can be observed that thestimatedthickness value o passive film formed
during 2 h Bepis higher than e one that formed during six successive relaxati
timesduringR;, R and R. 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 periodhi$ can be explained by thgrowth rate of

the passivating film dring 2 h Bcpprecedng unhinderedin neutral salt solution
without OH ion attack Whereas the growth rate ofthe passivating film during
OCPI0CPA@s progressively hinderedy increasing levels dDH ion attack leadng

to less proteave passive film formation on the surface of aluminium substrate
However,the calculated thicknessalues in Tables 5.5nd 5.6 seem to benore
sensible(to the typical values as reported in the previous literatuf@32 173,
179), but the calculatedhicknessvaluesthat presented inTable 5.Gare the most
sensiblewhereanexisting porosity in the passive filimok in the account.
Regardlessf the different thickness valieobtainedfrom calculationamade using
different assumptionsthe values for the passive filnduring R, seemalwaysto be

thicker (and more dense)than for the passive filmduring R, and, similarlythe

122



passive film of Rseems to behicker (and more densg than the passive filnduring

Rs.
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Figure5.18: Calculated thickness of the passive film as function of DC/OCI
duringR;, R andRs; a) with no porosity and b) with porosity parallel.
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5.3.4 Hydrogen permeation currerdensityduring DC cathodic polarisation

In orde to explorethe rate of hydrogen permeatioracrossthe passive filmland
how it might changeduring sixsuccessivdC cathodic polarisatioaycles)and to
study the effectof the permeability onhydrogen adsorptiorH,qs it was necessary
to study the hydogen permeation current density during DC cathodic polarisation.
As ascribed earliein et al.[100] created simulation model@igure 2.14 p4ilthat
describe the hydrogen permeation process through a passive filoanl besay in
Figure 5.9 the evolution of hydrogenpermeation currentdensity during DC1
duringR;, R and Rshowsthat the diffusionmodd (D)appears to be linked directly

to the hydrogen permeation current densityansients.
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Figure5.19: Evolution ofhydrogenpermeation currentdensity during DQ during
R, Rand R.
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It can be observed thahe hydrogen permeation current deitg increase rapidly
from an initialvalue (12, 11 and19 mA/cm?) to reacha maximumdiffusion rate
value (31, 35 and8 mA/cm’®) at diffusiontime tp, to2and t3 (198, 110 and 97 sec)
during R, R and R, respectively. Tis diffusion timeis consistat with the time lag
in stage (l)at t; (198, 110 and 97 seof the solution pHevolution during DC1
duringR;, R and R, respectively(see Figure 5.27-a p146), which will be explained
broadlyin alater in section5.41. It can be observed thatydrogen permeation
current density curves after reaching maximum diffusion rate valseis slightly
increasng until reaches a saturationstate atatime of ts;, tg and ts (710, 890 and
1060 sec)during R, R and R, respectivelyand remains steady untilthe DC
cathodic polarisationstep isterminated at t« (1200 sec).The continued slight
increase can be explained Hye fact that, although théhydrogen permeation rate
through the passive films no longer increasinghe contribution of aluminate ion
gel formation at the passive film/electrolyte interfaceontinues to hinderHags
diffusion towards the passive filmThisis consistent withthe stage (I) of the
solution pHevolution during DCX(seeFigure 5.7 a-c p146) where theincrease in
solution pH reches a steadystate at t,; (710, 890 and 1060 spduring R, R and
R; respectivelydue to the aluminate iorenrichmentat the passive film/electrolyte
interface

It can beobservedin Figure 5.9 that the maximumdiffusion rateat tpsduringRs is
the highest followed bytp, during R, then tp; during R respectively which canbe

related tothe high permeability othe relativelyporouspassivefilm during R; and
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to the high hydogen iors concentration atthe ALOs/electrolyte interface (see
stage (l)in Figure 5.7 c). According to tle hydrogen evolution reaction®.23-2.26
(see section B.1 p39), a high concentration of Hions at the ALOs/electrolyte
interfaceleadsdirectly to a high level of Hygssince the rate othe reaction1 (2.23)
would be expected to be rapid. However, the concentration ofgd¥vould be
decreasedsince the rate of khsvia reactiond (2.26) wouldalsobe expected to be
rapid (due tothe high permeability othe porousALO;film).

In contrast, the naximumdiffusion rateup to tp; during R; is the lowest(and the
slowestto be reached)which can be related ta low hydrogen permeation rate
into the passive film due to low permeability thfe ALO;film, which isin this case
relatively dense compared to the passive finduring R, and R. However, the
concentration of Hysat ALOs/electrolyte interfacewould still be high since the rate
of reaction4 would be expected to be slow arttie rates of reactions2 and 3(2.24
and2.25) would beexpected to beslow, buthigher han the rate of the reaction.
The rates of reaction 2 and 3 depend on the availability of,glwhich in turn
depends on the Hion concentration at theAlLOs/electrolyte interface. However,
after applcation of the first DC/OCP cygléf ion decayat the AbOs/electrolyte
interfacewould be expectedas the solution pktartsbecome increasingly alkaline
Therefore, the concentration of J4 at the ApOs/electrolyte interfacewould be
expected todecreasewith time.

Table 5.8 presentsthe total charge(Q Coulomticm?) calculaed after each DC

cathadic polarisationduring R;, R and R, which may beattributed to the total
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hydrogenion chargepermeaing into the passiveas Hgs Figure 520 shows the
total charge Q of permeated hydrogen as function ofumber of DC cathodic

polarisation duringR;, R and R respectively.

Table5.7: Total chargsof hydrogenpermeated into the passive film during DC

DC Qr1 Qrz Qr3
Cathodic polarisation Coubmb/cm? Coubmb/cm? Coubmb/cm?
DC1 37.21 43.66 63.69
DC2 38.62 44,59 66.76
DC3 35.27 41.76 64.98
DC4 35.33 41.85 65.04
DC5 36.11 4186 65.11
DC6 36.43 42.15 65.33
70
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Figure 5.20: The calculated total charge of hydrogen permeated though
passive film during six DC cathodic polarisation cycles durjrig &d R.

It can be seen thathe total chargecalculated during DC2 is the highest &tirthree
sampleswhich can be attributed to the higdr hydrogen permeation ratéhrough
the passive film formed during OCP1 due to its high permeability, which is higher

than the permeability of the passive film formed during 2dzdtthat the DC1test
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results measure) However, the hydrogen ion decay athe ALOselectrolyte
interface increass with the number of DC cathodic polarisationycle The total
chargecalculated during DC2 is higher than during IDC% due to hydrogen ion
concentration atALOs/electrolyte interface being highereventhough the passive
filmsformed during OCR®CP6 hee higher permeabilitthan thoseformed during
OCP2.

From Figure 20 it can beobservedthat the total chargecurveduring DCADC6at
R, is the lowest compared to Rand R. This can be attributed téow hydrogen
permeability ofthe passivefilm, whichis in this casethick andrelatively dense
compared to the passive filmuringR, and R. Conversely, théighest total charges
curve during DGDC6 is observedt R;, which can be attributed to the high
hydrogen permeation rateéhrough the passive film due to high permeability of
ALGO;s film, which isthin and highly porous,compared to the passive filmuring R,
and R. These results are consistent with tleeolution of hydrogen permeation
current density curveduring DCID@ duringR;, R and R that are shown in Figure

5.21.

128



DC1_R1l.cor
DC2 _R1l.cor
DC3 _R1l.cor
DC4 _R1l.cor
DC5 Rl.cor
DC6_Rl.cor
DC1_R2.cor
DC2_R2.cor
DC3_R2.cor
DC4 R2.cor
DC5_R2.cor
DC6_R2.cor
DC1_R3.cor
DC2_R3.cor
DC3_R3.cor
DC4 R3.cor
DC5 R3.cor
DC6_R3.cor

H Permeation current densityngA/cm?)

0O 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Time (sec)

Figure5.21: Evolution of hydrogen permeation current density curves for Al 6082 dllapga) R, b) R and ¢) Randdurinc
six DC cathodic polarisations.
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5.3.5 Relaxation time to reacBocpafter applied DC

Typical graph of evolution of relaxation time to redgrpafter applied-2 Vvs. SCE
DCcathodic polarisation is shown in FigureA. This graph describebe four-
stages in the evolution of E, during th8 h relaxation timeof OCP10CP6 curves
(Figure 5.6 (a-c)) duringR;, R and R.

Stage () represents a slope of rapid incregsn potential from -1.5 V vs. SCie
potential beyond -1.35 Vvs. SCHRvhich can instantaneouslybe observedin the
inflection of the currentat t; (up to approximately 20 sec). During DC cathodic
polarisation the standard potential of the cell ¥ V vs. SCEimposed by a
potentiostat. Once themposed DC cathodic polarisatiostep isterminated the
standard potential of the celP§ ) will be calculated from the standard reduction
potentials at the cathode and anode electrodes. Hence the standard redtucti
potential at the cathode i96 + =0 Vand the standard reduction potential at the
anode is% ; =-1.358 \(see Table 2.p35). Therefore, the standard potential
for the cell%s  can be calculated according to thalbwing equation:

% % % % 4 % y = 0¢ 1.358 =-1.358 V
Neverthelessthe rapid increase imitial potential beyond-1.35V. vs SCht stage
(1) duringall relaxationOCP10CPécurves is probably due to thé . The rapid
initial increase in potential causes a rapid removal of aluminatéagglationdue to
the electric field and fast supply of OHons towardsAlelectrolyte interface The
passive film formed during 2 hokpis probably completelydissolved during DC

cathodic polarisation leavintpe bareAl substrate surface.
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Whereas the relaxation time step carsieout in alkaline solutionit can be
consideed an indirect aluminium dissolution by consecutiyém formation and
dissolutionboth as a parial of anodic reactiorf44]. Therefore the partial anodic
dissolution reaction of Al substratean be obtained bgoncurrentelectrochemical
Al(OHj) film formation from (reaction 212 p15) and chemicadtlissolution ofAl(OH}
film (reaction 2.B pl15), which can be written agdaction 2.4 4). The electron
that produced by the anodic reaction (reaction 2.4) will be consumethéyartial
cathadic reaction of water (reaction 2.@14). The overall corrosion reaction of Al
substrate inalkalinesolution can be writteras(reaction2.6 pl4) by combining the
anodic partial (reaction 2.4) and cathodic partial reaction of wateedction 2.2)
[44, 57].

In the sequence of the overall corrosion reaction (reaction 2a)minate iors will
form at the passive film/electrolyte interfaceand dday the dissolutionrate of the
passive filmby slowng down the diffusion of OHions towardsthe Al/Al(OH)
interface, therebyenhancinghe growth rate of the passive filnAl(OH).

The secondtagerepresents an increase in anodic potenti@tween t and t,. This
increasecan beattributed to the recovery of the sample potential to reaith Eocp
value after applied2 Vvs. SCEathodic polarisationHowever the increase in
anodic potentiakretards the chemical dissolutiaof the passivdilm. Therdore, the
film growth rate can beenhanceal by the increase in anodic potentia alkaline

solution[54)].
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It can be observed that theecondstageexhibitstwo different regionsof increasing

in anodicpotential. The first regiomepresentsa low increase in anodic potentiai
the region between tand t. This can be associated to th@M repassivation rate
that can be &plained by thdow growth rate ofthe passivating filndue to chemical
attack by OH ions causng concurrentdislution. Second, high increase in anodic
potential is observed in the later stage up te.gat to. Thiscan be associated ta
higher film repassivation ratelue to aluminate iorenrichment, whictenhancethe
growth rate of passivating filrby hindeing OH ion diffusion towards the passive
film/electrolyte interface

By comparing the two regions that appear 9acondstage withthe concurrent
evolution solution pH during stage (1) ang) (h (Figure 5.8 a-c p153), it can be
concluded that the low rpassivation ratg(ll) is consistent with stage)(Wwherea
slight increase in solution pldan be observeddue to enriched OH ions and
depleted aluminate iongel after suddenincreasein potential from -2 Vvs. SCIo
potential beyond-1.35 Ws. SChy the electric fieldat the Al substrate/electrolyte
interface Whilst, the high repassivation ratél,) is consistent with stage.flwhere
the solution pH seems to be higher than that in stage (I), which can be related to
the increase inluminate ionconcentrationretards the dissolutiorof the growing
passive film

After reaching Eax at tx, the potential rapidly decreasan the cathodic direction
until reachng a valueclose to the finaEocpat t3 in stage (lI). This decrease can be

explained by tanspassive behaviour (localised corrosion or passive film
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breakdown) which is probablycaused bythe onset of pitting corrosionof the
aluminium where the pitting potential of aluminiunctorresponds to that atin
which the corrosion process acceleratedy diffusion ofaggressivanions (such as
Cliong) throughthe passive filnj47]. The last stage (IV) representstaadystate
potential around the Eocp value (with minor fluctuations persising) until the
relaxation time terminated atq; (10800 sec)This fluctuation can be associated to
the changes of solution pH at the passive film/electrolyte interface (see stage (ll)
Figure 5.8 a-c).

Figure 523 (a-c) shows 2 h &pand sixsuccessiveelaxation times OCPI10CP6 to
reach the bepafter successivddC cathodic polarisatioduring R, R and R. The
OCPI0OCP6 curvesppear to be composed witkthe four-stage variationof E(V)

that wasdescribed earliem Figure 522. It can be observed thatuding OCPDCP6
curvesduring R, R and R the gage (l) epresents a slope of rapid increase in
anodic potential fromapplied-2 Vvs. SCE potential value beyondl1.35 Ws. SCE

at t; (up to approximately 20 sec). This can be associated to the standard potential
of the cell%

During first relaxatioiime OCP1 for Rhe secondstage represents an increase in
anodic potential from potential beyond..35 V(vs. SCHD Eyax-0.703 V(vs. SCEt

686 sec. It can clearly be observed that this increase in anodic potential exhibits two

different regions.
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First,alow increase in anodic potential followmmediately after the stage (I) up to
120 secWhich can be related to low repassivation rat&econda higher increase

in anodic potential is observed in the later stage up taxBt 686 seqwhich @an be
related to higler repassivation ratg

After reaching Eax a rapid decrease in potential taoEpat 790 sec is observeat
stage (Ill) This can be associated to transpassive behaviour of the passive film. In
stage (IV) the potential remasrnn steady-state at E5cg with minor fluctuations until

the relaxation time OCP1 terminated af.t

DuringR, during OCP1 theecondstage represents an increase in anodic potential
from potential beyond-1.35 V(vs. SCHO Enax-0.691 V (vs. SCEt 690 sec, with
alsoexhibits two differentregions 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 stageniQ & 580 sec is
obsewed, which related to the high repassivation rate. In stage (lll) it can be seen
that after reaching Eaxthe potential rapidly decreased taoEpat 834 sec. This can

be associated to the transpassive behaviour. In stage (IV) the potential remained in
steady-state at Ecp with minor fluctuations until the relaxation time OCP1
terminated at by.

By contrast,the secondstage during OCPduring R; represents an increase in
anodic potential from potenal beyond-1.35 V(vs. SCRO0 Enax-0.604 (vs. SCEjt

1298 sec. This increase exhibits two different regions. Rinst,low increase in

anodic potentialup to 800 sedollowing the stage (I), which related to the low
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repassivation rate. Secondljgh increase in anodic potential in the later stage to
Enaxat 1298 secassociatedo the high repassivation ratis observedIn stage (lIl)
after reaching the ki« a rapid decreased in potential too&at 1455 secis
observed, whicltan be associated to the transpassive behaviour of the passive film.
Stage (IV) epresents the steadystate of the potential at Bcp with minor
fluctuations that persists until the relaxation time OCP1 terminatedsat t

It can be concluded thatll stagesduring OCPlhave similar behaviowluringR;, R
and R, but with different perod of time. Where the secondstage during R; is
observed to behe shortest followed by Rand R. Thiscan be related to theapid
Al(OHj film formation that formed at Al/electrolyteinterface due to EssOH ion
attack since low OH ions concentrationcan be observed from the upward spike
once DC cathodic polarisation terminatdtican be observed thahe upward spike
duringRe is higher than that oneluringR, and less thanhe upward spikeluringRs,
which suggests tht the OH ions concentrationis the highest for R which can
cause the delay of theate growth ofpassive film by its chemical attand hence
the longer timescale of OCP relaxation for this sample)

By comparing the obtained graphs in Figur23s-c duringR;, R and R, it canbe
deducedthat the four-stage variatios duringin E(V)elaxation timefor OCP10CP6
have similar behaviour, buvith different period oftime duringthe second stage
due to the different OH ion concentration after DC cathodic polarisation
terminated As explained earlierthis stage represents an increase in anodic

potential from potential beyond1.35 V(vs. SCHO Eax for relaxation times OCP2
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OCP6This increase can be attributed to the repassivation rate of the passive film
that apparently exhibitswo different regions First, the low increase in anodic
potential following stage (I)(up to 200,300 and 800 seduring R, R and R
respectively, which can be related to the low repassivation mt&econda higher
increase in anodic potential obsexd in the later stage to&x at tza, which can be
related to higler repassivation rate The obtained values of Rax at tq during

relaxation timeOCP10CP&luringR;, R and Rareillustrated in Table 3.

Table5.8: Enaxvalues at 2 duringrelaxation timeOCPI10OCP@&luringR;, R and R

Relaxation Enax V. VS SCE t, (sec)

time R R Rs R R Rs

OCP1 -0.703 -0.691 -0.604 686 690 1298
OCP2 -0.697 -0.687 -0.672 707 757 1387
OCP3 -0.691 -0.703 -0.583 750 763 1426
OCP4 -0.690 -0.680 -0.693 751 780 1429
OCP5 -0.689 -0.700 -0.677 815 785 1430
OCP6 -0.678 -0.688 -0.706 856 901 1453

FromTable 59 it can clearly be observeatiat the time for anodic potentiako reach
Enaxduring R, Rand R becomes slaer with increasng number of DC polarisation
cycles.This can be associated the gradual retardation ofepassivation ratewvith
increasng OH ion attack(that lowered the growth rate of a passivating fithrough
competitive dissolutiop The increasein OH ion concentration with increasg
number of DC/OCP cyslean betraced bak to the formation of OHions during
the relaxationtime from the pitting corrosion reetions 218-2.20 p22-23. It can be
seen that the increase in anodic potential to reaghx value at § during OCP1
OCPtasproceededfasterfor R than during OCRDCP6 for Rand R; respectively

which can be related to the rapigrowth rate of the passive filndue the rapid

138



formation of aluminate ios. In stage (lll) it can be observétht after reaching Eax
the potential rapidly decreasso Eocp The decrease in potential can be related to
transpassive behaviour of the passive film thatised bypitting corrosion attaclat
anodic overpotential Stage (IV) representssteadystate of the potential at bcp
with minor fluduations that persisuntil the relaxation time terminated atj.

5.4 Evolution ofSolution pHDuring (AC)DC/OCP/AGyclic Testing

In order to obtain information on electrochemical corrosion behaviourtheg Al
6082 aloy surface electrode/electrolyte interface during 2 fckexposed to 3.5 wit.
% NaCl solutioand during repeateaf (AC)DC/OCP/AC testing over six cythes,
evolution of solution pH wasgnonitored simultaneouslyFigures 5.2 to 5.26 show
the evolutionof solution pH during 2 hdgpexposed to 3.5 wt. % NaCl solution and
during successivaepeats of (AC)DC/OCP/AC cyclic testidgring R, R and R
respectively.tican clearly be observed that the solution piluesduring 2 h of bep
and initial impedane EISi (AQitial measurement) are steady arsfable ending
with pH values of 5.6, 5.7 and 4déring R, R and R respectivelybefore theDC
OFGK2RAO LIRtFNRAFGAZ2Y a0l NISR® ! adzRRSyY
immediately with applied-2 V (vs. SCE)DC cathodic polarisatiorto the

electrochemical cellt KA & adzZRRSY WAL BXN0ANYE SIRI (@ YK
OKFNBAY3IQ 2F (KS LI LINPadH iBdz8tthdii? 6082K S | OC
alloy/electrolyte interfaceThe intensity of his offset in pH value depends on thé H

ion concentration During DClhe downwardspikein solution pH reachedvalue of

4.2, 4.3(weak acidicluringR;, R respectively andit reached a value of 3.3tfong
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acidig during Rs. In contrast, a neutralhe downward spikein solution pH value

during DCDC6duringR;, R and R is observed. This can be attributed to the low

H" ion concentrationdue to hydrogen iondecay after applied DCDuring DC1 the

reduction of hydrogen ion to i3 by the reactionl (2.23 p39) would be expected to

be rapid. However, the concentration of,dsdat the surface would be decreased

since the rate of kjsvia reactiond (2.26) wouldalso be expected to be rapid as the

permeability of a passive film is higkeg Figure 2.B a p40), or slow, if the

permeability of the passive film is lowl hus, the rateof reactiors 2 and 32.24 and

2.25 p39) respectivelywould be higher tharthe rate of reaction4 asillustrated in

Figure 2.8 (b) p40.

After the DCcathodic polarisations terminated, the relaxationp to reach theEocp

valuestarts g A G K I adzRRSyY dzLJg | NI atbikdlidev@u@) bp y & 2 £ dzi A
WK & R Nahd& @rbbably ChlorideOKF NBAAY 3IQ 2F (GKS LJ LINR 6 S
accumulation of OHand Clions at the Al /electrolytenterface. It can be seen that

0KS adzZRRSY dzLJs | NR mbétédrabivalSmareadeirt sblationSHR too & |
become more alkalinity. This increase can be associated to dissolution of the

passive filncausedby OHion attackin the form of aluminate ioa After certain of

time a decreaseén solution pH with time is observed, which candas be explained

by the acidification of the solution pH due to the production of water and

aluminium chloride AICjb 02 YLJ SE OF f186BfRm pitfin§ doirasiont OA R ¢

reactions 2.142.18 p2347].
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In order to follow the underlying mechanism dfie electrochemical corrosion
process dung repeated sidOC/OCRycles it was necessary to study the effects of
evolution of solution pH duringach individual cycle dDC cathodic polarisemn
and relaxation time to reachdgr Figure 5.2 (a-) illustrates the evolution of
solution pH duringeach of thesix DC cathodic polarisatimyclesDC1DC6during
R, R and R, whilst Figure 5.8 (a-c) illustrates the evolution of solution pH during
each of thesix relaxation time OCPA0CP&luringR;, R and R (to reach Bcpafter
eachapplied DC cathodic polarisatipn

5.4.1 Evolution of solution pH during DC cathodic polarisation

The evolution of the solution pH during tleiccessive2 V DC cathodigolarisation

of uncoated Al 6082 alloy samplés three runs R, R and R is presented irthe

three plots of Figure 5.7 (ac). It can be seen thathte evolution of solution pH
during DCADC6 appeato be composd ofthree-stagesin each case

Thefistsi I 3S oL0 O2NNBalLRyRa (2 (GKS adzZRRSyYy
-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 hereafte the Wime-lag: Thetime lagis related to the hydrogen permeation

rate throughthe passive film up ttime t;.
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The second stage represents two different increasing rates; region (Il) represents an
increase of solution pH between the timesdnd &, 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 deptat DC1 and
during the relaxation time at DERC6 via OHon attack.

Stage (l) represents the low aluminate ion formation due to low dissolution rate of
aluminium substrate by OHons since the dissolution of Al substrate in alkaline
solution occurs by indirect dissolution via consecutive film formation and
dissolution, which both condered as a partial anodic reaction. The dissolution rate
of aluminium substrate will be retarded by aluminate ions enrichmgs).
Aluminate ions tend to accumulate at the Al/electrolyte interface and form viscous
layer tha hinders OHions to diffuse towards Al/electrolyte interface, thereby
showing asteadystate of solution pH value at stage (lIl) that persists until DC
cathodic polarisation terminated atyf (1200 sec)where an upward¥pikeQis
observed, which referm rapid accumulation of OHand Clions with starting up

the relaxation time step

By comparing these stagesithg DCIuringR;, R and R, it can be observed that
the stage (lIyepresentsatime lagup to t;of (198 110 and 97 seduringRy;, R and

Rs; respectively. Sincethe time lagis related to the hydrogen permeatiamate into

the passive film. Thereforghe longtime lagis observedfor R, which can be
attributed to the low hydrogen permetion rate into the passive film, which
proceeded slowly due to low permeability ofpassivefilm, which is athick and

relatively denseas revealed earlier from EIS datAccording to the hydrogen
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evolutionreactions it can bededuced thatthe rate of HysVvia reactionrd would also
be expected to be slowueto the low permeability ofpassivefilm. Howeverjn this
casethe rate of reactiors 2 and 3wvould be higher than theate ofreaction4 as can
be explained in Figure 81 p39. Therefore, thestability of thesolution pHvalue
during thetime lagup to 198 seds related to thehigh concentration of Hysat the
passive filnfelectrolyte interface that wouldtend form H gas viathe slow
progressive ofreactiors 2 and 3 However, he permeability of the passive film
during R is higher than that oneluring R, where the passive filnduring R is
relatively porous as revealed from EIS datherefore,the time lag (110 sec) is
observed to be shorter than theme lagfor R, due to theconcentration of Hysat
the passive film/electrolytelecreasng since the ate of Hy,sVvia reactiond would be
expected to be rapidThe permeability of the passive filduringRs isrevealed from
EIS data to be the highest. Neverthelgbg time lagis observed to behe shortest
(97 sec)Thiscan be consistent withydrogen grmeation currentdensityup to tp;
(198 sey, tp2(110 segandtps(97 seq duringR;, R and Rrespectivelyasdescribed
earlier inFigure 5.9.

By contrast, it can be observed that théime lagduring DCZDC6is shorter than
that of DC1 This can beittributed to the high hydrogen permeation rate intthe
passive filndue to high permeabilitpf the passive filmandor low H ion decayat
the passive film/electrolyte interfaceTherefore,the rate of Hys via reaction 4
would be expected to be rapid dse permeability of a passive film is high

During DCxhe stage (Il)representsa slopeof increasing ratef solution pHup tot,

(500, 230 and 17Beq duringRy, R and R respectively This slope can be related to
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the aluminate ion formation bydis®lution of the alumina passive film formed
during 2 h Beg which is probably completely removed from Al substrate surface.
For R, the slopeappeared to be theéhighest andslowestfollowed by those during
R, and R. This can beelatedto the structure andhickness othe aluminapassive
film that formed during 2 h &pin each caserhealuminapassive filmAs revealed
earlier from EIS data and calculated thickneds)ing R, is relatively dense and
thick; therefore, the complete dissolution ofthe alumina film by OH ion attack
takeslongertime (500), in the form of aluminate ionsompared to thos€220, 160
sec)duringR, and Rs respectively.

Sage (I}) representsa slight increase irsolution pHup to t; (710, 890 and 1060
seg during R, R and R, respectively This slight increase can latributed to the
low rate of aluminate ion formation due tothe low dissolution rate ofthe
aluminium substrate by Ohbns The dissolution rate of aluminium substrate will
be retarded by aluminate ions enhment The solution pH ultimatelyeaches a
steadystate at t3 (710, 890 and 1060 spduringR;, R and R, respectivelydue to
the formation ofa viscous layer of aluminate ions as can be observestiage (IIl)
and itcontinuesuntil DC cathodic polamgion terminated at ¢. It can be observed
that the stage (}) duringRy is the shortestfollowed bythoseduringR, and R. This
can be related to the fast enrichment of the aluminate scat the aluminium
substrate/electrolyte interfacgwhere it canbe seen in stage (Ithat the highest
pH value at4isduringRy, followed bythose R, and R, depending oraluminate ion

concentration.
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Duing DCZ2DC6 the second stagpresentsa low and slow increasingate in
solution pH up td», (710, 890 and 1068eq duringRy, R, R respectively. This can
be associated t@ lower level ofaluminate ion formationdue to rapid dissolution
of the aluminafilm formed duringthe relaxation timeaswell as to theprogressively
lower OH ion concentrationwhen DC cahodic polarisation (DGRCS6) is carried
out in an alkaline solution The dissolution rate dhe aluminium substrate will be
retarded by aluminate ions enrichment anten solution pH ultimately reaches a
steadystate at t3 (710, 890 and 1068eq in stage (lll)which continues until DC
cathodic polarisationis terminated at ts. It can be noticed that the slopef
increasng solution pH in stage (ll) does not appear during IDC®, which can be
related to a rapid dissolution rate othe thin and porouspassive film which is
(compared to the passive film formed during 2 dxfthat formed during relaxation
time. A rapid upward spiken measuredsolution pHis observedt to, whenthe DC
cathodic polarisatioris terminated Ths can beattributed to the OH and Clions
chargingat the pH probe

5.4.2 Evolution of solution pH during relaxation tifBCRo reachEocp

Figure 527 (a-c) shows thesix successiveslaxation times OCP10CP@&o reach the
EocrduringRy, R and R. The evolution of solution pH apaed to be composedf
two stages.The first stage corresponds to two different increasing rates in solution
pH; stage (I) represents thrapidincrease of solution pldp tot; (200, 300 and 600
sec for R R and R, respectively whichcan beattributedto WK @ RNR E& f OKI NB

the pH probedue to therapidaccumulation of OHons at Al/electrolyte interface
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After imposed-2 V vs. SCE DC polarisation terminated the potential rapidly
increased beyond td..5 V vs. SCE and instantly increases torgatkbeyond-1.35

V vs. SCE, which caused a rapid agitation to aluminate ion viscous layer and fast
supply to OHions towards Al/electrolyte interface. An increase in solution pH is
observed up to {, which can be attributed to the dissolution of Al strage in the

form of aluminate ions. As mention earlier in section 5.3.5 Figure 5.21 p132 the
stage (Il) is attributed to the low repassivation rate region due to thei@tattack

that lowered the growth rate of the passive film.

Stage () represents durther increase in solution pH up t@,t(620,780 and 1320)
secduringR;, R and R respectively. This can be related to the gradual increase in
aluminate ion formation (enrichment) at Ak/electrolyte interface that retards the
dissolution rate of Abubstrate and enhances the growth rate of passivating film
ALOs. This stage is consistent with the stage) (i Figure 5.22 that is attributed to
the high repassivation rate region of the passive film.

Stage (Il) shows a decrease in solution pH valtte fluctuations until t¢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 (AICI

O2YLX SE OF t {[B&from thé mtting corfrofidn R £

151



5.5 Summary

Despite the large number of literature studies devoted to He dissolution of
aluminium inalkalinemedia[35, 49, 52, 54, 187], one cannot determine thprecise
sequence of eventsby which the overall rate ofcorrosionis explainedeasily

because it depend®n vaious starting parametes, such assolution pH, initial

potential and presence ofthe native oxide film on the surface of Al substrate
Therefore, the influence of these parameseon the dissolutionbehaviourof Al

6082 alloy was evaluateslystematicallyin this Chapter The mainfinding of this

work can be summarised in the followibgllets:

¢ The influence of both DC cathodic polarisation and solution pH on the
electrochemical corrosion behaviour of Al 6082 alloy was investigaset)
a cyclic test proagure that can be applied in a relativedhort period of
time (around 24 h).

¢ During theDC cathodic polarisation the mechanism of hydrogen permeation
current and total charge of hydrogen permeated into the passive diten
demonstrated Meanwhile evolutio of solution pH demonstratedhe
changesn solution pH due to aluminate ion formation caused by chemical
dissolution of the passive film by Oidn attack. Aluminate ions gradually
accumulate at Al/electrolyte interface and forengel layer that can retal
the dissolution rate of the passive film atite pH value ultinately reachsa

steadystate.
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The growthrate of the new passive filmformed during the relaxation time

(in alkaline solutiohis controlled by the competition between the rate of
electroctemical film formation and rate of chemical dissolution

EIS data revealed how the passive film dama@gressivelyncreasedafter
application ofthe first DC/OCP cycle.

The thickness of the passive film formed after 2 &cfand after six
successive rakation times was calculated in terms of EIS data el
assumption othe existencgor 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 naptegof surface
morphology This observation is in accord with EIS data that confirms the
significant decrease in the impedance response valugs dRd increase in
capacitance values (CRfEc

Investigation and correlation the temporal and spatial eviointbetween

solution pH and electrochemical characteristics on Al Gd&Zonfirmed.
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Chapter Six

Evaluation of Corrosion Behaviour of PVD- Al
based Coatings deposited on 17/4 PH steel

6.1 Introduction

In this chapterin order to obtain important newelectrochemical information on
complex electricalymetallic coating/substrate systemagdvanced (AC)DC/OCP/AC
cyclic testingwith concurrent incorporation of solution pH measurement (as
developed in the previous chapfewas used to evaluate three diffemenovel PVD
Al-based coatings (AICr, AICr(N) and AICrTi) deposited on 14/7 PH (precipitation
hardening) stainless steel substrate, in terms of electrochemical corrosion
behaviour Theresultsobtainedareretrieved from two main experimental setsat

were carried out to achieve the objectis®f this thesiswork; i) electrochemical
data obtained aiinitial Epcpand after sixsuccessiveyclesof (AC)DC/OCP/AC cyclic
testing and ii) solution pH datmonitored concurrentlywith the electrochemical
test cyck. In addition, the structural and chemicamposition of these coatings is
characterisedusing SEM and EDéafalysis Conventional pen circuit potential
(Eocp andpotentiodynamic polarisation scans aaésoemployed to determine the
corrosion behaviouof PVD Abasedcoatingscoupled toa 17/4 PH steel substrate

(a material used commonly for structural and legaring components in aircraft
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applications, where toxic protective coatings such as electroplated hard chromium
and cadmium arg¢raditionally used)

6.2 Phase composition analysis

X-ray diffraction patterns of PVD -Absed coatigs and their 17/4 PH substrasee
presented in Figure 6.1.-pdy scans were performed with Bra@gentano

diffraction method, overtherangeof2 FNRBY Hnc (G2 dncd
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Figure6.1: Xray diffractionpatterns of uncoated 17/4 PH steel and PVEbade(
coatings deposited on 17/4 PH steel substrate.

It can be seen that for 17/4 PH steel, there &ar main peaks in the XRD pattern
correspondng to the preseme of h-martensitereflection CS I G | N&tzy R
51° 65°%nd 83° In addition, multiple XRD peaks aresitoned aroundH *  3Pandn
82°, associatedto other lower intensity diffractioh probably martensite and/or

delta ferrite.
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For AICr coating deposited on 17/4 PH steel, the XRD pattern ecibéaks

reflected fromboth structures the substratel7/4 PH stel as mentiord above

andthe coating whichwas probablyAlge:Crol I N2 dzy Bnd AYCrafH ‘ 0 yl'c

44°,

In AICr(N) coatinghe Influence of additiorof a nitrogen reactive gadlow rate on

the AlCrcoatingcan be seena lowintensity ofpeakl ( =38° corresponidg to

delta AlgeChy intermetallic phaseappearedwhile the peak AkCr G H* has nnc
disappeared. ltcanbe notatle A y 1 Sy aA GASa 2F LISI =&5°F 4G w' T o
FYR H' T yocX 6SNB f26SN ARethéichatingd | NS RdzO
without nitrogen (and/or partial amorphisation).

A slight change of all the detected XRD peaks were noted as titamagaddedin

the AICITi coatingthe peakat H 78° disappeared which correspondsto the
absence ofALCr phase.The peak i  K43°corfesponding toTiAk phases within
Al-basedcoating.

6.3 Composition and Structural Characterisation

Coating crosssectional characterisationof PVD Abased cotings deposited on
17/4 PH steel substratas receivedcarried outusing SEMmicrographs and EDX
linescanprofile are shown in Figures 6.2 to 6.4

Figure 62 (a-c) shows the SEM micrograph with EDX analysis of the-seaisnof
AICr coatingThe crosssectional SEM micrograpfrigure 6.2 agxhibitsa thin Cr

base coat (intedyer) and an AICr tolayer. The structure of the coating appears to

have pores andbe columnar with voids at the chromium interlayer/substrate
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interface, and the average thicknesstbé AICr coating is about 6.7 um. According
to the EDX linescaprofiles for the constituent elements of AICr shown kigure

6.3 ¢, the distibution of the componentsrevealed inthe AICr crossection
indicates to the high pealkntensity 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 moderatddbout 20 at %)with the energy resolution of the
EDX detector.

SEM micrograph with EDX analysis of AICr(N) coating is shown in F&)(&e)6 A
relative thick and denserosssecional AICr(N) coating is shown in the SEM
micrograph in Figure 8.a, compared to AICr coating. The coating exhibits uniform
structure of Cr base coat (interlayer) and an AICr(N) top with good bonding to the
substrate is apparent and the average thicknesaICr(N) coating is about 7.8 um.
EDX linescaprofiles for the constituent elements of AICr(N) shown in Figure 6.2 ¢
indicates to high intensity peak @fl, while the peakntensity of Cr appears to be
low whilethe intensity of N is very low and undsttable with the energy reolution

of the EDX detector.

SEM micrograph with EDX analysis of AICrTi coating is shown in F{ae)6The
crosssection (Figure @.a) showsa denser thick and uniform structure compared

to AICr and AICr(N) coatings.
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Figure6.2: SEM & EDX analysis of cresstional of AICr coating) SEM surface plane micrograph, (b) SEM micrograph overlai
EDX linescaprofile andc) EDX linescaprofile of the distribution of constituent elements.
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Figure6.3: SEM & EDX analysis of cresstional of AIGN) coating: a) SEM surfaglane micrograph, (b) SEM micrograph ove
with EDX linescaprofile and c) EDX linescg@nofile of the distribution of constituent elements.
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Figure6.4: SEM & EDX analysis of cresstional of AICrTi coating: a) SEM surface plane micrograph, (b) SEM micrograph
with EDX linescaprofile and c) EDX linescanofile 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 Alrcoating is about 10.6 unEDX linescaprofiles for the
constituent elements of AlCT (Figure &4 c) showthe distribution of theelements
crosssection, whiclrevealshigh peakintensity of Al low peakintensity of Cr while

the intensity of Ti is very low andhdetectble.

SEM micrographs and EDX analysis of the surface morphologies of Be&edl
coatings deposited on714 PH steel substrate as received atmiroded after six
successive DOCP cycles are shown in Figures@6 and 67.

The surface SEM micrograph analysi asreceived AlCroatingshowedin Figure

6.5 a exhibits compact structure and refinemenf suface morphology. The EDX
spectrum analysis (Figure &% of the asreceived AICr coating shows higeak of

Al and low peak of Cthe chemical composition in at. % is presented in Figure 6.5
d) inset Table In contrast, the corroded surface morphologyAlCr (Figure 6.5 b),
exhibits significantlegradationof AICr coatingwhich manifested as severe pitg

damage after six successive DC/OCP cycles.
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Figure6.5: SEM micrographs of AICr coating deposited on 17/4 PH steel: (a) surface morphology pkcevasl
(b) corroded surface morphology plane, (d & E) EDX spectrum analysis with inserted table of chemical comg
as-received and corroded coating respectively.



Figure 6.5 e shows the corresponding EDX spectrum analysis of the corroded
surface, vihich exhibits a mixture of chemical composition of AICr coating and 17/4
PH substrate elements where stronger peaks of Fe, O and Cr are observed
compared to original E®Owhere an intensepeak of Al was revealed. This can be
associated to the significant geadation of AICr coatinghe chemical composition

in at. % is presented in Figure 6.feet Table

The SEM micrograph (Figure 6.6 a) of the surface morphologyretaised AICr(N)
coating reveals more dense and compact structure compared to Al@ating. The
corresponding EDX spectrum analysis (Figusedp exhibits high intensity peak of

Al and low intensity peaks of Cr and dthe chemical composition in at. % is
presented in Figure 6.d inset Table In contrast, Figure 6.b shows the SEM
micrograph of the corroded surface coating after expresto six successive DC/OCP
cycles. The SEM image reveals a partial integrity of coating and exposeafare
layers with some microcrask This can be explained by coating spallation that
revealed layers, Wich can beprobablyattributed to chrome oxide of 17/4 PH steel
that formed on the substrate surface According to the Figure @e the EDX
spectrum analysis of the corroded surface exhibits a mixture of chemical
composition between AICr(N) coating anbet substrate elements where high
intensity peaks of the substrate elemerfg, Cr and @re revealedcompared to

the main coating elemen(Al) the chemical composition of corroded surface in at.

% is presented in FigureGa® inset Table
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Figure6.6: SEM micrographs of AICr(N) coating deposited on 17/4 PH steel: (a) surfgatelogy plane aseceived
(b) corroded surface morphology plane, (d & E) EDX spectrum analysis with inserted table of chemical comg
asreceived and corroded coating respectively.
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SEM micrograph of agceived surface of AICITi 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 -Alloys causes
separation in Amatrix and intermetallic phase mostly T4f18]. Figure 6.6 d shows

the correspondig EDX spectrum analysis of-raseived AICrTi coating, which
indicates high intensity peak of Al and low intensity peaks of Cr and Ti, the chemical
composition ageceived AICrTi in at. % is presented in Figure Gr&et Table In
contrast the SEM micgyaph of corroded surface (Figure 6.6 b) exhibits white
precipitates of insoluble Al(Ogl)accumulated at Al matriX/iAk boundary or
boundaries. This can be explained by the intergranular corrosion that resulted from
the localised galvanic attack. Howevéne addition of titanium into Al matrix
constructs local cathodic sites. therefore intermetallic phasesTh&haves as a
cathode,while Al matrix behaves as anode and disso[v&k

Figure 6.6 ¢ showthe SEM micrograplthat exhibits corrosiorpits that formed at

the AIl/TiIA§ boundary, whichare covered with white insoluble precipitatesf
Al(OH). The EDX spectrum analysis of corroded AICrTi coating (Figure 6.6 e) reveals
high intensity pea&of Al, Cr and Ti and low intensity peasf Feattributed to the

low coating degradation due to the contribution of the low galvanic potential
difference between this coating and the 17/4 PH stéehding toa lower driving

force of galvanic corrosion. The chemical composition of corroded AICrTi coating (in
at. %) is shown in Figure 6.6nset Table The very low intensity peak of Fe can be
attributed to the slight corrosion of the metal substrate due to exigte of very
narrow paths in coating structure caused by pits, which can ail@mall amount of

electrolyteto penetrateand reach the coating/substrate interface.
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Figure6.7: SEM micrographs of AICrTi coating deposited on 17/4 PH steel: (a) surface morphology-ptaeé/ed

(b) corroded surface morphology plane, ¢) SEM micrograph of a pit and (d & e) EDX spectrum analysis wit
table of chemical composition of @sceived and corroded coating, respectively.
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