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A inddstria aeronautica utiliza ligas de aluminio de alta resisténcia para o
fabrico dos elementos estruturais dos avifes. As ligas usadas possuem
excelentes propriedades mecanicas mas apresentam simultaneamente uma
grande tendéncia para a corrosdo. Por esta razdo essas ligas necessitam de
proteccao anticorrosiva eficaz para poderem ser utilizadas com seguranga. Até
a data, os sistemas anticorrosivos mais eficazes para ligas de aluminio contém
cromio hexavalente na sua composicao, sejam pré-tratamentos, camadas de
conversdo ou pigmentos anticorrosivos. O reconhecimento dos efeitos
carcinogénicos do crémio hexavalente levou ao aparecimento de legislagédo
banindo o uso desta forma de crémio pela industria. Esta deciséo trouxe a
necessidade de encontrar alternativas ambientalmente in6cuas mas
igualmente eficazes.

O principal objectivo do presente trabalho é o desenvolvimento de pré-
tratamentos anticorrosivos activos para a liga de aluminio 2024, baseados em
revestimentos hibridos produzidos pelo método sol-gel. Estes revestimentos
deverao possuir boa aderéncia ao substrato metdlico, boas propriedades
barreira e capacidade anticorrosiva activa. A protec¢do activa pode ser
alcancada através da incorporacéo de inibidores anticorrosivos no pré-
tratamento.

O objectivo foi atingido através de uma sucessao de etapas. Primeiro
investigou-se em detalhe a corroséo localizada (por picada) da liga de aluminio
2024. Os resultados obtidos permitiram uma melhor compreenséo da
susceptibilidade desta liga a processos de corrosao localizada. Estudaram-se
também varios possiveis inibidores de corrosdo usando técnicas
electroquimicas e microestruturais.

Numa segunda etapa desenvolveram-se revestimentos anticorrosivos hibridos
organico-inorganico baseados no método sol-gel. Compostos derivados de
titania e zirconia foram combinados com siloxanos organofuncionais a fim de
obter-se boa aderéncia entre o revestimento e o substrato metdlico assim
como boas propriedades barreira. Testes industriais mostraram que estes
novos revestimentos sédo compativeis com 0s esquemas de pintura
convencionais actualmente em uso. A estabilidade e o prazo de validade das
formulac6es foram optimizados modificando a temperatura de armazenamento
e a quantidade de agua usada durante a sintese.
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As formulacg6es sol-gel foram dopadas com os inibidores seleccionados
durante a primeira etapa e as propriedades anticorrosivas passivas e activas
dos revestimentos obtidos foram estudadas numa terceira etapa do trabalho.
Os resultados comprovam a influéncia dos inibidores nas propriedades
anticorrosivas dos revestimentos sol-gel. Em alguns casos a ac¢éo activa dos
inibidores combinou-se com a proteccdo passiva dada pelo revestimento mas
noutros casos tera ocorrido interac¢ao quimica entre o inibidor e a matriz de
sol-gel, de onde resultou a perda de propriedades protectoras do sistema
combinado.

Atendendo aos problemas provocados pela adicao directa dos inibidores na
formulacdo sol-gel procurou-se, numa quarta etapa, formas alternativas de
incorporagdo. Na primeira, produziu-se uma camada de titania nanoporosa na
superficie da liga metalica que serviu de reservatério para os inibidores. O
revestimento sol-gel foi aplicado por cima da camada nanoporosa. Os
inibidores armazenados nos poros actuam quando o substrato fica exposto ao
ambiente agressivo. Numa segunda, os inibidores foram armazenados em
nano-reservatérios de silica ou em nanoargilas (halloysite), os quais foram
revestidos por polielectrélitos montados camada a camada. A terceira
alternativa consistiu no uso de nano-fios de molibdato de cério amorfo como
inibidores anticorrosivos nanoparticulados. Os nano-reservatorios foram
incorporados durante a sintese do sol-gel. Qualquer das abordagens permitiu
eliminar o efeito negativo do inibidor sobre a estabilidade da matriz do sol-gel.

Os revestimentos sol-gel desenvolvidos neste trabalho apresentaram
proteccéo anticorrosiva activa e capacidade de auto-reparacdo. Os resultados
obtidos mostraram o elevado potencial destes revestimentos para a protecgéo
anticorrosiva da liga de aluminio 2024.

Vii



keywords

abstract

AA2024, pretreatment, sol-gel, corrosion, active protection, self-healing,
inhibitor, EIS, SKPFM, SVET

The aerospace industry employs high strength aluminum alloys as a
constructional material for aircrafts. Aluminum alloys possess advanced
mechanical requirements, though suffer from corrosion. Therefore, corrosion
protection is always used for aluminum alloys. Up to now the most effective
corrosion protection systems include chromium (VI) as the main constituent of
pretreatments and corrosion inhibitive pigments. However, the chromates are
strongly carcinogenic and the present health regulations banned the use of Cr
(VI) containing materials in industry. Consequently, there is a need for
environmentally safe corrosion protection systems.

The main objective of the present work is the development of active anti-
corrosion pre-treatments for 2024 aluminum alloy on the basis of hybrid sol-gel
layers. The effective corrosion pre-treatment should confer adequate adhesion
together with good barrier properties and active corrosion protection ability. The
active corrosion protection can be achieved by introducing the corrosion
inhibitors in the pre-treatment.

Successful fulfilment of the main objective required accomplishing of different
stages of the work. At first the localized corrosion of AA2024 was investigated
in detail. The obtained results provide better understanding of the intimate
aspects of the corrosion susceptibility of AA2024. Different prospective
corrosion inhibitors were investigated using electrochemical and microstructural
methods.

At the second stage the development of hybrid sol-gel coatings was performed.
Titania and zirconia based derivatives were combined with organofunctional
silanes in order to provide the enhanced adhesion between the metal and the
coating and to confer good barrier properties. Industrial tests show that the
developed sol-gel coatings are compatible with common organic protection
systems. The stability and life time of the sol-gel formulations were also
optimized by changing the storage temperature and the amount of water during
the synthesis.

Sol-gel systems were doped with the selected corrosion inhibitors and studied
from the point of view of passive and active corrosion protective properties at
the third stage of the work. The results demonstrate the influence of the
inhibitive additives on the corrosion performance of the sol-gel coatings. Some
inhibitors can provide active corrosion protection in combination with the sol-gel
coating, but some chemically interact with the sol-gel matrix resulting in failure
of the protective properties of coatings.
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New approaches of inhibitor incorporation and delivery were used in the fourth
stage of the work due to problems associated with the direct introduction of
inhibitors in the sol-gels. A nanoporous titania-based pre-layer applied directly
to the alloy was employed for storage and release of inhibitors. Nanocontainers
of corrosion inhibitors based on silica and halloysite nanoclay with Layer-by-
Layer assembled polyelectrolyte shells were used in the second approach.
Amorphous cerium molybdate nanowires have been used as corrosion inhibitor
nanoparticles in the third approach. During the sol-gel synthesis these
nanocontainers were added to impart active corrosion protective properties of
the sol-gel coatings. Using these approaches the negative effect of inhibitor on
the sol-gel matrix stability was eliminated. The developed sol-gel pretreatments
demonstrate important active corrosion protection and self-healing ability.

The obtained results show high potential of the developed hybrid sol-gel pre-
treatment doped with corrosion inhibitors for the corrosion protection of
AA2024.
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List of abbreviations and symbols

General symbols and abbreviation
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Preface

Corrosion can be generally characterized as a datrdegradation of materials
under the action of external factors. Corrosiometallic structures is associated with the
loss of material under the action of environmertt Bna huge problem for many activities.
It links a lot of fields like aerospace, naval,@ubtive, constructional and others. Material
degradation due to corrosion calls for the replaa@nof damaged metallic parts, failure of
equipment and engineering systems and can leadt&d €atastrophes. Corrosion of
pipelines or tanks can lead even to ecologicalstitss. Therefore problems associated
with corrosion cause significant economic impactl @an lead to irretrievable human
loses.

In order to fight problems associated with corrasgignificant funds have been
invested in the area of corrosion protection. Dedestrategies against corrosion were
created based on the knowledge of the corrosiocestibility and corrosion activity of
different materials. The first strategy is to detere the parameters that influence
corrosion of metals. These parameters can be éliffesuch as atmosphere aggressiveness,
temperature, type of water and solution. Successfuitrol of such parameters can
decrease corrosion, but it is possible only in s@aicular cases. In the majority of the
circumstances it is not possible to avoid fact@sponsible for corrosion. In such way a
second strategy can be applied, which is basedeatiicg a protection system e.g. coating.
Most of the protection using coatings is calleds$ae” corrosion protection and usually
is only a temporal measure. Because of damagirfgcideor ageing the coating “barrier”
can fail, which results in appearance of corrosidhe second type of protection has
chemical nature and is called “active” corrosiomtection. In order to provide active
protection, barrier coatings often are combinedhwithibitive compounds which can
significantly reduce the rate of corrosion of thatemials. Cathodic protection is another
kind of protection of metal structures such as dalirpipelines and naval structures.
However, this sort of protection can be applied/onlsome special cases.

The aerospace industry employs barrier coatingsdorosion protection of main
structural alloys. The barrier coatings usuallysisnof an organic polymeric matrix with
different fillers and pigments used to increase lifetime of metallic materials and
enhance physical properties like mechanical resistdo scratches and provide long term
corrosion protection. Corrosion protection progrtof coatings also depend on adhesion
between metal and organic coatings. Even a gootingoaan not protect metal when
adhesion is poor between them. In many cases @ippp-treatment of metal surface is
required before application of organic coatingsaose there is a lack of adhesion between
organic coating and the substrate. Different sérpm-treatments could be used like
conversion coatings, anodized layers, sol-gel ddroatings and others.
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Chromate based compounds were mostly used for mpagnetreatments for
aerospace aluminum alloys and for active corropimtection of metallic structures-g].
The combination of its high inhibiting efficiencyn@ easy integration in conversion
coatings or anodized layers made it a good inhidito decades. However, in spite of
valuable properties, the use of chromates is dangefor the ecology, environment and
human health4]. The exposure to chromates can cause cancer emetig mutations,
which make them significantly harmful for living ganisms. Therefore recent
environmental regulations almost banned compldtetyuse of Cr (VI) in industry, thus
opening a big discussion for the replacement obmiate base compounds and finding new
methods of pretreatments and corrosion protectianetals. Hence, one of the challenges
nowadays is to find effective pretreatments fomahum alloys and environmentally safe
inorganic or organic inhibitors to substitute ttse wf chromates in industry.

The main objective of the thesis is the developnuractive anti-corrosion pre-
treatments for 2024 aluminum alloy on the basishgbrid sol-gel layers. Successful
fulfillment of the main objective required accongbling of different particular objectives
of the work presented below:

* Investigation of the localized corrosion activity AA2024. The obtained results
provide better understanding of the intimate aspettthe corrosion susceptibility of
AA2024.

e Study of different potential corrosion inhibitoraded on the corrosion investigation of
the alloy using electrochemical and microstructunathods.

* Development of hybrid sol-gel pre-treatments for 2884 and study the corrosion
protective properties and mechanism of corrosiaefsol-gel coated alloy.

e Study the stability of the sol-gel systems anduiafice of the alloy surface preparation
on the corrosion protective properties of the salepated alloy.

» Study passive and active corrosion protective ptaseof the sol-gel systems with the
selected corrosion inhibitors and influence of Intor addition on the corrosion
protective properties of different coatings.

* Investigation into new approaches of inhibitor inmaration and delivery that include a
combination of the sol-gel and nanocontainers bibihors such as nanoporous titania-
based pre-layer, nanocontainers of corrosion itinibiwith Layer-by-Layer assembled
polyelectrolyte shells and nanostructured compooasked on cerium and molybdate
ions.
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The thesis is constructed of four main parts: shikiion, experimental, results and
discussion and conclusions. The objective of theduction is to give an insight on the
issues related to corrosion and corrosion proteatioaluminum alloys. The first chapter
will be addressed looking at the nature of the asian activity of aluminum alloys and
different examples of localized corrosion attackuwdng on alloy surface. Subsequent
topics include information available in literatusa the corrosion protection of aluminum
alloys using different inhibitors. Two major strgites, namely active and passive corrosion
protection used for aluminum alloys, will be revemlv In the second chapter of the
introduction different alternative pretreatmentse apresented as examples of
environmentally acceptable substitutions to toXitomate based pretreatments used in
industry. The details of the sol-gel processingvaathiges of the sol-gel coatings over
other pretreatments and their application are dssdrin more details, as the main topic of
the thesis is the use of the sol-gel coatings esqatments for 2024 aluminum alloy. The
third chapter is devoted to the short descriptibrihe theoretical background of main
testing methods used in studying the corrosion 6242 aluminum alloy. The
instrumentation, application and theoretical baokgd of the techniques such as atomic
force microscopy, DC polarization, electrochemiogpedance spectroscopy and localized
potentiometry are discussed.

The experimental part presented in the fourth adrapg an overview of the
materials used in the study, sample preparationhadst preparation of the sol-gel
formulation and application of the sol-gel filmsgperimental conditions of the main
testing methods, corrosion tests and methods édeiand chemical analysis.

The results and discussion part is constitutethrafet chapters and presents the core
of the thesis. The chapters are separated int@ tima&n topics accessing the corrosion
susceptibility and corrosion protection of the baafloy by different inhibitors,
investigating the sol-gel systems as pretreatméortsghe alloy, and investigating the
pretreatments with active corrosion protective prtps. A study of the localized
corrosion activity of the alloy was performed inettiifth chapter to more clearly
understand the corrosion mechanism of the alloye khowledge of the localized
corrosion activity has been used to select differeorganic (salts of rare earth elements
and complex inorganic compounds such as Cerium lmdalg) and organic (triazole and
thiazole derivatives, effective complexants andlaties compounds) corrosion inhibitors
for effective protection of the alloy.

The sixth chapter provides a detailed study ofsthiegel systems based on Zr and
Ti alkoxides and organomodified silane as pretreats) for AA2024. The study includes
the characterization of the sol-gel formulationsthwidifferent compositions, detailed
corrosion and microstructural investigation of tit#ained sol-gel pretreatments. A study
of different factors such as ageing of the solfgemulation and influence of AA2024
substrate preparation on the effectiveness of dhesion protection conferred by the sol-
gel coatings has been additionally performed. Meigma of corrosion of the sol-gel
coated alloy has been suggested basing on the stulg sol-gel pretreatments. Since sol-
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gel coatings provide only passive corrosion pravectdifferent strategies have been
developed to impart active corrosion protectiornperties to the sol-gel coatings. Although
the monitoring of active corrosion protection arelf-bealing abilities of the coatings
might be complicated by different factors, sevenadel experiments have been performed
using EIS and SVET techniques to prove the abtiitymonitor the inhibition of the
corrosion process on the sol-gel coated alloy.

The seventh chapter presents studies of the sadygéms with direct inhibitor
addition and incorporation of inhibitor in nanocainers to impart active corrosion
protection to the coatings. Corrosion protectiveperties of the sol-gel coatings with
inorganic and organic inhibitors have been evalliatgng different methods. The results
showed that direct inhibitor addition in the sol-ggstems can not always be beneficial for
the corrosion protection. Therefore the selectédbitors were included in nanocontainers
and combined with the sol-gel formulations to avdidadvantages of direct inhibitor
addition into the sol-gel coatings. The nanoporaditania-based networks with
benzotriazole, silica-core based nanocontainetts motyelectrolyte multilayers containing
benzotriazole, halloysites nanoclays with incorpestamercaptobenzothiazole and coated
with polyelectrolyte multilayers, nanowires of aeri molybdate have been used as
nanocontainers with inhibitors. The obtained sdl-geatings were studied using
electrochemical impedance and localized technitpesveal active corrosion protection.

The last part of the thesis summarizes particu@arclisions of the work and
presents the recommendations for future work.
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INTRODUCTION

1 Corrosion and corrosion protection of aluminum alloys

1.1 Corrosion susceptibility of aluminum alloys

Aluminum alloys have been the primary material lobice for different structural
components of aircrafts due to the combinationalfiable mechanical properties, known
fabrication cost and low density [5,6]. Aerospaodustry is one of the branches of
engineering that uses high strength aluminum alléys skinning and structural
applications. However, due to the presence of mhdit alloying metals the corrosion
susceptibility of alloys increases, especially ihlocide solutions. Typical alloying
elements are copper, silicon, iron, manganese, esagm, zinc and others. The
segregation of alloying elements during the satdifon from the melt results in
formation of different phases which are noble wébpect to aluminum solid solution, thus
making alloys susceptible to various forms of csiwa, especially in chloride containing
solutions. Such inhomogeneity of the alloys resuiteappearance of localized corrosion
activity which was a subject of research in manyksd7-17]. One of the most commonly
used aluminum alloys for skinning applications @raspace industry is AA2024. It may
contain up to 5 wt. % of copper, which is the maliloying element. There are two main
intermetallic phases formed during the heat treatnté the alloy. One of the most
abundant phases that occupy around 3% of surfazeddralloy is Al-Cu-Mg phase with
Al,MgCu nominal composition which is called S-phasenohg other intermetallics S-
phase may occupy up to 60% of space. The otherephasl-Cu-Fe-Mn, which is mainly
presented by A(Cu-Mn-Fe) and AICuFe intermetallic phases. Generally more noble
elements like Cu and Fe are contained in such phas&ing them more noble compared
to aluminum. However, the behavior of the S-phaae be different. Electrochemical
measurements made on S-phase showed that corpsiential in NaCl solution is more
active compared to Al-4Cu solid solution [18]. Bdsen these measurements one can
conclude that during the corrosion exposure of A22@he S-phase will be anodically
polarized, which will cause its dealloying. Deallny is the process when more active
elements “run away” or dissolve from metallic ph#sving more noble elements inside
[15]. As a result of such process Mg dissolves @pper is left inside the phase changing
the electrochemical behavior of S-phase in AA2024nfanodic to cathodic and promotes
a localized pitting activity.

The nature of the corrosion activity of aluminuniogé becomes clear when
making analysis of the composition and electrocleatrbehavior of the main constituents.
Aluminum by itself is a very reactive metal thatshea low standard reduction potential -
1.66V [17], though under normal conditions it isseced by a thin amorphous oxide film
which protects it against corrosion in neutral eowment. However, the presence of acids
or alkalis can change its corrosion behavior. Inewaolutions the thermodynamics of
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aluminum was summarized by Pourbaix al. and presented as a diagram of potential
versus pH (Figure 1.1.1.) [19]. It reflects themadt conditions at which aluminum
becomes active or passive. From the diagram itbeaseen that aluminum is stable in the
pH range from 4 to approximately 9 due to the preseof aluminum oxide film, which
makes possible to use it for many applications wlerrosion resistance is required [20].
However, in acidic and alkali environments aluminconrodes with the formation of &
and AIG, ionic species respectively. It should also be cidbat passivity of aluminum in
neutral solutions can be overruled, if in the doluthere are species like chlorides that can
cause breakdown of the oxide film and assist tmesmn of metal.
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Figure 1.1.1. Potential - pH equilibrium diagram tiee system aluminium — water
at 25°C [19].

When aluminum is combined with another metal whschlectrochemically nobler
a galvanic element is formed in humid or water eswnent. The galvanic cell consisting
of two electrochemically different phases suppamedic and cathodic partial reactions
that are responsible for corrosion activity. Aluomm alloys have heterogeneous
composition. For instance, AA2024 has various cogpataining intermetallic inclusions.
Such inclusions form a micro galvanic cell thatde#o the localized corrosion. The most
common types of corrosion of aluminum alloys aténg corrosion, crevice corrosion and
filiform corrosion. Other types of corrosion thaanc also be found are intergranular
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corrosion associated with temperature variation simess corrosion cracking. A more
detailed description of different corrosion case#l Wwe discussed in the following
paragraphs.

1.1.1 Pitting corrosion

A localized corrosion attack in metallic surfacetwthe formation of shallow holes,
deep penetrations or undercuts is called pittingosmon. Pits have different shapes and
propagate inside the metal. Pitting formation igyveommon for different passive
materials like stainless steels and nickel alloyth whromium, aluminum alloys in the
presence of chlorides. It occurs when there iseamkafown of passive oxide film due to
external factors. Pitting initiation can be chaesidied by pitting potential Epit. At that
potential current rapidly increases during the amgablarization of metals due to the
initiation of pitting. Pitting potential can be swhatically shown in Figure 1.1.2. The
resistance to pitting formation can be charactdribg Epit that is higher for pitting-
resistant alloys. In the presence of chlorides Egireases.

Pitting activity can be divided into three stagdspiting initiation, metastable
pitting formation and pitting growth [21]. Develoy of pitting occurs in the place of
defects or breakdown in natural oxide film on allsyrface, which stimulates further
anodic and cathodic activities. There are differemidels that consider adsorption on
passive film, ion penetration and migration. Pdssibhechanisms of pitting initiation due
to the adsorption of aggressive ions from the smhuand their movement across the film
can be found in ref. [22-24]. Metastable pittingnfiation occurs at the potential lower than
Epit and the lifetime of such pitting is very shailithin a short period of time metastable
pit activates and repassivates. Those pits thasgarive the intermediate stage continue to
grow forming stable pitting.

Potential

Current density

Figure 1.1.2. Schematic representation of pittiaggptial Epit on the anodic
polarisation curve for aluminium alloy.
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AICI, + 3H,0 = AI(OH), + 3HCI

Al(OH),

0, + H,0 + 4e = 40H

0, + H,0 + 4e" = 40H-

Figure 1.1.3. Schematic representation of pittictivdy of aluminium alloy in
chloride containing solution. Adapted from ref. [6]

As was mentioned before pitting corrosion is a liaea electrochemical process
which is separated into anodic and cathodic paths.schematic picture of the mechanism
of pitting propagation for aluminum alloys is showmrFigure 1.1.3.

In anodic part of the pit (Figure 1.1.3) the oxidat reaction occurs and
electrochemically active metal (aluminum) is rentb\¥eom the alloy as aluminum ions
and electrons are injected in the metal:

Al o AI* +36° (1.1.1)

at the same time the cathodic process occurs & etdctrochemical places like copper or
iron containing intermetallics and involves the uetibn process of dissolved oxygen in
water and hydroxyl ions formation:

2H,0+0,,, +4€ —~ 40H (1.1.2)

(@a)
though the reaction of hydrogen evolution is pdssit acidic environment as well:

2H* +26” - H, (1.1.3)

Electron transfer between cathodic and anodic psrpsovided by bulk alloy. In
case of localized corrosion if cathodic area is Imhigger than the anodic one, then the
anodic current density is significantly higher thha cathodic one and dissolution of metal
from the anodic part becomes very rapid. Aluminunmaicationic form attracts chloride
ions from the solution and hydrochloric acid is guwoed as a consequence of water
hydrolysis of aluminum cations leading to significacidification of the solution near the
anode according to following equation [25]:

AI* +3CI™ +3H,0 — Al(OH), + 3HCI (1.1.4)

Such decrease of pH promotes further dissolutioralaminum and the total
process becomes autocatalytic. An insoluble caplafinum hydroxide is formed in
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contact with neutral bulk solution at the pit mo(fiigure 1.1.3). The cap is porous enough
for the transport of chloride ions to the pit.

Propagation of pitting further into the metal sadamay result in mechanical
failure of a constructional part during the serveggplication, which can be a serious
problem causing significant damage. Hence, theeptiain of alloys against corrosion is a
matter of prime importance in engineering. It skolde noted, that the presented
mechanism of pitting is simplified. The proposedd®lodescribes a stable pitting growth.
However, the mechanisms of pitting initiation, deypenent and the role of intermetallic
particle in pitting activity are not fully clear dmust be a subject of further investigations.
Understanding of the mechanism of pitting corrostam help to prevent appearance of
pits and even create the methods to “cure” them.

1.1.2 Crevice corrosion

Another type of a localized attack which is verynigar to pitting corrosion is
crevice corrosion. It occurs when there is a cevi@at is created when two materials are
in contact. The chemistry of crevice corrosion ry similar to pitting corrosion.
Diffusion limitation of oxygen in a crevice can caudifferential aeration that creates
favorable conditions for metal dissolution and duatlly a localized corrosion.
Accumulation of chlorides in a crevice can accekethe development of corrosion. If a
crevice is initiated, it continues to propagatecadmg to the reactions (1.1.1-1.1.4) where
the anodic process of aluminum dissolution and dlydrs is coupled with a large
surrounding cathode where oxygen reduction takasepl

1.1.3Filiform corrosion

Appearance of a narrow from 0.05 to 3 mm wide netwad tunnels or filaments
either under the thin film, thick coating or natimeide film of alloy on the surface is called
the filiform corrosion. An example of the filiformorrosion on the coated steel substrate is
presented in Figure 1.1.4a. The protection agaesfiliform corrosion is very important
since it is a starting point of coating undermininyithout the proper control it can
significantly deteriorate the bonding between tbating and the metal and result in the
significant damage in that area. Usually such tgpecorrosion starts in flaws, micro
defects or scratches present in organic coatingsveMer, poor adhesion of paint and
coatings to aluminum substrate can also be a refasdhe appearance of such corrosion
activity. The factors that accelerate filiform amgion are the increase of relative humidity
and temperature. It was shown that the most rapoavtly of filaments occurs at the
relative humidity about 80 % and the temperatuceiiad 40°C. Penetration of water inside
the defects forms differential aeration cells witicalized anodic and cathodic activity.
Schematically the mechanism of the filiform corowsis presented in Figure 1.1.4.
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Coating

i)

b) Aluminum alloy

Figure 1.1.4. Example of the filiform corrosion arwoated steel substrate a) and
schematic representation of the filiform corrosmeachanism b). Figure b is adapted from
ref. [26].

The filament is separated into head and tail cavroparts. At the head there is an
anodic reaction of aluminum dissolution (1.1.1)hwhe formation of aluminum cations.
The reaction of hydrolysis of aluminum species .4).1n chloride containing solution
decreases pH that assists further propagation mbsion. Atmospheric constituents like
sulfates, sulfides and carbon dioxide also assisgifecation. During the corrosion process
the head of filament is moving forward while thé sdays behind. Corrosion products of
aluminum stay in the tail of the filament and assimigration of soluble species, oxygen
and water. The cathodic process of oxygen redudfiah?) takes place in the tail of the
filament, which makes localized alkali environmagtrby.

In order to deactivate filiform corrosion the calimprocess must be stopped by
eliminating transport of oxygen to the metal suefaDevelopment of filiform corrosion
can be also stopped when the relative humidity esrehsed below 60%, therefore
dehydrating the galvanic cell. However, such counéasure is often an impossible task
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for real industrial applications like in airplanes naval constructions where there is an
unavoidable contact with humid and corrosive enviment.

1.1.4Intergranular corrosion and stress corrosion cragki

Heterogeneous nature of aluminum alloys and heatrtrent conditions result in
precipitation of different metallic phases. Aluminwcontaining intermetallic compounds
are usually precipitated along the grain boundar&sch phases can be very active in
galvanic coupling with the interior of the grainshich is the reason of intergranular
corrosion (IGC) attack. Figure 1.1.5 shows schecahyi the propagation of IGC in alloy.
During such corrosion metallic material is dissdlvieom the grain boundaries more
actively which results in propagation of cracksngléhe grains as shown in the Figure.

In Al-Mg and Al-Mg-Zn alloys the corrosion goes fambly along the grain
boundary because of precipitation of active phasks.precipitation of-phase (MgAl3)
that has low corrosion potential about -1.3V vsES€ommonly occurs in Al-Mg alloys
[27]. Al-Mg-Zn alloys contain MgZpnand AlZnMg phases that are active with respect to
the surrounding solid solution. Al-Cu or Al-Mg-ZndCalloys such as AA2024 and
AAT7075 have cathodic copper containing intermetsllike ALCu or AkCuMg,. During
the thermal treatment and ageing of alloys copepieded zones are formed at the grain
boundary of copper containing intermetallics withnainum matrix. Such zones corrode
anodically, which causes strong intergranular cam attack [26]. Sensitization to IGC is
well known problem when using welding or any otheat treatment of aluminum alloys.
The formation of active phases occurs more rapatlythe grain boundaries, which
significantly affects the resistance of alloys @&0. Galveleet al. investigated the relation
between the pitting and IGC and factors that infteethe appearance of IGC on specially
prepared Al-Cu alloys [28]. The results showed tE occurs in the presence of certain
ions and in the narrow range of Al-Cu alloy eled&#@otentials. Therefore a combination
of different factors like temperature, environmeangd electrode potential can significantly
affect the corrosion resistivity of alloys.

One of the forms of corrosion attack related to madcal failure of an alloy
exposed to a corrosive environment is Stress dommagacking (SCC). The main factors
associated with SCC are tensile stress, susceptibterial, and corrosive environment.
These factors can be found in the service conditmmaterials and may not be present
together to cause SCC. There are two types of SttaCka namely transgranular and
intergranular. The first case happens when crackggated directly through the grains
and in the second case crack follows the path twden the grains. Intergranular failures
are more commonly occur rather than transgranular.

Stress corrosion cracking of aluminum alloys iscabination of intergranular
corrosion susceptibility, static tensile and meatan stresses and environmental
conditions. Aged alloys have higher susceptibility stress-corrosion cracking. The
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precipitation of active phases because of the teropeageing conditions significantly
affects IGC and consequently SCC resistance [6hti©Gb of the amount of stress or
mechanical load on alloy parts can prevent faillwe to SCC. Environmental conditions
such as humid air, seawater, water solutions pr@wokrosion, though it can be controlled
by restricting the presence of aggressive speSiesceptibility to stress corrosion cracking
of AA2024 has been investigated in [29]. The resolt corrosion investigation in NaCl
solution show that the alloy has two pitting potaistcorresponding to pitting at the grain
boundaries and within the grains. The susceptbiiit the alloy to SCC occurred at
potentials above the pitting potential of the graéoundaries and was caused by the
dissolution of the solute-denuded zones along thengboundaries [29]. Cathodic
protection in most of the cases eliminates SCC. él@n, high cathodic polarization can
cause hydrogen induced embrittlement which is dengefor high strength alloys [26].

Figure 1.1.5. Schematic representation of Intengjearcorrosion.
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1.2 Corrosion protection of aluminum alloys.
1.2.1 Corrosion inhibition and the use of chromates

The corrosion rate of metals can be reduced wham er chemical is added to a
solution in contact with metal. Chemical compounsbkich effectively decrease the
corrosion rate of metals when added in small anstmthe corrosive environment of a
corroding metal are called inhibitors [6]. The pss of corrosion has electrochemical
nature and is associated with transfer of electrbesveen anodes and cathodes. If
inhibitor decreases the rate of the anodic prodesscalled anodic inhibitor. In other way,
when inhibitor decreases the rate of the cathodicgss, it is called cathodic inhibitor. The
action of such inhibitors on kinetics of anodic arathodic processes can be illustrated in
Figure 1.2.1. Solid lines show possible cathodid anodic current-voltage lines in the
absence of inhibitor. The corrosion current densityrent (i) and the corrosion potential
(Ecorr) are indicated in the Figure 1.2.1. Dotted linggresent the case when inhibitors are
added. In the case of cathodic inhibitor cathodilapzation is increased, which results in
decrease of cathodic current. As can be seen fhenfrigure 1.2.1, intersection of dashed
line of cathodic process with solid line of anodiocess makes shift in corrosion potential
in negative direction and decreases corrosion surdensity until (o). The same
discussion, but with the anodic polarization, isidséor anodic inhibitors. The corrosion
current density becomes in this cagg'.i If inhibitor diminishes the anodic activity, the
cathodic one will also decrease.

Inhibiting compounds can be different inorganic amganic substances that affect
either cathodic or anodic processes or both of tHeon example, phosphates, silicates,
carbonates can decrease corrosion rate of metalgueous solution and serve as anodic
inhibitors. These substances form a protective filmthe metal surface, thus increasing
the anodic polarization. The addition of metal séike magnesium, zinc, and cerium can
form precipitates in cathodic places, where oxygeduction reaction takes place, thus
reducing the corrosion rate of metal. However, bitbrs work for chosen metallic
substrates with some exceptions and efficiencynbibitors is affected by the corrosion
environment.
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Figure 1.2.1. Potential vs. log i curves showing tvalf-cell reactions involving
metal and environment (solid lines); the influenE@nhibitors on the anodic and the
cathodic currents is shown by dashed lines. Carmostirrents due to action of anodic and
cathodic inhibition are:y and ko’ respectively.

Up to the present days the most efficient inhilsittor aluminum alloys are based
on Cr (VI) compounds. Pretreatments that include(\dJ or additives of chromates as
pigments into organic coating layers were activedgd for protection of aluminum alloys
in aerospace industry. The chromate pigments aghtlsl soluble in water, and the
released chromate ions can diffuse to active camosites. Efficient inhibition properties
of chromates are based on high oxidative abiligsd.than few millimoles of chromates in
solution already provide corrosion inhibition. T¢@rosion can start in the case of a defect
or scratch formation on the coated metal surfacenwit is exposed to corrosion
environment. However, in water solutions chromates be leached out from the
conversion coating or from the paint providing #igant decrease of the corrosion rate,
thus making “healing” of the defected area and jgliog long term corrosion protection
[30-32]. The formation of a chromate protectivenfibn the surface of aluminum can be
described in the following way [33]:

Cr,0,”” +2Al+2H" - 2CrOOH | +2AIO0H | (1.2.1)

Chromates form a mixed layer of Cr (lll) oxyhydrdgs and aluminum hydroxides
that protects metal against further reactivity.dsta of the corrosion activity of AA2024 in
NaCl containing electrolyte show inhibitive actiai chromates that act as cathodic
inhibitor [34]. The localized corrosion of coppétr intermetallics of AA2024 is inhibited
by chromates even if the surface of intermetallsscratched (by AFM probe), thus
demonstrating very fast formation of inhibitingnfil [35]. Strong inhibition action of
chromates on aluminum alloys is associated withsthgpression of the localized cathodic
process that occurs on copper and iron containimigrmetallics [35-37]. Localized
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methods of chemical analysis (XPS and AES) conflvat a mixed layer of Cr Il and Cr

VI oxyhydroxides is formed on the surface of intetailics that reduces dealloying and
ORR [36]. Electrochemical investigations of galvapairs made of copper and aluminum
show a spike of current reduction when chromate adaked to the corrosive solution that
indicates the reduction of Cr (VI) to Cr (lll) forng a monolayer of oxyhydroxides on the
copper surface. The mechanism of inhibition seemsetirreversible. Such mechanism is
supported by the fact that after removing the clata® from the corroding solution the
samples were still under protection. Studies of #usorption of chromates on the
aluminum surface showed that the presence of chemrteampers adsorption of chloride
ions because of lowering the zeta potential of atum oxide surface, thus preventing the
corrosion [38,39]. Owing to the extraordinary caefom inhibition properties chromates
became very popular, however, the toxicity of Ch)@mpounds overweighs the usability
in industry. The present health regulations ban uke of chromates in industry, thus
making a challenge among the scientists to finatiefit inhibitors which can substitute the
use of chromates for pre-treatments and as pignmeptsnts.

Alternative to chromates inhibitors for corrosiorfection of aluminum alloys are
needed in order to substitute environmentally enfily chromates. Investigation of
potential replacement for chromate pigments repierds in protection systems for
AA2024 was done by Coodt al. [40]. Using the EIS technique a number of compsund
was tested in NaCl solutions to access the inhdpiproperties and rank the compounds
compared to chromates. Several candidates apppeoeusing inhibitors such as barium
metaborate, cerium chloride, cerium oxalate, lamiih@ chloride, and sodium
metavanadate. From another source, the most prugnésindidates being investigated as
active inhibitors were cerium compounds, molybdatasadates and phosphates [41].

The tested compounds show different inhibiting actiand therefore can be
organized in different groups. One of the possidessifications of inhibiting compounds
is by their chemical functionality. However, inorga and organic compounds show
different mechanisms of corrosion inhibition action metallic substrates. Therefore, the
most appropriate organization scheme applied tibitoins consists of regrouping them in
a functionality scheme [42]. This scheme includesarfgroups: cathodic, passivating
(anodic), precipitation and organic inhibitors. time following part different corrosion
inhibitors and their functionality will be discuske

Cathodic inhibitors Inhibitors that affect the rate of cathodic réactor selectively
precipitate on cathodic areas providing a diffustmarrier to the reducible species are
called cathodic inhibitors. The corrosion potenshlfts to more negative values (Figure
1.2.1) when using cathodic inhibitors, which in tase of aluminum alloys protects metal
from pitting corrosion. Salts of cerium were foutadbe the most promising substitution
for chromate as corrosion inhibitors [41]. Ceriu@ts are typical cathodic inhibitors
which inhibition effectiveness is believed to bedase of the precipitation of insoluble Ce
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oxyhydroxides in the region of high pH [43-45]. Alewicz et al. studied the inhibiting
effects of Ce (Ill) salts on aluminum copper gaieatouples and found that the formation
of the precipitates of insoluble cerium hydroxidesurs on copper cathode, thus reducing
the rate of the oxygen reduction reaction [44]. Phecipitation mechanism is believed to
be a chemical reaction between cerium cations amtokyl anions produced at the
cathode surface, although there are evidenceghtbdbrmation of peroxide can influence
the precipitation mechanism and increase the effy of cerium salts [45]. Inhibition of
corrosion by lanthanides was also studied for o#ieminum based alloy like AA5083
with Mg as a main alloying element [46]. Molybdates/e been tested as inhibitors due to
their oxidizing properties and stability of the dizied products that form a passive layer on
the metal surface. Electrochemical measurementweghohat molybdate and cobalt ions
added to the corrosion solution provide inhibit@ihORR on AA2024 [47] However, in
case of molybdate the inhibition is not observec&mwmolybdates are removed from the
corrosion solution. This suggests the influence adkorption on the mechanism of
inhibition of molybdate anions. Rare earth diphgimdisfates show mixing inhibiting effect
reducing the rate of cathodic and anodic procept#s Detailed study of the action of
vanadates on the corrosion inhibition of AA2024 hasn done by lannuzzi [49,50]. It was
established that metavanadates species are efferctivbitors of ORR on copper in
AA20224. The suggested mechanism of inhibitionudek the formation of passive layer
of inhibitor on the cathodic surface, which blocksactive sites on the s-phase
intermetallics. The NMR spectra recorded in vanadalutions with different pH showed
that metavanadate (V1,V2,V4) species are preserdightly alkali solutions, whereas
acidic solution contains mostly decavanadate (\&p@cies. The inhibition by V10 species
was found to be not as effective as for metavamesdat

Passivating (anodic) inhibitorsinhibiting mechanism of passivating inhibitors is
related to a large increase of the corrosion pi@ke(figure 1.2.1) forcing the metal into
the passivation range. Typically oxidizing ionstsas chromates, vanadates, nitrates work
as passivating inhibitors for steels. Recent swdigave shown the influence of
metavanadate species in tetrahedral configuratronhe positive shift of anodic pitting
potential of AA2024 [51]. Studies made by Brediral. showed the increase of the pitting
potential of aluminum in neutral and alkali medishowing anodic inhibition of
molybdates [52]. The passive film was formed by yhdhte species with different
oxidation states (presumably IV and IV). More coirgted molybdate oxo-species exist
with decrease of pH. The complexity of the molyldapecies results in different
inhibition efficiency [53,54]. However, the effegh the positive f; potential shift in case
of molybdate was more dependent on the concemntrafidghe NaCl solution used for the
polarization study rather than on the change ofybudtes concentration [53]. The
proposed mechanism of passivation was based orcdimpetitive adsorption between
chlorides and molybdates followed by the oxidatieduction process with the formation
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of Mo (IV) oxides. The inhibiting process of molydteés on copper is efficient only in
short range of pH (8-9) [55].

Precipitation inhibitors Such inhibitive compounds chemically interacthwihe
metal surface or with the products of the corrogmacess on metal, thus forming a
protective insoluble film that reduces the corrasiate. The precipitation reduces cathodic
and anodic activity indirectly. Phosphates, siksatcarbonates show such inhibiting
behavior [22]. A number of conditions influence tlwhibiting efficiency such as
temperature, concentration of inhibitor, pH andeosh Zinc phosphates are non toxic
comparing to chromates. They provide inhibition AA2024 corrosion by forming a
protective film consisting of ZPOy).x4 H,O [56]. A search of other effective inhibitors
was conducted by MacQueet al. using the EIS technique among several phosphate
containing pigments embedded in protective coatin@alcium strontium zinc
phosphosilicates provide the most effective infobitamong other ten tested compounds
[57].

Organic inhibitors A lot of studies of inhibition action of differerclasses of
organic compounds have been performed. Organicaulele with specific functionality
can form a hydrophobic layer on the metal surfameabse of adsorption effects. This film
protects the metal from further dissolution. Usgalkompounds with organic groups
containing oxygen, nitrogen and sulfur like carbdengarboxyl-, amino-, tio-, demonstrate
enhanced adsorption properties. The effectivendssh® inhibition depends on the
chemical composition and affinity to the metal agd. Chelates forming compounds that
form complexes with low solubility are effectivehibitors [58]. Chelating compounds can
be adsorbed on copper rich intermetallics in AA2GZ® form insoluble complexes,
therefore providing inhibition. Organic compoundwtt actively suppress the cathodic
process were studied in many works. Tetrazole déwvies [59], organics with oxime
group, such as (salycilaldoxime and benzoinoxim@)],[ 8-hydroxyquinoline [61],
morpholine-methylene-phosphonic acid [62] and ahprovide corrosion protection.
Tetrazoles derivatives with mercapto radicals dfeceve as mixed corrosion inhibitors
for copper corrosion in NaCl and NaF containingusohs [59,63]. The inhibitive effect
could depend on the immersion time indicating skimetics of adsorption process for
corrosion inhibition of aluminum by 8-hydroxyquinoé [61]. Longer immersion time
gives thicker inhibitive film, which imparts high@rotection. The formation of insoluble
complexes on the surface and in turn preventiorthef adsorption of chlorides could
explain the action of these type of inhibitors p&l], Finding appropriate inhibitors for
corrosion suppression of different types of alleysl metals is important when fighting
against corrosion.
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1.2.2"Passive” corrosion protection

In most industrial applications aluminum alloys @aveen exposed to open air
where humidity often changes from low to high valuso does the temperature. Such
cycling combined with corrosive environment comagng with atmosphere conditions
that contains sulfurous gases, nitric gases, cadbmtide or saline solutions coming from
sea cause significant corrosion impact on many kihchetallic structures. To fight this
problem engineers had to create a protection syst@me approach includes corrosion
protective coatings that are intended to form aidarto restrict ingress of corrosion
species to the metal surface and to provide lorg t®rrosion protection.

The main function of a “passive” corrosion protentsystem is to make a physical
barrier against the aggressive environment, thgisifsiantly decreasing corrosion rate of
alloys and increasing the lifetime of service palttss not a mystery that up to the present
days the most popular systems providing barrieroston protection are based on organic
coatings and their combinations. There are sonteriai[65] which are important when
making choice of barrier protective systems:

+ Adhesion to the metallic substrate

* Good barrier properties that include low diffusioincorrosive species and
low coating conductivity

* Chemical stability to weather conditions and enwnent
» Compatibility with pigments

These factors must be taken in consideration wheareldping organically-based
protective systems. It is impossible to createdaali protection system with no defects and
no permeation of electrolyte. In any protectivetsys there are inhomogeneities and
defects. The defects present in the coating caseckcalized corrosion of the substrate
when immersed in a corrosive electrolyte. Therefaneorder to fight such problem
multilayered coating systems are applied, becauisehighly improbable that two defects
in different layers will coincide.

A typical scheme of corrosion protection that iedisn aerospace industry [41] is
presented in Figure 1.2.2. The protection systeotudes three components, namely,
pretreatment, primer coating and top coating tlaaetdifferent functions.

The surface of metals is usually is not cleanag h scale, stains of grease, oil, dirt
that have an adverse effect on coating adherencen E the coating is good, but the
surface is not well prepared, the system will naivisle adequate corrosion protection.
The most important part of the coating proceskessurface preparation and pretreatment.
Both of them play an important role to enhance aiiime between the metal and the
organic coating. Surface preparation includes n@chbcleaning, degreasing, removing
the scales by acid pickling, etching that is usethtrease the surface area of the substrate
by increasing roughness. Application of surfacetrpegments for aluminum alloys has
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been critically reviewed in works of Critchlowt al. [66,67]. Different mechanical,
chemical, electrochemical pretreatments were dasdrin these works. A diverse range of
surface examination techniques were described, ghatide information on adhesion,
surface chemistry and topography studies. The enfte of different surface cleaning
procedures for aluminum alloys is presented in f@8]. The studies demonstrate that
noble inclusions present on the alloy surface naakadverse effect on effective size of the
cathodic area and, therefore, an appropriate @tetent must be used in order to remove
the inclusions from the surface of alloy.

Topcoating

Pretreatment
Alloy

Figure 1.2.2. Schematic representation of industaating system for aluminium
alloys. Adapted from ref. [41].

Pretreatments have several important functionsst,Fihey provide additional
corrosion protection of the alloy since it is ardiéidnal barrier on the way of corrosion
species ingress to the metal surface. The mosifisgmt function of a pretreatment is the
increase of adhesion between the metal and thewfimly organic coatings, which is very
important to prevent delamination of the coatingbe formation of chemical bonds
between the metal and the pretreatment and thengoptovides better adhesion than
mechanical interlocking. The increase of wettapilitfter pretreatment also facilitates
application of the coating.

In order to provide integrity and avoid defects twaatings, namely primer and top-
coat, are usually applied. The primer coating piesioptimal adhesion properties for the
following top-coating and has supplementary addgilike pigments that impart different
valuable properties such as corrosion protectiddit@nal mechanical resistance. Top-
coat provides appearance of the entire protectygstes), mechanical resistance, and
protects the entire system from the influence ofirenmental factors. Fillers used in top-
coat additionally decrease permeability of the iogatind provide shading from the high
energy solar radiation. Very often organic protextcoatings are applied from a liquid
phase by different methods like spraying, rollimgushing. The liquid phase usually
consists of solvent which carries blended or disssimixture of resin and pigment. Due to

35



strict environmental regulation water is mostly dises the solvent. Upon application the
solvent must be evaporated out of the film thusiting the protective layer on the metal
surface. As a last step coating often needs taubedcat elevated temperatures to provide
additional crosslinking and remove an excess ofestl

1.2.3"Active” corrosion protection.

When the coating system is damaged and the meatahi®es exposed to aggressive
environment, corrosive species easily come in @bnéth the metal surface and initiate
corrosion process. Coating systems providing “paSsprotection are unable to stop
developing corrosion activity of metal in the damdgone because of leakage of active
protection. The aim of “active” corrosion protectids to slow down or stop the
electrochemical reactions that occur on metal intact with the corrosive environment.
The example of an industrially applied coating seldor “active” corrosion protection of
aluminum alloys is presented in Figure 1.2.3.

Topcoating Inhibitor

Inhibitor
nOQ‘

o 140, + .
Primer :tzuzo\ 1 et
i : 2 7

] ,’ Cathode ne- t
Pretreatment " ™ e RS . Met
Alloy e T R » Anode

Figure 1.2.3. Schematic representation of activeos@mn protection system for
aluminium alloys.

The presented picture shows an active corrosiotegiion scheme of a coating
system on aluminum alloys. Active corrosion pratactis provided by the incorporated
corrosion inhibitors in pretreatment and primertowa When a coating system is damaged
the corrosion starts upon contact with the corm&nvironment (Figure 1.2.3). In contact
with the electrolyte inhibitor leaches out and ais#s to the defect area. As a consequence,
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the inhibitor heals the developed corrosion wheooines to the place of the corrosion
activity as shown in the right part of Figure (B)2.The leaching of the incorporated
inhibitor depends on the interactions between thaibitor and paint, inhibitor
concentration, distribution in the coating and bdity in the solvents.

Pretreatments usually applied in industry contain(Il&) that provides inhibitive
properties. However, the concentration of inhilstes not sufficient to provide effective
inhibition of corrosion in large defects. Therefgnemer coatings with inhibitors mainly
provide corrosion protection in significantly dansdgareas. The primer coating can be
loaded with the corrosion protection pigment up2@% of its dry weight. Salts of
chromates were the most used pigment for corropiatection of aluminum alloys.
Pigments such as SrCr@nd BaCrQ are suited because of their low solubility and
compatibility with the coating systems.

Chromate conversion coatings and Chromic acid amuglicoatings (CAA) have
been used as pretreatments for aluminum alloysermospace industry. The process of
conversional layer formation goes through threpsstéd metal surface activation, initiation
of film formation and oxide growth [69].The formati of the conversion layer on
aluminum alloys surface can be significantly aféecby the intermetallic inclusions [70].
The reduction of Cr (VI) to Cr (Ill) and formatioof an oxyhydroxide layer chemically
bonded to the metal surface occurs during the C@Cegs. The formed layer provides
increased adhesion to the followed organic coatihgaddition, the chromate conversion
layer has Cr (VI) species left inside during thegass. The presence of such species was
confirmed by XANES spectroscopy [71]. Thus, wheffedeappears, chromate ions can
diffuse to a defect place where corrosion startedarring inhibition and providing active
corrosion protection properties [71,72]. The CAAogess results in formation of
amorphous aluminum oxide layer on the surface lofyalSuch protective layer is thick
enough to provide good barrier protection and @ibyas less than 5 um. The presence of
nanoporosity and nano-rough structure combined wjtlod wettability is of great
importance for the paint adhesion and formatiogadd mechanical interlocking between
the CAA layer and following organic coatings. Moveqg, the adhesion to the metal is very
good because of metal and oxide connection makifgA Gavorable, yet toxic
pretreatment.

Application of metallic coatings or cladding canumed for some high and middle
strength aluminum alloys to impart active corrosmntection and to provide additional
barrier against environment. Typically, a layerafiminum or aluminum alloy that is
electrochemically more active than the metal unelatim is applied on top of the substrate
by hot rolling or coextrusion process that formsoatinuous pressure-welded layer. Such
layer acts as a sacrificial anode and can provadeagic protection by supplying negative
current to the substrate. However, metallic coatingve some disadvantages, such as
susceptibility to filiform corrosion.
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Electro active conducting polymers (ECP) were ergoas non toxic potential
substitutes of chromates for the active corrosiatgetion of metallic substrates. The ECP
are electroactive conjugated polymers. Polymerplalys some level of conductivity
because they are partially oxidized (p-doped) anrdain counter anions for overall charge
neutrality [73]. ECP can be different polyanilingmlyheterocycles and poly(phenylene
vinylens) synthesized using electrochemical or dbahreactions directly on the metal
surface. Such polymers may exist as primer coatiaggretreatments or as additives to
usual protection coatings. The mechanism of casroprotection of conducting polymers
is based on their Red/Ox properties and electridaotion and may be illustrated using
the following reaction:

(PAND A| —m ~[(PANI), ] +mA (1.2.2)
|. Jm me m

where the left part is presented by emeraldine (faRANI with specific counter anion

(A). When electron transfer occurs, salt is reducetbtm Leuco base with subsequent
anion release. The Red/Ox potential of ECP lieg tiea potential of chromates. Such
noble potential creates anodic polarization of ulytley metal that can shift its potential to
the passive region. ECP anodically protect metadd torm passive films under anodic
polarization. The results of the corrosion protactof different metals like iron, steels,
copper are presented in many works [74-80].

Other metals, such as aluminum and its alloys canbe protected by this way,
because they do not achieve anodic passive stataltArnative way to protect metals
from corrosion involves the use of a released aauahion. When appropriate inhibitive
anion is incorporated in the ECP coating, it caovyge corrosion inhibition of iron
substrate when released [81]. Kendigal. developed corrosion protection using ECP
coatings with incorporated corrosion inhibitors A&2024 [82]. When a scratch is formed
on coated aluminum alloy, the polarization from ahatauses release of the inhibitive
anion from polymer coating that decreases corrosidhe place of defect. Therefore the
ECP system with incorporated corrosion inhibitorynserve as a “smart” reservoir of
inhibitors. Corrosion protection of aluminum alloysing ECP are described in different
articles and books [83-91].

In spite of enhanced corrosion protection, ECP ingat did not find actual
application in industry. This can be because theeea number of standard tests for coating
systems that conducting polymers have not yet pasBee leak of chemical stability,
compatibility with organic paint systems, adhestonthe metal substrate or to organic
coatings and high electroactivity can also be aardor such problem.
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2 Pretreatmentsfor corrosion protection of aluminium alloys

Up to date pretreatments based on hexavalent chnoncompounds have been
used in industrial applications before applyingamng coatings. However, nontoxic and
environmentally friendly pretreatments are needgsl.a substitute to chromate based
treatments some other processes have been develOpedof the substitutes can be
inorganic coatings that are formed of a tightly exemt layer of oxides or other inorganic
compounds on the surface of alloy. The coatingsehaas higher thickness, corrosion
resistance and adhesion to organic paints thamdberal aluminum oxide layer. The
inorganic coatings include anodized layers, chehuoaversion coatings, silane based
coatings and others. Anodized coatings can be peztby oxide film growth at anodic
potential in electrolyte. Chemical conversion cogs$i can be produced by precipitation of
insoluble inorganic compounds from an inorganiausoh. Coatings based on different
derivatives of silanes became attractive becaug@ad corrosion protection and adhesion
properties to organic paints. The silane coatingspaoduced by direct application from
the silane containing solution. More detailed infation on the different pretreatments and
their corrosion protection properties are preseirtate following paragraphs.

2.1 Anodicfilms

Electrolytic oxidation of aluminum forms a layer @timinum oxide on the surface
which can be used either as a complete anticoeosoating or as a pretreatment for
application of organic primer and topcoatings. Etmthemical process involves passage of
electric current through aluminum that works asdenimn different kind of electrolytes like
phosphoric [92,93], sulfuric [94], oxalic or chrammacids electrolytes and mixtures boric-
sulfuric electrolytes [67]. The mutual migrationafiminum cations outwards and oxygen
ions inwards creates a layer of aluminum oxiderofteth hexagonal porous structure.
Such structure of anodic oxide is formed due toabion of electrolyte that assists the
dissolution of oxide during anodization. The aluormoxide coatings have thicknesses up
to some micrometers depending on the anodizatiooepiure. However, film thickness
more than 5 um has high fatigue sensitivity, thukimy them unfavorable to be used in
many applications. Anodized layer consists of taatg an inner layer that is compact and
an external layer that is porous. The externalrlaypgroves the adhesion of organic paints
that mechanically interlock with the oxide. Moreovilhe anodic layers are very resistant
to delamination because the metal is continuousiysformed to oxide during the
anodization process.

The schematic view of the porous anodic oxide @wshin Figure 2.1.1. There can
be seen a porous outer part of the oxide and aedess (barrier layer) that is in direct

39



contact with the metal. Sealing or clogging theegsas often used to decrease porosity and
increase dielectric properties of the oxide layiguFe 2.1.1b.

Anodization of aluminum alloys produces layers withited corrosion protective
properties because of heterogeneous structurdayf @ntaining different intermetallics.
Thus, the anodized layer becomes very deformedyusoand has spongy like structure
which requires additional protection using sealpajnt application etc. The EIS technique
can be successfully applied for studying the sgalmocess of anodic coatings on
aluminum alloys [95]. The application of differegiectrochemical models for EIS spectra
permitted to evaluate corrosion protective propsrof oxide films and corrosion process
on alloys. The effect of intermetallics on the prdjes of the anodized coatings has been
studied in several works [96-99]. In AA2024 alldwetpresence of voids after anodization
is associated with the production of large bubldE®xygen during water oxidation on
copper rich intermetallics. Migration of €wduring anodization creates mechanical defects
responsible for film cracking. Such disadvantagésamodization of aluminum alloys
require a search for other methods of surface gagtrent.

Sealant

Porous
oxide
Barrier
oxide

a) b)

Figure 2.1.1. Schematic representation of poroosliaed layer formed on
aluminium a), pores are closed using sealant b).
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2.2 Chemical conversion coatings

Application of chemical conversion coatings (CCOgs not require the use of high
power supply used for anodizing. The process ofvewmsion occurs in solution through
chemical reaction between the solution component$ @loy. The formation of the
conversion layer can be accelerated under mildirfigear with the presence of oxidizing
additives. Conversion coatings made of non-chromesigents have adequate strength and
mechanical properties compared to chromate bas@&®d].[IMany environmentally
acceptable chemical compounds such as phosphatesapganates, fluorozirconates and
their combinations and cerate have been studigmbssible substitutes for eco-unfriendly
chromate conversion coatings.

Phosphate conversion coating is an alternative cagpr to substitute chromate
based pretreatments. The phosphate solution uswahsists of zinc dihydrogen
phosphates Zn@#PQy)-x2H,0O, manganese phosphates with phosphoric acid atted
lower the pH. The speed of the process is increageh oxidizers are added in the bath.
The process results in formation of aluminum antt phosphate layer ZAly(POs), on
the metal surface. The phosphotization treatmentb@a done by spraying or prolonged
immersion in the solution. Different methods of kEgation of phosphate treatment for
aluminum alloys have been studied in [101,102]haligh the phosphate layer facilitated
adhesion to organic paints, the results of corroggsting showed that the phosphate layer
can not provide adequate protection because dfstontinuity.

There are similarities between the elements goiomfleft to right in the fourth
row of transition elements in periodic table sushva Cr, Mn in terms of their chemical
nature and physical properties. Therefore one ocqea that the conversion coatings
produced by Cr (VI) compounds will be similar teetbnes produced by the Mn (VII)
compounds. Some methods of conversion coating filmmausing permanganates as
promising candidates for chromium (VI) substitutitrave been reported in works
[103,104]. In order to pass corrosion tests thecgulare includes different steps of
pretreatment including boiling water immersionatraent by aluminum salts followed by
permanganate conversion bath immersion. Conversaatings deposited from acidic
solutions with permanganates have two layers stred¢hat includes Mngouter layer and
an internal layer with mixed Mnand aluminum oxide [105]. AES profiles indicatatth
Mn oxide has thickness about 60 nm. The increasenofersion time did not result in
further coating growth. Permanganate conversiortirags on AA2024 using supporting
electrolytes were reported in [106]. Complete cager of intermetallic zones by
manganese dioxide was observed because of thetiorigwer of permanganate that is
transformed to dioxide on cathodic places. The oéshe aluminum matrix was covered
by a nonuniform porous layer of manganese dioxMe&ed phosphate-permanganate
treatment for different magnesium alloys has alsenb studied in [107,108] where
relatively uniform coatings were obtained. Nevelgls, the barrier properties of such
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coatings are not comparable to those of chromad&rgatment and further research is
necessary.

Corrosion protective properties and compositionflobzirconate or fluotitanate
pretreatments were studied for aluminum [109],edéht aluminum alloys [110,111] and
others alloys [112,113]. The application of a pieheng step, composition of bath,
temperature and pH influence the properties offih& coatings that contain titanium,
fluoride and aluminum oxide at the metal interfatde mechanism of the titania- or
zirconia- conversion layer formation on aluminurfoyd has localized nature [114,115].
The partial oxygen reduction causes increase ofoghllly on the cathodic intermetallics
and favors precipitation of the conversion layerthe vicinity of cathodes. Such layer
consists of small round shaped patrticles of titanand zirconium oxides. The parameters
like temperature, concentration of reagent, thegmee of oxidants during the pretreatment
process influence the deposition speed. The usesuoh pretreatments as adhesion
promoters might have a positive outcome, thougly e not find application in the
aerospace industry due to the low barrier propertie

Cerium salts are the known cathodic inhibitors tbain insoluble precipitates over
the cathodic active zones because of the reactitn lwdroxyl ions. The use of cerate
conversion coatings for the protection of aluminalioys have been reported in a number
of papers [116-122]. The formed cerate conversayerd usually covers active cathodic
sites when deposited on the aluminum alloy sulestratiowever, it often happens that
other parts of metal are not covered by this laech surface heterogeneities cause a poor
corrosion protection of the conversion layer. Thene different additives are used in order
to facilitate deposition of cerium oxide on the fage of the alloy. Cerate conversion
coatings can be applied at different conditionshsas boiling solution of cerium salts
[116,117], solution of C& chlorides or nitrides with hydrogen peroxide to elecate
deposition [118-120,122]. Cerium conversion coaimgposited from the solution with
oxidizer have CE as a main form in its composition. However, therasion protection
efficiency does not depend on the ratio betweefi @ad C&" in the coating [118]. In
addition the use of CGé nitrates in the conversion coating process prevideore
homogeneous coatings compared witf{'@#loride salt [119]. Apart from composition of
the electrolyte there are a lot of evidences thattteatment of aluminum alloys before the
conversion coating application plays an importah to obtain more homogeneous layer.
For example, treatment of the alloy in boiling smn with Ce salts followed by
molybdate bath immersion during polarization inse=athe resistance to corrosion [116].
However, such procedure is long and power consun@ogper smut formation after acid
pickling increases coverage by cerium conversiatiog [121]. Nevertheless, upon defect
or crack formation the corrosion can be accelerfit@@] because of the higher effective
area of a copper cathode that was formed priohéocbnversion layer. The problem of
inhomogeneous coverage by a Geonversion layer still persists.

42



2.3 Anodized and chemical conversion coatingsfor active corrosion protection

The chromate-based treatment confers good painesamthy efficient corrosion
protection and additional active corrosion protactifor aluminum alloys. However,
because of the environmental issues it needs ®ubstituted by environmental friendly
pretreatments that can offer active corrosion ptaie. One of the approaches to impart
active corrosion protection is based on the madliin of the standard CAA pretreatment
procedures. In this approach less toxic or enviremgadly friendly compounds are used to
substitute chromates in pretreatment processesthdén case when active corrosion
protection is needed, inhibitors can be incorpatait®o the protective system. The
pretreatment in this case will act as a reservbinbibitor and provide its release when
contacting water.

As a substitute for CAA different electrolytes che used like phosphoric acid,
sulfuric acid and others [42,67,123]. Sulfuric aambdizing (SAA) has some limitations
because of poor fatigue and adhesion propertiegeiesless, the combination of organic
and inorganic electrolytes like boric/sulfuric axi(BSA) or tartaric/sulfuric (TSA) acids
can solve the problem of the SAA process [124].iv&ctorrosion protection of anodic
coatings can be achieved by sealing the porouseasidicture with different inhibitors
[124]. Corrosion protective properties of BSA armsdi coatings sealed with rare earth
salts were similar to those obtained after chromsgaling [124]. Incorporation of
molybdates or permanganates during SAA process AZ0R4 also imparts additional
corrosion protection [125]. Sealing of the anodiger using cerate solution increased
corrosion protection performance of the 2024 alumiralloy [126].

Molybdates, vanadates were considered as possidistisites to chromates
because they have lower toxicity. Since Mo and &ants are near Cr in the periodic
table, they show some similarities, like relativligh Red/Ox potentials of the species in
high oxidized states that can be used for a coiorersoating process. The use of
molybdates as corrosion inhibitors has been studiedifferent metals like aluminum [52-
54], copper [55], zinc [127] and magnesium [128hibition of corrosion was attributed to
the formation of a molybdenum-containing layer tti@treases the adsorption of corrosion
species on the surface. The reduction of molybdateds to the formation of oxide film
that also acts as a barrier to the metal dissoiulibe formation of conversion coatings on
metals using molybdates can be done either via mgiorein a chemical conversion bath
or by means of electrodeposition at cathodic pakniThe comparison of different
procedures for conversion coatings formation orvayaked steel substrates has been
performed in [129]. Bath composition can vary asdally includes additives of inorganic
acids. The factors like the composition of a batd aH can significantly influence the
quality of the coating on the substrates. The ataln of the corrosion performance of
different coatings using the EIS technique showhkdt tthe coatings produced by
immersion in molybdate bath with phosphoric aciendastrate better protection among
others. The increase of impedance during immersias attributed to active corrosion
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protection provided by conversion coatings. Howeeéfiect didn't last for a long time. A
study of conversion coating formation on galvanisteel substrates using XPS showed
that initially molybdenum was present in the cogtin (V) or (VI) valence state [130]
which has also been confirmed by Whar&dral. using EXAFS [131]. After the corrosion
exposure the valence state was changed to (II[)\9r states. However, the Mo signal
strength was found to be lower after the corroggposure, which is associated with the
partial solubility of the oxides in chloride envmment. In general, the corrosion protective
properties of molybdate based conversion coatimgsiric are not exciting compared with
chromates. Increased corrosion protection was fdondconversion coatings deposited
from a molybdate/phosphate bath on magnesium alldy8]. Little information
concerning the use of molybdate conversion coatomgsluminum and its alloys can be
found in literature.

Vanadates, owing to their corrosion protection prtips, were also considered as
alternative pretreatment candidates for activeasion protection. Conversion coatings for
corrosion protection of AA2024 have been studiedGuanet al. [132]. The produced
mixed vanadium oxide layer is about 500 nm thickclhprovides additional corrosion
protection. The formed layer can confer self-haplprotective properties based on the
release of vanadium (V) inhibitive species from ldager during the exposure to corrosive
electrolyte. Good corrosion protective propertiésyanadium-based conversion coatings
applied on magnesium alloy were obtained [133]kenfor galvanized steel [127].

Rare earth salts are almost non-toxic and can kel us many industrial
applications as corrosion inhibitors. Therefordfedéent cerium salts have been used for
the formation of conversion coatings [116,119,138]1 When deposited on aluminum
alloys cerium-based conversion coatings can hatigeacorrosion protective properties
because of entrapment in the layer of cerium @alts that diffuse to the defect area and
provide corrosion inhibition. Such corrosion inhidn can be interpreted as self-healing.
Corrosion protection performance of cerate coneersioatings evaluated using the EIS
technique demonstrates the increase of impedarraggd®idays of immersion of AA2024
[137]. In order to assist the deposition of a @etayer a copper smut was deposited on the
alloy surface prior to conversion coating formatid37]. Measurements show that the
corrosion process does not accelerate on the &lémause of copper smut that is in
contradiction with the other reported results [12ZZ}je mechanism of corrosion protection
of zinc substrate with cerium based conversioniogat[138,139] is similar to the one
described for aluminum alloy [135,136]. The cerptetection layer was formed on the
surface of zinc in a solution of cerium salt. Tlogrosion study revealed the retention of
corrosion protection after scratching the surfadee presence of cerium hydroxides was
found in the scratch, which is associated with rtiigration of cerium cations from the
conversion coating and precipitation on the bare murface hindering the corrosion
activity [138,139].
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2.4 Organosilane pretreatments

Pretreatments based on organosilanes and thewratleeis attracted scientists by
their simple application and valuable adhesion ertgs. A number of studies have been
performed during the past decades on the applivalwf silanes for replacement of
chromate pretreatments for aluminum [140-142], ahwm alloys [143-149], magnesium
alloys [150,151] and steel substrates [152,153jufber of reviews and thesis have been
published concerning the use of silanes for praiecif metals [154-156].

The organosilanes have general formula @S®CH,),Y and are called mono-
silanes. In formula RO- represents an alkoxide witan be transformed as a result of a
hydrolysis reaction to a silanol group (Si-OH); ¥presents an organofunctional group
such as chlorine, primary or secondary amines,|vieyoxy and others. Typically, the
value of n is 3, but individual moieties can vaBpth the type of Y group and the value of
m have a strong influence whether a particular megdane monomer is water-soluble or
not. However, in general most of them are wateuntsdelat some extent.

The modifications of silanes called bis-silanes @sed for additional crosslinking
in combination with mono-silanes [157] or as adbespromoters to organic layers
[158,159]. A general formula of bis-silanes is (REJCH,)nR1(CH);Si(OR): with 6
hydrolysable “RO-" groups and specific functiomaliR1” in-between the two silane ends.
The presence of organic chains between Si proadédgional hydrophobic properties to
the silane layer on the metal surface. The thickrédhe obtained silane films is usually
around several hundreds of nanometers and almmestrly depends on the concentration
of silanes in alcohol based solutions [156].

The study of deposition of silanes on the surfat@aleminum demonstrates the
influence of functional groups in the silane molesuon the corrosion resistance. For
example, the formation of a positively charged taygginated from amine groups assist
the dissolution of aluminum, whereas the formatimin a negatively charged layer
composed by carboxyl groups inhibits dissolutiohedJe effects can be related with the
action of the charged layer that increases or dsesethe adsorption of aggressive ions
from electrolyte (Clor others) [160]. Studies of the aluminum silaneeiface by FTIR
spectroscopy show that the formation of covalemtdsobetween aluminum and siloxane
groups is assisted by adsorbed water [160]. Themdbon of AI-O-Si covalent bonds
between the alumina and silane was proven by TfSSAnalysis [161]. A combination of
alloy pretreatment using boiling or hot water adn® coating showed increased adhesion
between metal and coatings [146,147]. Electrodéiposof silanes on aluminum substrate
has increased performance over the standard difmgoaethod facilitating the bonding
strength between the metal and silanes [148,162].

Silane based coatings demonstrate good adhesiametal and organic coatings.
However, there are several drawbacks that limit tggplicability in industry. Silane films
are relatively thin, about 100-300 nm, and theyndbprovide long term barrier protection
of metallic substrate. In addition films are nasistive to mechanical damage. The major
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drawback is the absence of active corrosion priotecdf silane coatings. Therefore,
additional modifications are needed in order to rowp the corrosion behavior and
mechanical properties of silane coatings.

2.4.1 Organosilane pretreatments with active protection

Corrosion protective properties of silane pretreaita can be improved if corrosion
inhibitors are added into the protective systenthSnhibitors can leach out from the film
and reduce corrosion activity in defects. The @ficy of inhibitors depends on a number
of factors such as the solubility, leachabilitye fermeability of the silane coating and the
compatibility of inhibitors with the silane. Thefimence of different additives on the
corrosion protective properties of silane coatiilsgsresented below.

The incorporation of small amount of Ce salts iarg@ coatings cause significant
increase of barrier properties of the coatings diépd on AA2024 compared to inhibitor
free coating [163,164]. DC polarization measuremenh scratched coated substrates
demonstrate increase of protection (current deejeafser longer immersion time that is
associated with active corrosion protection by weri(lll) leaching from the coating.
Incorporation of organic inhibitors such as tolghole and benzotriazole also shows
positive action on the corrosion protection projgsrof the silane films [163]. However,
the tolyltriazole inhibitor provides much betterrasion protection, i.e. lower cathodic
current on polarization scans compared to benzatieg163]. This can be associated with
chemical interaction of benzotriazole with silanmed aeduction of its inhibitive ability.
Coatings formed on galvanized steel using bistfiarysilylpropyl] tetrasulfide silane
doped with Ce or La salts show good anti corrogienformance as well [165-167].
Corrosion activity of zinc substrate can be reducsthg silane protection coatings.
Moreover, when sodium silicate and cerium (lIDraié were used as inhibitive additives
for the silane coatings a self-healing effect carabhieved [168].

Mechanical properties and corrosion protection mfaluminum substrate with a
deposited silane film can be improved by the additf silica nanoparticles [169]. The
study showed that the amount of nanoparticles atlldide silane can significantly affect
corrosion protection. The corrosion performancesit#ne films doped with 15 ppm and
less of silica nanoparticles is better than thadilwith 50 ppm of nanoparticles, although
the thickness of both coatings is very similar bmth amounts of nanoparticles. The
corrosion inhibition effect is attributed to thermation of silicates due to the dissolution of
silica nanoparticles in alkali environment near ta¢hodic zone. Such silicates can form
insoluble compounds on the surface of alloy, tleeefreducing the corrosion activity
[169]. Silane films have been found useful for toerosion protection of galvanized steel
substrates [170]. The incorporation of silica orOgenanoparticles increases corrosion
protection of the metallic substrate. In case titaidoped silane films the protection
mechanism is claimed to be similar to the one desdrin ref. [169]. However, doping of
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silane films with Ce@ nanoparticles increases their protection efficgepompared to
silica nanopatrticles. There are also evidencegrgrgetic effect between the incorporated
nanoparticles and cerium (lll) salts. In case éaior CeQ nanoparticles the activation of
the nanoparticles with cerium ions enhanced theosam protective behavior [170].
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25 Sol-gel pretreatments
2.5.1 Chemistry of the sol-gel synthesis

Sol-gel processes have been used in differentcgtjgns to prepare homogeneous
powders [171], bulk glasses materials [172], xelmgmembranes [173], coatings [174],
ceramic composites, fibers [175] and others. Adbteviews and books contain wide
information on synthesis, processing and applioatiof sol-gel derived materials [176-
183]. The sol-gel method allows combing silicon /andnetal containing precursors to
produce inorganic or organically-modified oxide prals with tailored properties. The
sol-gel method implies the evolution of precurssofution through the colloidal system
(sol) followed by a highly branched system callgdl). Sols are dispersions of colloidal
particles with diameters of 1-100 nm [178] or 1-Q@0@m [176] in a liquid. Gel is an
interconnected rigid network with pores of submiueter dimensions and polymeric
chains whose average length is greater than a metey [178]. The precursors for the sol-
gel process can be different metals and silicon ZFj Ce, Al, Si etc.) alkoxides with
general formula (A(OR), where A is a metal or Si atom, OR is an alkoxyup and R is
typically an alkyl ligand. The common reaction dkaxides upon contact with water is
hydrolysis [176]:

A(OR), + H,O— HO- 4 OR,+ RO} (2.5.1)

The hydroxyl ion attaches to the A atom producileglaol and partially hydrolyzed
precursor. Subsequently, two partially hydrolyzetecprsors can link together in
condensation reactions:

(RO), A- OH+ HO- AOR, -~ ( R} A © AOR+ H (2.5.2)
(RO, A- ORr HO- AOR - ( RRQ A © (AQR RC (2.5.3)

The reactions (2.5.2) and (2.5.3) can continuedmgl branched network with -O-
A-O- bridges by the process of polymerization utii¢ gel point where continuous solid
network is formed including liquid phase in pores.

The rate of hydrolysis reaction is commonly higtiean the rate of condensation
process [184,185]. Reactivity of silicon and metldoxides is different and increases in
the order: Si(ORK<TI(OR)<Zr(ORu<Ce(OR). Since the silicon alkoxides react very
slowly with water, additional catalysis is normallged to accelerate the process. Acetic
acid, different mineral acids, amines, alkali métgdiroxides, Lewis bases can be used as
catalysts [186-188]. As can be seen from the Fi@ubel, both acidic and basic catalysts
increase the rate of hydrolysis reaction of silanesqueous solution. However, the nature
of catalyst can affect the microstructure of thedensed products. For instance, compact
and highly branched networks are formed from alksignes when using basic catalyst.
On the contrary, acidic catalyzed hydrolysis resutit the formation of linear randomly
branched networks.
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pH rate profile
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Figure 2.5.1. Dependenceeflycidoxypropyltrialkoxysilane hydrolysis rate in
water on pH taken from [176].

For the purpose of coating formation it is highlysdable to make a dense sol-gel
film that can be obtained using acid-catalysed blydis and condensation. One of the
possible ({2) mechanisms in acidic media for silicon alkoxidagdrolysis and
condensation reactions is presented below. Ingratonation of alkoxy group makes
silicon more electrophilic, thus more susceptildeattack by water. Alcohol leaves the
intermediate complex that turns into hydroxo subttd Si alkoxide:

OR a0, OF
| + %, | ~ H .
ROII" Si- OR Hié" SI0-R —- “‘0’33'2” *
RO 20 oo, © HOR +H
:?—
H (2.5.4)

In the case of transition metal alkoxides with gah@ormula M(OR), where M is
a metal (Ti, Zr, Ce, Al), the hydrolysis process caadily go through simple reaction with
water via (j) mechanism due to low electronegativity and unsatal coordination:

H R
H—(|)+M—OR — :O: -+ M—OR — HO—M#O:
H H H
— M—OH + ROH (2'5.5)

Instead of catalysts different inhibitors should used to control the kinetics of
hydrolysis and condensation reactions of M(®RB9-191]. Complexing agents such as
different -diketones, carboxylic acids, glycols and othens &et as inhibitors [192-195].
Many aspects of hydrolysis and condensation preseasd the use of inhibitors for metal
alkoxide hydrolysis are discussed in [182,183]. IHaphylic agents (inhibitors) in most
cases react with initial Me-alkoxides vig 8iechanism presented above. However, when
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alkoxides are coordinatively unsaturated, the reacbf inhibitor (XOH) and metal
alkoxide can proceed viayAmechanism as well:

XOH + M(OR), - M(OR,( XOH (2.5.6)

In any case the resulting product of metal alkoxiad#éh the complexing agent is
more stable toward hydrolysis or condensation reast In excess of water the (Me-O-R)
bonds are slowly broken thus allowing more con¢ilhydrolysis conditions [182,189].
The reactivity of metal alkoxides depends also lecteophylic properties of metal, metal
coordination number and nucleophile strength [183je higher the electrophylity and
coordination unsaturation, the more reactive medtaixides are.

The most important parameters that influence thdrdlysis and condensation
reaction are the water to alkoxide ratigoH, temperature, concentration of reagents, and
nature of the alkoxide groups. The variation offrsparameters can influence not only
kinetics of the sol-gel process but the micro- aadostructure of the final product [196].
Ultrasonic energy applied during the sol-gel syaihieould provide an additional catalytic
activity during the synthesis and can influence tmaformity of liquid-solid systems
[197,198]. The application of ultrasonic energy $gnthesis of nanoparticles and sol-gel
solutions has been studied in different works [199;203]. Using the ultrasonic energy a
fine distribution of nanoparticles can be obtaimgdch might be successfully used for the
creation of different hybrid and nano- compositaarals with tailored properties.

2.5.2Inorganic and hybrid sol-gel materials

Historically, the first classes of sol-gel matesialere inorganic oxide powders,
bulk composites, glasses, mixed ceramics, inorgasoatings [178,181,201]. The
protective coatings composed by different oxidesevgeiggested for different metals [204-
208]. The disadvantage of purely inorganic sol-dglived materials is the formation of
cracks upon drying or curing. It takes a very ldimge to form a glass like material from
silicon based alkoxides at room temperature [1Z8hck-free inorganic sol-gel coatings
can be obtained with only very low thickness abt@® nm. On the other hand different
hybrid materials are obtained when mixing orgamd &organic components. Coatings
produced in such way are crack free and thickerpased to pure inorganic coatings
because the addition of organic part increasesltsticity of the composite. The variation
of inorganic part can be used to improve toughressscratch resistance [209,210]. It is
important to take into account the interaction lestw the components of the sol-gel that
can modify properties of the final material. Fostamce, the addition of TEOS to the
mixture of epoxy resin and hardener can actualjuce the glass transition temperature
because of a side reaction between the produde®fSThydrolysis and hardener [211].

The sol-gel hybrid materials can be classifiedvio tmajor classes according to
Judeinsteiret al.[183]. Class | of hybrid materials is based ongitgl mixing of organic
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and inorganic phases without covalent bonds betwsanganic and organic components
(Figure 2.5.2). Van der Waals, ionic and hydrogending interactions are the only forces
that arise between the components. The synthesisuchi hybrid materials can be

performed by simple mixing of inorganic sol withganic matrix [212-214]. The produced

composites have different valuable mechanical pt@se in particular increased hardness
when the organic polymer matrix is impregnated witbrganic oxides. However, such

materials can not provide adequate barrier pratecbhecause of porosity and loss of
chemical bonds.

In Class Il hybrid materials chemical bonds arenfed between the inorganic and
organic parts by means of functional groups or wmogaodified precursors (mostly by
organo-modified silanes). The structure of the €ldybrid materials is shown in Figure
2.5.3. It presents three principal approaches fepgration of organic-inorganic networks
from organofunctional alkoxide precursors [182]eThist type of class Il hybrid materials
is shown in Figure 2.5.3 A. In this example theaorgrmodified alkoxides ((R@E-Y and
E(OR"),) are linked via oxygen bridges. The specific fimmality group (Y) does not
react and is retained inside the hybrid materialthis example alkoxides are optionally
added for the purpose of inorganic network fornmatio

Figure 2.5.3 B presents the second type of clasg/blid materials. In this case
chemical binding occurs in two different ways. Thgdrolysis of alkoxy groups and
condensation reaction forms an inorganic networke Treaction between organic
functional groups (A) of organo-modified precurs@RO).-E-A forms organic network
(curved lines). An additional cross linking betwebe organic functional groups can be
used to achieve higher density and better mechiapioperties of the composites. In the
third type (Figure 2.5.3 C) the hybrid network asrhed by functionalized building blocks
of oxide clusters or colloidal particles. The inangc clusters are linked by the organic
functional groups. Using different combinationstisése methods and types of precursors,
there are many possibilities to chemically modifgamic-inorganic hybrid polymers and
thus to tailor their functionality and macroscoproperties [215].
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Figure 2.5.3. Class Il hybrid materials; (A) hybndtwork with added functionality
(Y) linked by inorganic bonds; (B) hybrid netwoikked by inorganic and organic bonds;
(C) organic-inorganic network made of nano-buildiigcks linked through organic
bonds. Adapted from ref. [183].

Typical nonfunctional organic groups used to binidrid networks (Figure 2.5.3
A) are different alkyl groups [162,216-220]. Comrhyoused organofunctional groups for
building hybrid materials (Figure 2.5.3 B,C) are®y[185,217,221-224] and methacrylic
[187,199,225,226]. Such groups are used for syighe$ hybrid organo-inorganic
materials since they can provide additional polyration and cross-linking of hybrid sol-
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gel matrix using appropriate initiators or cross«ng agents. Functional groups that have
also been used in organofunctional precursors hemy [162,227], amino [228,229],
alkyd [210,230]. Additional hydrophobic propertiean be provided by alkyd and phenyl
groups [162,213]. Amino groups can also be usedfatlitate adhesion to epoxy
containing top coating [229].

In situ synthesis of nanoparticles via the contilydrolysis of different alkoxides
in hybrid organic inorganic matrix is an alternatiway to create nanostructured materials.
In comparison to the conventional sol-gel routedbetrolled hydrolysis of hybrid silanes
or metal alkoxides can be used to create modifi@doparticles or molecular clusters.
Control of local structures and degree of orgarpais important for tailoring properties
of such inorganic compounds. A better definitiontlod hybrid matrix can be done using
calibrated objects like clusters, nanoparticles manolayered compounds. These
nanoobjects or nanobuilding blocks (NBB) are usuedipped with polymerizable ligands,
organic spacers or functional groups. The use cf sianoobjects is preferable because of
several advantages like higher stability towardsirblysis. Nanoobjects can have
controllable shape and composition which can beedemploying different chemical
synthesis routes. Employing different NBB as stiadt material in combination with
different assembling strategies allows building aiety of architectures and hybrid
interfaces [189]. The NBB approach is developed farious systems such as
oligosilsesquioxanes, organotin-oxo clusters, cigdly functionalized heteropolyoxo-
tungstates, transition metal-oxo clusters and ethEre nature of the interface between the
inorganic and organic components and their convigctis important for the controlling
properties of the final material. For silicon oxXosters coupling with the organic matrix
can be done via Si-R bond using different functibjpaand organic radicals.
Polyoxometalates can not form metal carbon (M-R)dobecause it is easily hydrolysable
except for Sn-C bond that is very stable [231]. rEf@e polyoxometalates can be
functionalized by the M-O-Si-R bond and the obtditdBB are linked through the (R)
functional group. Organic modification of metal-oglusters can also be performed using
the complexing ligands. The example of such orgdlyicmodified clusters can be
zirconium-oxo-poly acetoacetoxyethylmethacrylatat tvas synthesized and studied by In
et al. [232]. The strategies offered by the sol-gel cistrpiand the NBB approach allow
assembling of a large variety of structurally wadfined clusters or nanoparticles into
complex architectures that can be used for desigméw advanced materials.

2.5.3 Hybrid sol-gel pretreatments for passive and aativeosion protection

Sol-gel systems as pretreatments must fulfill sslvenportant requirements. An
important property of the pretreatment is a goodeatn between the metal/sol-gel and
sol-gel/paint interfaces. Adhesion to the metalssate is greatly facilitated because of
chemical interactions between the metal and silexanlecules. In humid environment a
cleaned surface of metal contains many hydroxylugso Upon contact with sol-gel
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solution hydrolyzed siloxane molecules are attihttethe metal surface by van der Waals
and electrostatic forces. During curing of the gellfilm stable covalent bonds are formed
between the metal surface and silane moleculesgluhie water condensation reaction
according to the following reaction [233]:

Al-OH+HO-S{R, - A- O- Si R+ H QO AH=-462kJmol (2.5.7)
Al-OH + HO- Al - Al-0- Al+ H,Q AH=-48 kI mol  (2.5.8)

Thermodynamic calculations made by Schreidal. show that the Gibbs energy of
the formation of bonds between alumina and silararéaction (2.5.7) is lower compared
to boehmite that is produced during the oxidatibralaminum by water (reaction 2.5.8)
[233]. Therefore the interface between the solagel metal becomes very stable.

Another important issue of the sol-gel pretreatrmastthe adhesion to the paints
that are used in corrosion protection systems. Gaibetsion between the sol-gel and paint
ensures high barrier properties and corrosion ptioie of the entire system. Usually in
aeronautical industry paints consist of epoxy- finmalized components cross-linked by
amine containing agents. To ensure good adhesesdhgel coating must be chemically
bonded to the paint, which can be done using tipeoaghes presented in Figure 2.5.3.
Epoxy functionalized silanes can be incorporatethesol-gel formulation forming Class
Il hybrid material with specific organic functionigl Epoxy groups of the sol-gel coating
can react with amine groups or epoxy groups oftpaimerefore making a good binding
between sol-gel and paint system as can be sddégure 2.5.4.

Hybrid sol-gel process allows developing protectigeatings with tailored
mechanical properties that is also an importanarpater for the quality of pretreatment.
Too rigid coatings might be easily broken duringsien and too soft coatings might not
tolerate mechanical impacts. The necessary levéleribility can be adjusted by using
organic substituted silanes in order to withstdmel éxcess of stress. A lot of information
on characterization of mechanical properties andtiom between nanostructure and
mechanical properties of hybrid organic inorganatenials can be found in ref. [234]. The
mechanical properties of the sol-gel coatings canalered using appropriate organo-
silane compounds. In this way thicker coatings wvigther barrier properties are obtained.
However, introducing organic groups often influemcevear resistance and other
mechanical properties.
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[188].

One of the possible ways to improve the mechamoapberties is to impregnate a
sol-gel with different kind of oxide nanoparticlémis reinforcing the sol-gel matrix which
lowers crack formation tendency [235-237]. Althoutje addition of nanoparticles does
not always improve mechanical properties, the fateal binding between the
nanoparticles and components of the sol-gel is afgmortant and must be taken into
account. Usually the barrier properties of the mpamticles-reinforced sol-gel coatings are
higher compared to standard coatings. However, vexerding a critical concentration of
silica nanoparticles a more porous coating is farni238]. A remarkable increase of
barrier properties of sol-gel coatings with additiof fused silica nanoparticles substrates
was also observed by Coneeal. on aluminum alloys [217]. Addition of particlesalis to
the decrease of porosity of the coating, which @ases the pathway for corrosive
electrolyte to the metal surface. On the other henagk-free and relatively thick sol-gel
coatings can be obtained by spinning the organdireddsol-gel system with nanoparticles
of Al,O3, ZrO, and SiC that were Si-OH modified prior to additipa39]. Good
mechanical properties and corrosion protection ieued in this case. A modification of
hybrid sol-gel films with microparticles of glassaut 3 um diameter increases mechanical
properties in particular wear resistance [240]. deer, stress occurs in the “neck”
between the microparticles and the sol-gel coatsglting in cracks formation. In spite of
hopeful results, the nanoparticles addition is essed with some negative effects like
agglomeration during the processing that couldteré&ghly defected structure and poor
connection between the particles and matrix [237].

The disadvantages of nanoparticles doped sol-gatings can be avoided if the
nanoparticles are synthesized in situ during thegsbprocess. The formation of self
assembled nanophase particles (SNAP) of silicanduthe sol-gel synthesis is presented
by Vreugdenhilet al. [241]. The approach was used to create sol-gdkgtive coatings
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based on combination of GPTMS and TEOS in ordersubstitute the chromate
pretreatments for metals. Different methods weredufor the characterization of the
obtained sol-gel coatings. The combination of ai@dyand chemical methods and surface
analysis techniques like XRD, XPS, NMR, IR, TOF-SMight scattering and AFM was
used for the characterization of the nanostructysemperties of the obtained sol-gel
coatings [242,243]. However, the presented experialeevidences are insufficient to
claim the presence of self-organization in the arep sol-gel coatings. Therefore, more
studies on the self-organization in the sol getesys are needed in order to characterize
and develop new nanostructured materials.

Sol-gel pretreatments for passive corrosion praotect

Among the variety of applications of the sol-gebgess considerable interest has
been found in developing novel corrosion protectaystems for metals. Many sol-gel
coatings were prepared on steel substrates usigusasilica based precursors and their
mixtures [199,207,225,244]. It has been found thatparameters like sol-gel ageing time
and temperature of curing have an important infbeeon the properties of final coatings.
Effect of the sol-gel ageing time on the corrogi@mformance of the applied coatings has
been studied for a hybrid sol-gel system basedtetnagtylorthosilicate) TEOS and (3-
methacryloxypropyl-trimethoxysilane) MPS appliedsiael substrates and cured at 300°C
[225,244]. The results clearly demonstrate the els® of corrosion protection of the
applied coatings for longer ageing times. The mfice of the time and curing temperature
of sol-gel coatings based on zirconia propoxide edixvith polymethylmethacrylate or
silica based precursors was studied in [199,20€heEally, when increasing the curing
temperature the corrosion protection of the coatimgcreases. However, too high
temperature can deteriorate the sol-gel coatingdaedease the protection efficiency. The
protection of magnesium alloys using sol-gel cagiimas also been studied in the past
years [245-247]. Sol-gel coatings can also be agddbr sealing the porous anodizing layer
providing additional protection [245]. Effect ofgeling of magnesium has strong effect on
the protection efficiency of the sol-gel coatingt§? In spite of the integrity of sol-gel
coatings on magnesium alloys, the reactivity of ltiteer is very high and the protection
does not last for a long time. Novel sol-gel caogdin with TEOS and
diethylphosphonatoethyltriethoxysilane show incegasorrosion performance compared
to other sol-gel systems because of chemical mabetween phosphonate groups and the
magnesium alloy surface [247].

One of the applications of sol-gel coatings is fbun corrosion protection of
different kinds of aluminum alloys in order to stihgde chromate based corrosion
pretreatments used in industry. A vast number ofke/@eal with pretreatments of 2024
aluminum alloy substrates by different sol-gel sgss and investigations of their corrosion
protection efficiency [208,216,221,222,248-251]. n@arative evaluation of sixteen
different full protection coating systems based different pretreatments like Alodine
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1200, Chromate Conversion Coating (CCC) and sofeAA2024 has been performed
by Khobaibet al. [208]. The obtained results demonstrate adequatdgeb protective
properties of the systems based on sol-gel pretex@s. However, scribe tests show lack
of corrosion protection. Alodine and CCC pretreaitngrocesses have active corrosion
protection of the alloy due to incorporated inhimtspecies in comparison to sol-gel films.
In contrast to that, the corrosion studies perfatrnre [222] and [249] demonstrate the
increased protection of the sol-gel coated alumiralioy compared to the Alodine 1200
pretreated [222] and CCC pretreated alloy [249]wEler, such difference is attributed to
increased barrier protection properties of thickged coatings compared to the thin films
obtained by Alodine and CCC surface treatments. fhiekness of the sol-gel coatings
depends on the silicon based precursors and naittine organic radicals. The influence of
nature of the alkyl radical in organically modifisdane based coatings on the corrosion
behavior was investigated by Metro&eal.[216]. The results show that the increase of the
alkyl chain size allows depositing thicker filmstlihigher barrier protection. Corrosion
protection properties of the sol-gel coatings dépdson AA2024 substrates were
investigated in [252]. The precursors such as TR@EGPTMS were used for the sol-gel
synthesis. In order to provide better barrier prope and increase the crosslinking degree
the sol-gels were additionally impregnated by dédfé amines. The corrosion studies
showed that the amino silanes increase the bapneperties of the sol-gel coatings
compared to diethylenetriamine. Amino silanes usedross linking agents form a denser
sol-gel matrix because of increased crosslinkingrele between the components of the
system. The cross linking occurs between the egoayps of the GPTMS and amines and
between the hydrolyzed silanol groups of GPTMS amines. Investigations of the
corrosion protection properties of the sol-gel oo with a complete protection system
including a chromate loaded primer and a top cbhatvsgood performance of the sol-gel
system compared to the chromate based pretreatinestsatch tests [253]. However, the
corrosion protection was not satisfactory when grenfng tests without a chromate based
primer demonstrating leak of active corrosion bt properties of the sol-gel
pretreatments.

The approaches presented above allow creatingngsatvith tunable properties
needed for corrosion protection systems. Mechamiegberties of the sol-gel coatings can
be adjusted by the different organo silane compsuwarad by impregnating the sol-gel
coatings with nanoparticles. The use of cross hskend different functionalized organo
silanes can increase the crosslinking degree ofsttgel matrix which increases the
barrier properties of the coatings. In additionganofunctionalization of the sol-gel can be
used to enhance the adhesion between the sol-gihgand organic paint. Nevertheless,
none of the sol-gel pretreatments can achieve #a#f-healing” ability of chromates.
Therefore, in order to achieve “active” corrosiatpction sol-gel pretreatments have to
be used in combination with different methods timapart active corrosion protection
properties
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Sol-gel pretreatments for active corrosion proteati

In spite of many advantages of the sol-gel pretneats some problems are found
in corrosion protection tests. The indicated draskbis the absence of active corrosion
protection and corrosion inhibition of the undemlyi metallic substrate. Therefore the
incorporation of corrosion inhibitors inside thd-gel coatings might partially enhance the
active corrosion protection properties of the sal-grhe corrosion inhibitors can be
introduced in different components of the coatiggtem: pre-treatment, primer and top-
coat. The inhibiting agents are effective only Heit solubility in the corrosive
environment is in the right range. Very low solitigilof inhibitor leads to the lack of
enough active agent at the metal interface andecuently to weak inhibition. If the
solubility is too high, the substrate will be prctied, but for only a relatively short time
since the inhibitor will be rapidly leached outrtdhe coating. Another drawback, which
can appear due to high solubility, is the osmotiespure that leads to blistering and
delamination of protective coatings. The osmotiesgure can facilitate the water ingress
through the coating, which acts as a semipermeablabrane causing a fast destruction of
the barrier layer.

Inorganic chemicals like phosphates, vanadatesybdates, cerium salts and
others are the known inhibitors of corrosion foffatent kind of aluminum alloys.
Numerous reports show positive effect of the inooaion of cerium salts inside the sol-
gel coatings as substitute for chromate pretreasnfm different aluminum alloys and
zinc substrates [254-257]. Different Ce (Ill) and V) salts incorporated into the sol-gel
coatings do not alter their oxidation state in twatings [254]. This demonstrates the
stability of the inhibitor in the sol-gel matrix.h€& inhibiting efficiency of the sol-gel
coatings with incorporated Ce (IV) nitrates is f@gltompared to Ce (lll) for corrosion
protection of 3005 aluminum alloy [257]. Nevertlssde high concentration of inhibitors
can deteriorate the barrier properties of the sblegatings. For example, sol-gel coatings
doped with Ce (lll) salt and deposited on zinc s@bes provide inhibition only below
some critical concentration of inhibitor being ihet range of 0.2-0.6 wt.%. Higher
concentration of inhibitor yields network defeatsthe sol-gel and decreases the corrosion
protection [256].

Voevodinet al. investigated the corrosion protection propertiesad-gel coatings
with 4 or 5 wt.% of incorporated inorganic inhibigosuch as Ce(N§y, NaaMoO,4, NaVO;
and NaCr,O; by means of the potentiodynamic polarization methas5]. Sol-gel
coatings doped with cerium salt on AA2024 subss¢rateowed as good behavior as sol-gel
coatings without inhibitors. On the other hand-@ell coatings doped with molybdate or
vanadate salts didn’t show adequate corrosion gioteof the aluminum alloy because of
the decreased sol-gel matrix stability. Howeveg thsults are questionable, since only
anodic potentiodinamic scans were made on the edot@ptings with inhibitors. As well
known, such inhibitors show cathodic inhibiting pesties on aluminum alloys [44,47,49].
Therefore measurements using another electrochemethod or making cathodic
potentiodynamic scans could show an increase imosiomn protection. Besides, the
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inhibitors concentration (4-5 wt.%) used in thisdst [255] is relatively high and could
cause significant destruction of the sol-gel cagtias was studied in [256] using the EIS
technique. The positive effect of the addition oblybhdate compounds as corrosion
inhibition to the sol-gel coatings can be achiewde:n molybdate is added in the “bound”
form after reaction with cycloaliphatic amine innt@st to the “free” ionic form (Mog3).
The bound form of the inhibitor prevents its undaslie interaction with the sol-gel matrix
and increases the matrix stability [258].

Organic inhibitors have been also incorporatedhi@ $ol-gel matrix in order to
improve the corrosion protection of aluminum alfmpstrates [227,259-262]. The addition
of organic inhibitors such as aminopiperazine, apiperidine and combinations of
tetraethyl dimethylenediphosphonate and mercaptmigazole at concentration 0.5 wt.%
into the previously prepared sol-gel increasesctiveosion protection properties of the sol-
gel coatings [259]. Sol-gel coatings with aminopgzne show the most efficient
corrosion protection compared to other additivesvéNitheless, organic inhibitors can
negatively affect the sol-gel matrix stability whexlded at high concentration. The
addition of high content of chloranil (12*f0M) did not provide adequate corrosion
protection due to the disorganization of the sdl+gatrix. Such disorganization could
occur because of low solubility of the organic coampd in the sol-gel. Thus the
crystallized compound can create defects and viaitlse sol-gel matrix which negatively
influences the barrier properties of the sol-gehtcwy. On the other hand, lower
concentration of chloranil provided homogeneouscstire of the coating and increased
the corrosion protection properties of the sol-gelatings based on TPOZ and
organomodified silanes [260].

The incorporation of organic compounds in the salgystems does not always
provide additional corrosion inhibition comparedutadoped sol-gel coatings. Such effect
can be related to a low release of organic comp®dirn the sol-gel system due to the
electrostatic interactions between the organic ammgds and the sol-gel components. In
some cases the release of ionizable organic condgofrom the sol-gel matrix can be
triggered by the pH changes of the electrolyte. fHecan influence the zeta potential of
the sol-gel matrix and the charge of the organimmounds. Therefore, when pH is
adjusted, the organic molecules can loose the ehang electrostatic interactions with the
sol-gel matrix become weak providing the releaseth® organics [263]. However,
ionizable inhibitors show a far weaker release tifiat of non ionizable ones since the first
are too strongly attached to the sol-gel matrix, ahds, cannot be released during the
corrosion exposure [262]. A controlled releasenbibitor can be also achieved when there
are interactions between the functional groupsobgel matrix and the inhibitor. Sheffer
et al. studied corrosion protective properties of the-gall coatings based on
phenyltrimethoxysilane with and without phenylphlegpic acid inhibitor. The inhibitor
becomes entrapped inside the sol-gel matrix duspézific t-n interactions between the
phenyl rings. Sol-gel coatings with phenylphosphoaicid deposited on aluminum
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substrates demonstrate the enhanced corrosioncpooteattributed to the prolonged
release of phosphonate ions [227].

Low efficiency of the coatings containing the initdpo in their internal structure
calls for the development of new approaches thaatis the inhibitor from the coating
materials confining them in nano- and microresas/orhe shell of these reservoirs can
prevent direct interaction of the inhibitor withettsol-gel matrix avoiding the negative
effect of inhibiting species on the stability oketaAnticorrosion coating. The possibility of
using nano reservoirs for inhibitor incorporatiomsbd onp-cyclodextrin has been
presented in [261]. Complexes df-cyclodextrin with mercaptobenzothiazole and
mercaptobenzimidazole inhibitors were created aodrporated in the sol-gel coatings in
order to control the release of inhibitors and pevthe prolonged protection. The
corrosion investigation performed using Scanningrating Electrode Technique showed
that the encapsulation of inhibitors insigleyclodextrin improves the corrosion protection
properties of the sol-gel coating applied on AA20@4comparison to the coatings with
directly incorporated inhibitors. The design andation of new generation of protection
systems based on nanoreservoirs of inhibitor witklligent release and active corrosion
protection is a topic for the present and futurekson the field of corrosion protection of
metals.
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3 Theoretical background of the main experimental techniques

The purpose of this section is to give a short weer of the main techniques used
to evaluate the corrosion protection efficiencyha developed coatings as well as to study
the corrosion and protection mechanisms. Atomicé&ddicroscopy (AFM) and Scanning
Kelvin Probe Force Microscopy (SKPFM) were showibéouseful for the investigation of
the electrochemical nature of local zones on thtalieand alloy surfaces contributing to
the deeper understanding of mechanisms of locatinedsion processes. DC-polarization
technigue was applied to analyze the inhibitingfqremance of different corrosion
inhibitors under study. Moreover a cathodic or aoadhibiting action of the inhibitors
can be confirmed by means of this method. Electotbal Impedance Spectroscopy
(EIS) was successfully used to study the corropiotection of AA2024 substrates and the
self-healing abilities conferred by different saktgcoatings. The localized corrosion
activity in micro-confined defects was accessedn®ans of Scanning Vibrating Electrode
technique (SVET) that was successfully employedhia study for investigation of the
self-healing effect on the sol-gel coated subsdrate

31 AFM /SKPFM

AFM belongs to a family of Scanning Probe MicrosgdfPM). The technique has
a unigue ability to measure surface topographyifééreént materials with sub-nanometer
resolution. The main working principle of AFM is szan a sharp tip along the surface
while probe-sample interactions are monitored. dilisally a first type of SPM was
developed in 1982 by Gerd Binning, Heinrich Rohr@erber and Weibel at IBM in
Zurich, Switzerland. Later Binning and Rohrer wdre tNobel Prize in Physics for this
invention in 1986. AFM was developed in 1986 by iy, Quate, and Gerber in
collaboration between IBM and Stanford University.

3.1.1 Instrumentation

The basic AFM components are presented in Figurdl 3lt includes a cantilever
with a sharp tip which is used to scan along a sasyrface. When the tip is brought close
to a sample surface, forces between the tip andpleatead to a deflection of the
cantilever. Depending on the situation there afferdint forces that are measured in AFM
such as mechanical contact force, van der Waalsedorcapillary forces, chemical
bonding, electrostatic forces, magnetic forces Bypically the deflection of the cantilever
Is measured using a laser beam that is reflected the cantilever surface to an array of
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photodiodes. When the tip is scanned along theserit can be crashed into it because of
inhomogeneity of the surface topography. A feedbaekchanism is employed in order to

maintain tip at the same height to the surface witlonstant tip-sample interaction forces.
Such feedback is provided by a piezoelectric scatimet can move the sample in 3d

directions. Moving the tube along x and y allowsrstung the sample surface, while

moving in z direction controls the force betweee tip and the sample. The resulting map
(x,y,z) presents the topography of the sample sarfa

Photodiode
1 :
Laser Lock-in
Piezo Arlnpllfller
drive ON Feedback Y
circuit2 Feedback
antilever circuit1

Figure 3.1.1. Schematic diagram of AFM microscope

There are three primary modes of AFM operation rgn@ontact Mode AFM,
Tapping Mode™ AFM and Non-contact Mode AFM.

In the contact mode tip-sample interactions are itaged through the cantilever
deflections. The tip is simply dragged along theéfasie and electronics maintains the
constant force between the tip and the sample usifagmation on deflection. The
disadvantage of such mode is possible destructitti,ecsample surface during the scan.

In Tapping Mode™ the cantilever is externally datéd close to its fundamental
resonance frequency using a piezo actuator. Thditaag of this oscillation is typically
around 100 to 200 nm. The oscillation amplitudeagghand resonance frequency are
modified by tip-sample interaction forces as tipnes closer to the sample surface; these
changes in oscillation with respect to the exteratdrence oscillation provide information
about the sample's characteristics. A tapping ARdge is therefore produced by imaging
the force of the oscillating contacts of the tighwihe sample surface. It is much more
gentle compared to the contact mode for imagingfiassibstrate such as single polymeric
chains, DNA molecules etc.

In the Non-contact mode the tip does not contaet dtwrface of a sample. The
cantilever is oscillated above the fundamentalmasoe frequency with amplitude of some
nanometers. When the tip comes closer to the syrfaty long range force or van der
Waals forces cause shift in the resonance frequefcthe cantilever. Therefore the
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changes of a vibration frequency reflect changesimsample distance. The feedback
system monitors the vibration frequency of the ibewer and keeps it constant. Scanning
the tip along the surface gives a topography map.

Several modifications of a standard AFM were madeorder to extend its
operational capabilities. New techniques such agridac Force Microscopy (MFM)
Electrostatic Force Microscopy (EFM) were develogedextend the capability of a
standard AFM.

3.1.2 Theoretical background

The Scanning Kelvin Probe Force Microscopy (SKPRE#a technique related to
Electrical Force Measurements. Nonetheless, it atpsr with a different principle
[264,265]. It allows mapping of the Volta potentidifference along the surface. This
approach is very attractive for corrosion scienogees it provides the possibility to
distinguish zones with different electrochemicaluna on the metallic surfaces.

The main aspects of the working principle can Ihestiated using an energy
diagram of the AFM probe and the metal under staslypresented in Figure 3.1.2. The
materials of the probe and the metal are charaetrby different work functions (W
energy required to remove an electron from the n@dtsurface to outside in vacuum with
no net charge) (Figure 3.1.2a). According to Kelfiaory, when two different metals are
in electrical contact, electrons are going from mietal with lower work function () to
the metal (probe) with higher work function g\as shown in Figure 3.1.2b. The electrons
flow is finished when the Fermi levels {jEof both metals become equal Figure 3.1.2b.
The potential difference called Contact potentidfedence (\Vpp) or Volta potential
difference (Mpp) builds up between the metal and the probe asaecmence of the net
charge transfer (Figure 3.1.2b). If an externatage (\bc) is applied between the metal
and the probe the charge disappears when the dpaliage (\bc) equals to ¥pp (Figure
3.1.2c¢). This fact is successfully used in SKPFbhteque.
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Figure 3.1.2. Energy diagram of metal and matefithe AFM probe without
electrical contact a); when there is an electroaitact b); when voltage is applied
externally c). Adapted from ref. [264].

A schematic diagram of a SKPFM setup is presemédgure 3.1.3. It includes the
same elements as for conventional AFM (Figure 3.With additional electronic circuits.
The main differences of operation mode in the SKP& the following. During the
SKPFM mode the piezo drive is turned off andc\W Vac signals are applied to the
cantilever, the frequency ofa¥ signal is the same as the cantilever resonangedrey.
As a result of these biasing conditions, an ogoidpelectrostatic force appears, inducing
an oscillation of the cantilever. The general egpi@n of this electrostatic force is the
following:

_EEVZ
2dz

F= (3.1.1)

The first harmonic of this force that is used toasuere VPD can be described as:

dC .
F,~ EVAC (Voe = Wpp) SiN(@t) (3.1.2)
The lock-in amplifier is used to detect the cantie oscillation at frequency.
During the scan M is adjusted in such way that the cantilever cstoihs become 0 and
consequently Wc equals to Vpp. Scanning the sample along the x and y directtbes

Volta potential difference (VPD) map of the surfas@btained.
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Figure 3.1.3. Schematic diagram of SKPFM microscope

SKPFM is a powerful non-destructive method that t@nused to analyze the
electrochemical character of the metal surfacentsth and Frankel were the first who
correlated VPD measured in air with the corrosioteptial of the metal in water solution
[266]. The graph of VPD vs. OCP is presented inufgg3.1.4. The results clearly
demonstrate that the VPD measured by SKPFM canirmarly correlated to the
electrochemical activity of metals. Although thare some limitations of this method, this
correlation can be used for analysis of the coomsiusceptibility and localized corrosion
behavior of metals and alloys. The main limitatiofshis method are the sensitivity to the
surface oxide films, to the presence of adsorbgeraof water and oxygen molecules and
to films of reaction products. These factors caangfe the measured VPD. Since the
surface of a probe can be modified during the nreasent the use of a reference sample is
required as well.
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Figure 3.1.4. Plot of VPD measured in air vs. OGCFasured in water solution for
different pure metals. Graph is adapted from 286].
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3.2 DC polarization

DC polarization is a relatively robust method thamploys measurement of
cathodic or anodic currents with respect to appbedrpotential. The obtained current-
voltage response is presented as a polarizatioreclihe analysis of a curve shape can be
used qualitatively to see passive regions, diffugimitations etc. Using this method it is
possible to determine the polarization resistamoe then calculate the corrosion current
that is related to the kinetics of an electrochaingcocess at a metal interface. Polarization
resistance can be determined making a polarizatiorve on metal with a small
perturbation (around +/- 10 mV vs. OCP). Corrosiomrent can be estimated by
extrapolation of linear Tafel region to corrosiastgntial of metal (with some limitations).

3.2.1Instrumentation and electrochemical cell

Nowadays a potentiostat is normally used for ppéion measurements. It
automatically controls the potential applied to twerking electrode and permits the
measurements of the current flowing. A scheme of eectrochemical setup for
polarization measurements is presented in Figtd 3A three electrode cell arrangement
is usually employed for polarization measuremenite& cell consists of a counter electrode
(CE), working electrode (WE) and reference elear@dE) Figure 3.2.1. A potentiostat
controls the potential applied to the WE and messstine current passing between the WE
and CE.

The polarization method can be successively appbestudy the corrosion rate of
metallic substrates with some limitations such @scentration polarization. However, the
application of the polarization method for coatetstrates is doubtful. First of all it is not
clear what potential is being measured on highbistere coatings where a significant
potential drop can occur due to the Ohmic losseghErmore, dc currents resulting from a
polarization test may degrade the properties of dbating [267], produce undesired
reactions on the substrate (e.g. oxygen reduction)nitiate electro-osmosis. This can
result in changes of coating properties and falserpretations of the experimental results.
Therefore the link between the polarization resis¢éaand the protective capacity of the
coating might not be quantitative. Neverthelesgdan polarization sometimes is used to
evaluate protective efficiency of organic coatijig68]. Though, in some circumstances
cathodic polarization measurements might be moipfiilefor the investigation of the
protective coatings with incorporated inhibitonrs.summary, polarization method has been
quite often used for different substrates. Howetlez,given limitations must be considered
when investigating coated metallic substrates.
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Potentiostat

Figure 3.2.1. Schematic setup for potentiostatianqmation measurements.

3.2.2 Theoretical background

The application of DC polarization is directly redd to the electrochemical
processes that occur at the interfacial region éetwan electrode and solution. The
thermodynamical possibility of an electrode reacti®described by the standard electrode
potential. Thermodynamics tells us the possibilitgt a reaction may or may not occur at
given conditions, but it does not give informatimm how fast the reaction occurs. Kinetics
studies the rate of reactions and their mechanisnthis paragraph a short introduction to
the kinetics of corrosion is presented.

Corrosion rate

Corrosion in aqueous environment is related toeteetrochemical reactions taking
place at an electrode surface. Such reactionsvavoansfer of electrons. For example a
half-cell reaction of metal oxidation can be wrmtte the following way:

Met= Met™ + né (3.2.1)

The rate of electron flow can be a measure of teetchemical reaction rate.
Faraday’s law describes the relation between thetrain flow and the mass of reactant

involved in an electrochemical reaction by thedwling equation:
[tM

= 3.2.2

nF ( )

wherel is the current (A)f - time (s),M - molar mass (g/molej - number of electrons
involved in reactionfF is Faraday’'s constant (Coulomb/mole). The corrosaier can be
expressed as the mass of reacted metal (m) dildgiettie surface area (cnf) and the
timet (s). After substituting the mass using equatiafh.4) we obtain:

r=—=—o (3.2.3)
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wherei is the current density (A/cth The corrosion rate is proportional to the lo§s o
metal and the current density.

Exchange current density

Considering the reaction of reduction of hydrogen:

It

2H* + 26" H, (3.2.4)

At equilibrium the rate of the forward reaction lhggen reductionrf) equals to the
rate of the backward reaction hydrogen oxidatighi(e.:
_iM

nkF

re =r, (3.2.5)
where, ip is exchange current density. The exchange cudensity is affected by the
electrode surface and depends on the material langbreparation of the electrode. For
instance the exchange current density of reactidl hiydrogen reduction and oxidation
on mercury electrode is about f0A/cm? and on platinum is significantly higher 10
Alcm?,

Electrochemical polarization

When the potential (E) of an electrode is changechfthe equilibrium potential
(Eeq) the electrode becomes polarized. The differeneebg, is called overpotentiaf. If
the electrons are supplied to an electrode theipatéon is negative and is called cathodic
polarizatiomn.. On the contrary, if electrons are removed fronel@ctrode the polarization
is positive and is called anodic polarizatign The polarization is related to the occurrence
of an electrochemical process at the metal surfddere are two main types of
polarization, namely activation polarization andcentration polarization. When the rate
of an electrochemical reaction is limited by arceten transfer it is said that the reaction is
under activation control. This suggests the preseh@ctivation barriers i.e. energy that is
required to overcome in order to achieve the inésliate activated state before the
reaction occurs. When the rate of an electrochdmieaction is very high the
concentration of a reagent becomes limited by diffio and we have concentration
polarization.

Activation polarization

Let’s consider reaction 3.2.4 of hydrogen redudbaitation. The energy profile of
this reaction is presented in Figure 3.2.2. Thevatibn energy of forward and backward
reactions are respectivelyG; and AG, . At equilibrium the difference between the
activation energy of forward and backward reactisnselated with the standard potential
(Eeg) Via:
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AG, -AG, =-nFE, (3.2.6)

The relationship between the rate of forward @r backward reaction gy and
temperature obeys the Arrhenius equation:

AG,

r, =K, expli— ! } (3.2.7)
RT
AG’

r, = Kbexp[— RTb } (3.2.8)

where K; and K, are reaction rate constants for the forward anckward reaction
respectivelyR is the molar gas constant afd the temperature. At equilibrium conditions
the rates of both reactions are equal and accotdieguation (3.2.5):

AG, ’
o =K exp{— R'If' } =K, exp{—%} (3.2.9)

The last equation shows that exchange current gedsftends on the activation
energy.

Aqtiyated state

by [ac=nFE,

. 1-a)nFn v
H ( 3 N

Free energy coordinate

L)

Reaction coordinate

Figure 3.2.2. Energy profile of half cell reacti@wlid line presents equilibrium
state and dashed line presents polarized statph@adapted from ref. [26].

Polarization of an electrode shifts the energyif@ef For cathodic polarization the
activation energy of forward reaction of hydrogeauction is decreased lmFy. and
activation energy of backward reaction is increabgd(1-w)nFn. as shown on energy
profile that describes the polarized state (dasime] (Figure 3.2.2). Factax shows the
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fraction of polarizatiom taken by forward reaction. By analogy with equat{8.2.9) the
cathodic current density of forward reaction is:

2K expl A ZanFn. (3.2.10)

¢ — K E€XP RT e
and the anodic current density of the backwardtieads:

i =K ‘bexp{— AG, + (;'Ta)”F”C} (3.2.11)

The net current that flows becomes:
=i i =i, expl IO | ey —AZOINF, (3.2.12)
RT RT

This equation represents the Butler-Volmer equadioth shows the dependence of
the rate of the electrochemical process on theiepphthodic electrical potential. At high
polarization the rate of backward reaction (oxioiliis very low and the right term of
equation 3.2.12 can be neglected, thus:

oo ankr,
i, =i exp —==<
o] T
or
ne = 2'3RTI09('.—°j (3.2.13)
ank Iy
and
g =2RT (3.2.14)
anF

Equation 3.2.13 is called the Tafel equation 8pds called Tafel constant. The
same discussion can be applied to anodic polasizati

_ 2T (i,
7, _—(l—a)nF Iog(ioj (3.2.15)
B, =% (3.2.16)

wherep, is the Tafel constant for the anodic reaction.

The plot of potential E or overpotentigersus loggives straight lines with slope
equal to the Tafel constants when the electrocrEmeaction is under activation control,
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which can be seen in Figure 3.2.3. The interseatibthe two straight lines gives the
equilibrium potential & and the exchange current density i

Potential 4"

Io Log i

Figure 3.2.3. Potential vs. log i showing lineaféeld&ehaviour (straight lines).

Concentration polarization

If the rate of an electrochemical reaction is hilgla concentration of electroactive
species at the electrode surface decreases. Fig@rda shows the decrease of a
concentration of electroactive species at the mdet surface due to high rate of the
electrochemical process. The distance (d) is &iless of a solution layer with gradient of
concentration, Gk and Giectroge@re the concentrations of electroactive specig¢larbulk
solution and at the electrode surface respectivélyentually, when there is no more
reagent at the electrode surface, the flowing cdifbecomes limited by the transport of the
reagent to the electrode surface. The value of malxcurrent when LecirogeWill be O or
(much less than thepGy) is called limiting current,iFigure (3.2.4b). The limiting current
can be found using the following equation:

i = 2N G (3.2.17)
d

where n is the number of electrons in the eleceotbal process, F is Faraday constant, D
is the diffusion coefficient of the electroactivpesies. At limiting current density the
electrode process occurs at the maximum rate abeaeen in Figure 3.2.4b. Since the
concentration of electroactive species at the mldet is decreasing, thus according to
Nernst equation the half cell electrode potentidll e changed thus more polarization is
needed in order to maintain the current flow. Tiescess polarization is called
concentration polarizatiomdond:

Meone = 2RT 09(1—.—'j (3.2.18)
anF

I
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When the corrosion currerg is much lower than the limiting current densitgith
the overpotential near thefs due to the activation of charge transfer. Fegi2.5 shows
the combined activation polarization and concemnapolarization. Near the ¢f the
electrochemical process is under activation corgnoln,: is dominating. However, when
the current density approachgs ¢oncentration polarization takes over from adiora
polarization process and the current density besohmeited by the diffusion (Figure
3.2.5). The equation that combines both activadod concentration polarization is the
following:

. 2.3RT|09(|__CJ+ 2.3RT|og{l_l__cj (3.2.19)
anF i, ) anF I

This equation can be used for calculation of kmpairameters when normal Tafel
plots are complicated by mass transfer processes.

Actual
concentration

Concentration

Linear =
approximation

a) 0 Distance b) Log Current density

Figure 3.2.4. Concentration profile of electroaetspecies near the electrode
surface a); overpotentiak)vs. current density at mass transfer conditign&dapted
from ref. [26].
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Figure 3.2.5. Overpotentiglvs. log showing activation polarizatiomdy),

concentration polarizatiomdong and combined polarization{tncond. Adapted from ref.
[26].

Mixed potential theory

When a couple of half cell reactions occur on thetainsurface the total rate of
oxidation must be equal to the total rate of reidumcaccording to the charge conservation
principle. Consequently the sum of anodic currewnpsals to the sum of cathodic currents.

Let’s consider two half cell reactions occurringznc in acid solution, namely, hydrogen
reduction and zinc oxidation (Figure 3.2.6).

g

Potential (V)
m

i, ZnZ*/Zn

4
S~y

S
-~
Fe \-\.

IC-CII‘I‘

Log | (Alcm?)

Figure 3.2.6. E vs. log | plot showing two halflgelactions on zinc surface.
Adapted from ref. [26].

Each half cell reaction has its exchange curredt equilibrium potential. As the
half cells are in contact, since they occur onsémme surface, the equilibrium potentials of
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the half cell reactions change until they becomaaétp E,r. At this potential the anodic

current equals the cathodic currentld) and if the areas where both reactions take place
are the same:

la=l¢c = lcorr

where {o is called corrosion current and is proportionatdorosion rate of metal.
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3.3 Electrochemical | mpedance Spectroscopy

EIS or AC impedance spectroscopy is a valuable ogefor analysis of many
electrochemical systems. This technique can beiegpph many areas of materials
characterization including semiconductors, batserielectrodeposition, corrosion and
characterization of organic coatings. Unlike DCariation the EIS is a non destructive
technique that normally uses only a small potengiafturbation near the corrosion
potential of the analyzed electrochemical systeus #liminating polarization effect. The
impedance method can resolve numerous parameténs efectrochemical processes at a
metal interface and electrical properties of oxfdes and coatings by modeling the
interface through the combination of electrical caits. This provides means for
determination of the kinetics of the reactions odog at an interface and properties of
coatings and passive layers.

The concept of electrical impedance was first iiiced by Oliver Heaviside in the
1880s and further developed in terms of vectorrdiag and complex representation by A.
E. Kennelly and especially C. P. Steinmetz [269]re&all of papers dealing with the
mathematical procedures for impedance treatmentvesented in ref. [270]. In the 2@
is worth to mention works of Grahame [271], Rand&&], Erschler [273] and Epelboin.
[274] Applications of EIS for investigation of cosgion protection by organic coatings
have been reported by Potente and Braches [27&htl8buryet al. [276], Beaunieet al.
[277], Mansfeldet al. [278]. Abundance of information on application BIS in many
fields ranging from metal or semiconductor eleotr@dkectrolyte interface,
electrode/layer/electrolyte system, porous eleespdsolid electrolytes exists in many
books and chapters [269,279-282].

3.3.1Instrumentation

Traditionally impedance measurements were performsithg AC-bridge and
oscilloscope. With the appearance of frequency aesp analyzers (FRA) it became
possible to perform impedance measurements eaSRA is used to generate the
excitation signal and analyze the response. Smagililude sine wave signal is applied to
the electrochemical cell and the response is medsat the same time. Usually the
measurements are done in the range of frequenaestighest to lowest values in order
to get information from different processes ocagrin the system. A FRA correlates the
response of the system in terms of current to guliexp voltage and determines the
impedance. Comparison with other systems and pesé&nd negative characteristics of
FRA can be found in ref. [283].

The FRA system normally includes a waveform gewer&d produce the sine
waves and a potentiostat to control the potenfigure 3.3.1). It must control both the DC
potential as well as the AC excitation voltage. Tigtrumentation must also contain an
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analyzer that accurately measures the AC compormériisth the voltage and the current

and the phase relation between them. These datsadeto calculate the impedance of the
system. Because of the complexity to optimize avatdinate these AC measurements, a
computer is generally used to run the experimedttamisplay the results in real time.

FRA
punter electrode
Wave form 5
generator Reference
) electrod
) E Potentiostat \a
Analyzer Working
electrode
Electrochemical

{} {E cell

Computer

Figure 3.3.1. A block diagram of the instrumentatised for EIS. Adapted from
ref. [284].

3.3.2 Theoretical background

For a linear response system a small applied A@agelas a function of time is
expressed as:

V(w) =V, sin(wt) (3.3.1)
whereV, is the voltage amplitude is the angular frequencw€2xf, f — frequency in Hz)

andt is the time. The response to the voltage pertimbas an AC current that has the
same frequency but different amplitudend an additional phase shgf{(deg):

I (w) =1, sin(ct +¢) (3.3.2)
Schematically the wave forms of the two signalspaesented in Figure 3.3.2.

An expression analogous to the Ohm’s law can baemrbased on the voltage and
current functions:

V_sin(at sin(at

Z(w) =—=2 @) _ Z,— )
|, sin(at + @) singdt +¢)

The Z@) function is defined as the impedance of the syst&/hen plotting the
applied sinusoidal voltage signal against the nregasaurrent signal on the x, y graph a

(3.3.3)
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Lissajous Figure is obtained (Figure 3.3.3). Frdms plot it is possible to calculate the
impedance |Z| graphically [282].

Figure 3.3.2. Sinusoidal signals of the appliedage and current response with
phase shift.

/ /
/\ [\ - v/ Lissajous Figure
\/ [
lo+A/sin (wt-@) f
Fo £
>
Eo + AEsin mt<
>

Figure 3.3.3. Lissajous Figure (an oval) formedapplied voltage signal on the X
axis and current response signal on the Y axispfegbfrom [282].

Using the Euler relation:
e = coswt+ | sinut (3.3.4)
where j=V-1, equation 3.3.3 can be rewritten as:

Z(w)=|Z|€’ =| 4cosp + | Z sing (3.3.5)
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In such a way the impedance is presented as a esmnmuimber with real and
imaginary parts:

Z(CO) = Z('real) (CO) + jZ("imaginary) (CO) (336)

The introduction of complex numbers allows presentthe impedance in an
Argand diagram or Complex plane plot in both Caatesand polar coordinates (Figure
3.3.4a). Impedance spectra can be also presentkd @omplex plane plots when plotting
its real part on the X axis and its imaginary pamtthe Y axis (Figure 3.3.4b). In the
Complex plane plots the low frequency data aregmtes! on the right part of the diagram
and the high frequency data are presented on fthea. The modulus of impedance |Z| is
shown as a vector and corresponds to a singledrexyuat each point:

12| =4Z(0)? + Z'(0)? (3.3.7)

The phase angle can be given as:

@ = arctanﬁ (3.3.8)

Another way of impedance representation is a Bddewhere thdog modulus of
impedance and the phase angle are plotted as aociurf log frequency (Figure 3.3.5).
The use of Bode representation has many advantagepared to Complex plane plots
particularly if impedance is measured over a widage of frequency or need to be
presented in the same graph. The first one is din@olgeneous distribution of the points of
the graph unlike for Complex plane plots wherertggority of the points are presented on
the left or right side of the Figure 3.3.4b. Thegwency information is available on the
graph. The phase angle showed in Bode plot is sitsenindicator of small changes in the
spectra [285].

z” 723 =2
VA Z :
: 1ZI
; w=0
¢ (V= 4 %/
a) - b) Z 7

Figure 3.3.4. Argand diagram showing impedanceorea), Complex plane plots
representation of real and imaginary parts of inaoee spectra at different frequencies on
real axis (Z) and imaginary axis (Z°) b).
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Figure 3.3.5. Bode plots representation of modafumpedance and phase angle
vs. frequency.

The interpretation of impedance data usually iso@ased with the use of
equivalent circuits that are used as analogy t@thsico-chemical processes occurring in
the electrochemical system. Such circuits can beeted by elements used in passive
electrical circuits such as resistor, capacitor snttlictor presented in Table 3.3.1. For a
resistor the impedance does not depend on frequerntyloes not have an imaginary part.
The current passing through the resistor is proguat to the applied voltage and is in
phase with it. For a capacitor the impedance hasioraginary component that decreases
when increasing the frequency. The phase shift émtweurrent and voltage is -90° for an
ideal capacitor. In contrast to capacitance theemapce of inductor element increases
with frequency and the phase angle shift betweerectiand voltage is 90°. Figures 3.3.6,
3.3.7 and 3.3.8 present the Complex plane and Bxaks corresponded to frequency
dependent impedance of resistor, capacitor ancctodelements.

More complex equivalent circuits contain two or moelements which are
combined either in series or in parallel. The imgesk of the circuits follows Kirchhoff's
laws. The total impedance Z of combination of eletaewith impedance Zand 2% is
expressed as:

Z=27+7Z, Forseries circuit (3.3.9)
iz—1+—1 For parallel circuit (3.3.10)
zZ 7, Z

Examples of the Complex plane and Bode plots for é&nents connected in
series or in parallel are presented in Figures93aBd 3.1.10. Figure 3.3.11 presents the
impedance of circuit R1(R2C) that has an additiaesistance (R1) combined in series
with R2C parallel element.
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Table 3.3.1. Common electrical elements used tuits

Element symbol Impedance expressiagn

Resistor (R) Jm/_ R

Capacitor (C) —| |— jiaﬁ

Inductor (L) | e Y Y Y jal

Many electrochemical processes can not be modeteudoging only the simple
electrical elements discussed above. In varioustrelehemical systems an additional
element called Warburg impedance (W) which is egldb a mass transfer processes may
be needed. The equation for Warburg impedancesifotiowing [269]:

Z, =ow"?+ jow"? (3.3.11)

The coefficient is:

RT { ! 1 (3.3.12)

’ n?F2AJ2 CoxDoxllz +CredDredl/2
where Cox , Geq and Doy , Dreq are the concentrations and diffusion coefficiestghe
oxidative and reductive specigsjs the number of electrons involved in electroctuain
reaction,A surface area of an electrode; Faraday constanR - universal gas constant
andT - temperature. Warburg impedance appears norraglyw frequencies as a straight
line with the slope of 45° on Complex plane pldtsis form of impedance is valid when
the diffusion layer thickness is infinite. Howevercorrosion related systems the diffusion

layer has a finite thickness which results in aaptlequation applied for bounded
conditions:

Z, = ow?(1- j)tanf{d(%dj_ J (3.3.12)

wheresd is the diffusion layer thickness aldis some average diffusion coefficient of the
species involved in the process.
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Figure 3.3.6. Complex plane and Bode plots reptewgthe impedance of 3000
Ohm resistor.
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Figure 3.3.7. Complex plane and Bode plots reptesgthe impedance of 1*10F
capacitor.
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Figure 3.3.8. Complex plane and Bode plots reptesgthe impedance of 1*1
inductor.
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Z= R—é Impedance of RC circuit in series (3.3.14)

Phase angle

o
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Figure 3.3.9. Complex plane and Bode plots reptesgthe impedance of R-C
element combined in series. R=3000 Ohm, C=T*E0
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Figure 3.3.10. Complex plane and Bode plots reptesgethe impedance of R-C
element combined in parallel. R=3000 Ohm, C = 1*E0
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Z=R +L Impedance of R1(R2C) (Randles) circuit (3.3.16)
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Figure 3.3.11. Complex plane and Bode plots reptesgthe impedance of
R1R2C circuit. R1 = 500 Ohm, R2 = 1¥10hm, C=1*1¢ F.

In the equivalent circuit models presented abowveapacitor element was used.
However, in real electrochemical systems differemomalies are present and the
impedance spectra do not follow a true capacitiehalwior. The deviation of the
capacitative behavior from ideal can be origindtedh inhomogeneities of the electrode—
material system and it can be described in terma obnnormalizable distribution of
relaxation times [286]. The deviation can also ioage from non uniform diffusion whose
electrical analog is an inhomogeneously distribuR@ transmission line [287]. For
instance in the Complex plane plots a semicircémasted with a RC circuit in parallel is
often depressed. The phase angle of such system mmtepresent pure capacitative
behavior and deviates from -90°. Various matherabtapproaches have been used to
model such deviation and one of them is to preaetapacitor as the so called constant
phase element (CPE). The expression for impedamagch element is the following:

1

Loy =————— 3.3.17
CPE Yo(ja))” ( )

where Yy is admittance independent on frequency and therexg n is usually {h<1.
Given that the CPE is a general element it canriesdifferent elements: resistor (n = 0),
Warburg (n = 0.5) or capacitor (n = 1).

CPE is often used for studying the corrosion systemorder to describe their non
ideal behavior. The parametery Yvhich is obtained after the fitting procedure has
dimensions '¥Q that is different from that of a capacitanc&Xst F) [307]. Thus, there is
a difference between thep¥and a capacitance and the use @ffdf calculations of a
thickness or a dielectric constant can result imorer Therefore in this work the
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capacitance was calculated from the fitting paransetising the relation presented by Hsu
and Mansfeld [307]:

Creal = Q(wmax )n_l (3 3. 18)

where whax IS the angular frequency at which the imaginarypesence reaches a
maximum for the respective time constant, Q {&’) andn are the fitting parameters of
the CPE element.

A parameter known as time constanti¢ used to describe a relaxation process that
occurs when a perturbation is applied to a stetatg system:

r=RC (3.3.19)

where R and C are the resistance and capacitancan be described as a relaxation time
of the process i.e. characteristic time respons¢éhéoapplied perturbation. Each time
constant has its characteristic frequehttyat can be ascertained by:

fo 1 (3.3.20)
2mr
The equation shows that fast processes occur atffreguency and slow processes

occur at low frequency.

3.3.3Validation of impedance data

The impedance spectroscopy method is based orircagsumptions that must be
fulfilled in order to get valid data. These assuio are [283]:

« Causality. The response of the system is only duee perturbation applied and does
not contain significant components from spuriousrees.

» Linearity. The perturbation/response of the sysiemescribed by a set of differential
laws. This condition requires that the impedancesdaependent on the magnitude of
the perturbation. However, in practice this is lhardchieved since the current
exponentially depends on the applied potential. ediéeless, when the applied
perturbation is small enough typically around 1r1¥d a system is pseudo linear.

» Stability. The system must be stable in the semskit returns to its original state after
the perturbation is removed. This requirement isdlyaobtainable for corroding
systems because by the end of the measurementyshems might be changed to
another state. Therefore it is suggested to pertboemeasurement as fast as possible
before the change of the system.

» Finity. The transfer function must be finite valuatih— 0 ande — o« and must be
continuous and finite-valued function at all inteuiate frequencies.
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Under the above mentioned assumptions a set aéftnans between the real an
imaginary parts were shown to hold by Kramers amdni{. In order to validate an
impedance data Macdonadd al. suggested the use of Kramers-Kronig (KK) transtorm
[288,289]. These transforms are mathematical mlativhich convert the real component
into the imaginary component and vice versa. WHen déxperimentally observed real
component is transformed by K-K transforms, it ddgteld the experimentally observed
imaginary component. If it is not the case, them dhtained experimental results are not
valid and can not be interpreted as impedance. Memvethe applicability of KK
transforms sometimes is questioned because thetiomsdof finity can not be satisfied in
many experimental cases [290,291]. In real systémssnot possible to go until very low
frequencies in order to meet the requirements redéole KK transforms to agree with
experimental data.

3.3.4Interpretation and application of impedance data

For analysis of impedance data the main problerto ishoose the model that is
applicable for a particular case. If the spectrugspnts one time constant element only the
equivalent circuit is simple. However, for more quivated impedance spectra a
combination of electrical elements can be useceeith series or in parallel. It should be
noted that an equivalent circuit consisting of mtiten 3 elements can be rearranged in
different ways yet giving the same impedance afrafjuencies. Therefore the physical
meaning of impedance spectra is essential for iogeatn appropriate equivalent circuit
model for the electrochemical system.

The electrical equivalent circuit of a simplifiedeetrochemical interface also
known as Randles circuit (without Warburg impedanselescribed in Figure 3.3.11. This
circuit is completed by the addition of the R1 sémnce, in series with parallel capacitance
C and R2 resistance elements. The determinatidheotomponents of this circuit [272]
provides important information about the reacti@aml structure of the metal/solution
interface. In a typical case R1 is the solutioristasce, R2 is the polarization resistance
(Rpola) and C is the double layer capacitancg)(@n addition to its usefulness the Randles
model usually is a starting point for more compl®odels. In certain circumstances
Warburg impedance is introduced in series with podéion resistance to characterize
mass transfer limitations [271]. When organic auggior oxide layers are present on the
metal surface additional elements have to be intred in the equivalent circuit model.

A number of reviews have been published descrilbiregexperimental methods,
conditions, models, approaches for evaluation efithpedance data and applicability of
EIS for studying corrosion protection of coated atlet substrates [292-296]. Typical
behavior of a coated metal system in electrolythuitem during different stages of
corrosion is presented in Figure 3.3.12. Initidhg intact coating can be characterized by
the equivalent circuit presented in Figure 3.3.12@&compensated solution resistance,jR
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is in series with the capacitative responsg{of the coating. In the plot log|Z| vs. fog
straight line appears due to pure capacitative \nehaf the coating and in the plotvs.

logf the phase angle becomes -90°. However at highdrexy a resistive plateau related to
the solution resistance is visible (Figure 3.3.12t pa). When electrolyte solution
penetrates the coating through the defects or pbfesms conductive pathways down to
the metal substrate. Another component.{Rappears in the equivalent circuit that
describes the resistance of the coating. A resistesponse can be seen on impedance
spectra at low frequencies (Figure 3.3.12 ploMihen the aggressive species achieve the
metal substrate a corrosion process starts ancdditional elements namely polarization
resistance and double layer capacitance shouldithedato the equivalent circuit (Figure
3.3.12c). Short explanations concerning the prasiand properties of each element are

given below.
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Figure 3.3.12. Equivalent circuits and correspogdiode plots representing

different stages of metal-coating degradationha)ihtact coating, b) the porous coating,

c) the porous coating and the started corrosiamigct
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Solution resistance

Solution resistance & arises between the reference and the workingrelies and
often is considered in the equivalent circuit med&olution resistance depends on the
distance between the electrodes and on the condyaif the electrolyte used during the
spectra acquisition. It can be a significant fadtorelectrochemical measurements. When
Rsol IS higher than the resistance of other elementshén electrochemical circuit the
response of such elements in impedance spectraecharely distinguishable. For instance
the impedance spectra taken in concrete may baeimied by R, because of high
impedance between the reference and the workirgretees. When making impedance
measurements on the metal substrates with thinngsabr inhibitive layers, 8 must be
low enough to be able to distinguish a low resistamesponse from the coatings or layers.

Coating capacitance

When the metal is separated from the electrolyta bijelectric coating a capacitor
can be considered to be formed with the condugiiages being at the metal, coating and
coating-solution interfaces. The capacitance otctheing Goa:can be expressed as:

cC = EELA

coat d

(3.3.21)

wheree is the relative dielectric permittivity of the do®y, g is the permittivity of vacuum
(Flcm), A — surface area (chandd — coating thickness (cm). Changes of the coating
capacitance normally can be associated with chaofydse dielectric permittivity due to
water uptake. Since the relative dielectric cortstdrorganic coatings is small, typically
around 3-4, unlike of water that is around 80 &23he ingress of water in the coating
significantly increases the capacitance. The cgatapacitance can also be influenced by
the increase of the coating thickness caused bgwe#ling processes.

The empirical relationship derived by Brasher-Kings [297] is the most used for
calculation of the amount of water absorbed byctbegting:

of2)
W% =100 S (3.3.22)
Lg(e,)
where, W% is the volume percentage of the absonzdr by the coating, {JF/cnf) is
the capacitance of the coating at the beginnirexpbsure; €(F/cnf) is the capacitance of
the coating at the timeof exposureg,, — is the dielectric constant of water equal to 80.
However, Brasher and Kingsbury observed that theutzed values of water uptake are
often higher than the values measured using grasym&lore recently, Bellucci and
Nicodemo [298] developed two models, the discretedeh (DM) and the continuous
model (CM), for the determination of the ratio W/\Mstween the adsorbed water (W) and
adsorbed water at saturation (Ws). In the DM, ilm fs considered homogeneous and
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described by a simple RC circuit. The CM model aers the film as a set of individual
layers of thicknes$d, each of them being homogeneous and describead R circuit.
Apart from these models there are also other wilrésdescribe the theory of permittivity
of heterogeneous materials presented by Rayleigiett&her, and others [299]. More
recently another model for estimation of water kpta polymeric coatings was presented
by Casteleet al.[300,301]. The model considers that the film cetssof three phases such
as water, air and solid (coating). The electricalpgrties of this system can be described
by series of RC elements through the film thickndssew model to estimate water uptake
inside non-conductive films was established takimg consideration the film tortuosity
[302]. Although there are numerous different apphes for the water permeation
calculation, in the present work a simplified egomatderived by Brasher-Kingsbury was
used.

Coating resistance

Coatings provide a barrier against corrosive sgediowever, no ideal coatings
can be made and there are always defects and mao@-pores in the coating which favor
electrolyte penetration. The electrolyte in theed&$ and pores forms conductive pathways
down to the metallic substrate. Thus the magnitfd®..o; at a given time is an indication
of the barrier properties and of the state of déggian of the coating caused by solution
ingress via pathways through the film. In genergl#fs electrolyte sensitive and decreases
when the concentration of the electrolyte incre$3e8].

Double layer capacitance

When a metal is immersed in an electrolyte a patkwirop arises across the
interface metal/electrolyte. The appearance of quatential drop is associated with the
formation of charged layers at the interface. Arghaseparation arises between the
charges in the metal and ions in the solution. Beigaration is often very small in the
order of angstroms. As well known charge separaimnss the interface forms a capacitor
that is called electrochemical double layegXan corrosion studies {is correlated with
the corrosion process and also can be relatedetaéigree of delamination of coatings
[304,305].

The value of the double layer capacitance depemdsdifferent factors like
electrode potential, temperature, ionic concemrgtiions type, electrode roughness,
specific adsorption, presence of oxide films etiee Typical values can be in the range of
10-50puF/cnt.

88



Polarization resistance

The polarization resistance R, is related to the kinetics of the electrochemical
reaction (corrosion current density) via Stern-@eaquation [306]. Therefore the
polarization resistance can be the measure ofdtresion rate of the metallic substrate.

3.3.5Equivalent circuits used for fitting of impedanqeestra

Quantitative analysis of impedance data was baseghysical modeling of the
processes occurring at the interfaces. The equivaiecuit models presented in Figure
3.3.13 were used for fitting of impedance specfrdbare alloy samples immersed in a
corrosive electrolyte. The immersion of a bare inigtaa corrosive electrolyte results in
appearance of a charged layer and occurrence cfataemical processes on the metal.
EIS makes possible to detect the charged layer tloatesponds to double layer
capacitance (& and electrochemical processes that are relatgublarization resistance
(Rpola)- The equivalent circuit model presented in FigBu@&13a was used to fit impedance
spectra of the corroding metal at initial immersione. At longer immersion a diffusion of
electroactive species to the metal surface canigrgfisant due to the formation of a
corrosion products film that impedes the transjpbrélectroactive species. The diffusion
limitations results in appearance of a new elemaramely Warburg impedance.
Equivalent circuit presented in Figure 3.3.13b esponds to the case when diffusion
element is introduced into the model.

When the metal has a dense oxide film coveringut$ace the impedance spectra
at initial immersion time in corrosive electrolytan be described by the model presented
in Figure 3.3.13c. During the initial time the amsion process has not yet started and
impedance spectra can be fitted by a circuit desggithe properties of the passive oxide
film (Cox and Ry). The corrosion progress eventually starts whemosive species come
into the contact with the metal surface throughdb#ects or pores in the oxide film. The
transport limitations of electroactive species megult in the appearance of an additional
time constant element associates with the diffupimtess (Warburg W). The equivalent
circuit models presented in Figure 3.3.13d,e weseduo describe the corrosion progress
on the metal with the passive film. In the case nvhihibitive species are present in the
corrosion electrolyte a new time constant elememt appear on the impedance spectra.
This element is associated with the presence oflaibitive film on the surface of metal
(Cinn and Ryp). The film can be an adsorption layer of inhilgtigpecies on the metal
surface or layer of insoluble corrosion productsnwétal and inhibitor. The equivalent
circuit that accounts for the inhibiting film isgeented in Figure 3.3.13f.
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Figure 3.3.14 presents equivalent circuit modeedusr fitting impedance spectra
of the sol-gel coated substrates during immersioa corrosive electrolyte. Bode plots of
the sol-gel coated alloy substrate has two timestzons that are attributed to the barrier
oxide film formed during the etching of alloy andl-gel coating. At the beginning of
immersion corrosion species slowly penetrate tHegsbcoating. The equivalent circuit
presented in Figure 3.3.14a was used to fit theedapce spectra at the beginning of
immersion. The circuit has following elementgofeand Roa: that correspond to the
properties of the sol-gel coating. Penetrationhef barrier film usually takes longer time
thus only dielectric properties of the barrier filban be detected and therefore circuit
includes only capacitance of the barrier oxide fi{@). During the development of
corrosion aggressive electrolyte penetrates theebamxide. As a consequence, a new
element (RBy) associated with the resistance of the barriegrlay added in the equivalent
circuit (Figure 3.3.14b). Corrosion process appeaftsr the contact of an aggressive
electrolyte with the metallic surface. Two elemerdgkated to the corrosion activity are
added to the circuit (§and Roa) which can be seen in Figure 3.3.14c. In somesctse
impedance spectra may contain an additional tinrestemt element associated with the
diffusion process (Warburg W) which can be addeth&circuit in order to increase the
quality of fitting of impedance spectra (Figure.24).
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3.4 Scanning microelectrode techniques

Extensive development of scanning microelectrodbrtgues has been done in life
sciences [308,309]. Nevertheless scanning microelde techniques has found a useful
application in the investigation of the localizeasrrosion processes occurring on the metal
and alloy surfaces. Common examples of the loddlieerrosion activity are pitting,
intergranular, crevice and galvanic corrosion. Etlengeneral corrosion normally occurs
via development of localized anodic and cathodineso The measurements of the
localized currents in different systems can bequeréd by Scanning Reference Electrode
Technique (SRET) or Current density probe also kmaw Scanning Vibrating Electrode
Technique (SVET) that have been initially appliadbiological science [310-312]. Isaacs
demonstrated application of such techniques inliloaé corrosion studies [313,314].
SVET technique has been used to study variousitachlcorrosion processes, including
stress corrosion cracking of stainless steel [2&)] corrosion inhibition by cerium salts
[316]. More recently, other workers have succegsfapplied the SVET to the study of
corrosion on coil-coated steel [317] and in cuteedgnes [318].

3.4.1Basic principles of SVET and SRET

SVET and SRET techniques are based on the deteaftittre difference in electric
potentials in the electrolyte due to existing iooisrent flows close to metallic substrates.
In the case of corrosion processes such currediegris come from the localized anodic
and cathodic corrosion activity. The local flows afodic and cathodic currents can be
interpreted in terms of half-reactions that occudifferent zones of metal surface. The
cathodic current flow (flow of anions) usually isoduced by the reaction of oxygen
reduction with the formation of hydroxyl ions ordrggen reduction:

n/40,+ n/2H,0+ né -~ nOH (3.4.1)

nH"+ne - n2H, (3.4.2)

The respective anodic current (flow of cationsjasised by the dissolution of metal
according to the following reaction:

Me - ME" + né (3.4.3)

Figure 3.4.1 shows a schematic view of the poteatid current distribution above
the surface of a local anode. Close to the metéhae current lines go almost radial to the
metal surface and intersect the potential linepgrdicularly (Figure 3.4.1). For a solution
with a specific resistangethe potential differenceA{/) measured between the two points
with distanced indicated in the Figure 3.4.1 is related to thealacurrent passing between
these two points via equation [313,314]:
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local =&Y (3.4.4)

od

The difference can be measured using two micraelées. In SRET two
microelectrodes are separated with a fixed distéeteeen them. The potential gradients
are measured while moving the electrode setup atim/eurface. However the signal-to-
noise ratio is relatively low in the case of suahaagement. On the other hand, the
potential difference can be measured by only oeetelde vibrating between the two
positions (d) in the electrolyte. This approachhvatvibrating electrode is used in SVET.
The potential gradient is measured in the directbrelectrode vibration as shown in
Figure 3.4.2b. Both techniques use a precise X-3¥canning system that controls the
movement of the electrodes in the plane of the asyrface. A map of localized currents
is obtained when scanning the surface in (x,y)@lan

SVET has many advantages compared to SRET suchghserhresolution and
sensitivity for small currents. This is achieved using lock-in amplifiers. The vibrating
probe transforms the measuring signal into AC dignith the same frequency as the
vibration. A lock-in is used to receive the companeelated only to the vibration
frequency and filters any other interference insieg the signal to noise ratio. In order to
use values of the measured potential differencealébration procedure is usually
performed by placing the microelectrode at knowstatdice from another microelectrode
that is a source of ions. This calibration is vdtidthe electrolyte solution used and for the
particular vibration frequency and amplitude of gnebe [319].

----- Current lines
— Equipotential lines

Cathode

Figure 3.4.1. Schematic sketch of current and piatlesistribution above a local
anodic zone. Adapted from ref. [320].
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a) SRET b) SVET
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B

Figure 3.4.2. Scheme of SRET a) where two Pt tipsaparated on distana#
and SVET b) where a single tip vibrates with anuplé ‘d” . Adapted from ref. [320]

3.4.2 Micro-amperometry and micro-potentiometry

There are other techniques which use scanning elextvodes for localized
investigation. Scanning micro-amperometry and mpotentiometry methods belong to
family of (SMET) scanning microelectrode techniqgaes are based on the measurements
of current and potential difference at micro-scdlecal amperometry has been found
usable in various applications for medicine, bioulsry and analytical chemistry [321-
323]. In experimental work platinum microdiscs armstly used as microelectrodes
because the mathematical relation between thentuared concentration of electroactive
species is simplest and well known.

Micropotentiometry has been extensively developedife sciences [324]. Local
potentiometry in corrosion has been used more déedetermination of pH [325] and pH
and concentration of chloride ions [326] using Batective micro-electrodes. Nevertheless
it can be successfully used for measurements aferdration of various cations [327,328].
For corrosion studies Ogle has demonstrated thdicappity of both SVET and
micropotetentiometric detection of pH on the cugedcorrosion [318]. A study of
distribution of pH over galvanic couple between and steel was reported in [329].
Experimental procedure is simple and uses the sappgoach as conventional ion-
selective electrodes. A system includes an indicaliectrode sensitive to a particular ion
and a reference electrode connected to the eleetesmNormally a calibration curve is
made for each system before measurement in ordgegtta relation between the potential
difference and concentration (activity) of ions.
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EXPERIMENTAL

4 Materials, sample preparation, synthesis and experimental techniques

4.1 Materials
4.1.1 Aluminium alloy

An aluminum alloy 2024-T3 was used as a primaryssake. The nominal
composition of the alloy is given in Table 4.1.1.

Table 4.1.1. Composition of aluminum alloy 2024-W8, %.

Element | Cu Cr Fe Mg Mn Si Ti Zn Other | Al

Conc. 384901 |05 1.2-1.8 | 0.3-09| 05 0.15| 0.23 0.15| Bal.

4.1.2 Chemicals

A list of reagents that were used for synthesmésented in Table 4.1.2.

Table 4.1.2. List of reagents used for synthesis.

Reagent name Abbreviation Producer
3-glycidoxypropyltrimethoxysilane GPTMS Sigma-Alchi
Zirconium (IV) propoxide TPOZ Sigma-Aldrich
Ethylacetoacetate EtAcAc Fluka
2-propanol 2-propanol Sigma-Aldrich
Acetylacetone AcAc Fluka
Titanium (IV) propoxide TPOT Sigma-Aldrich
Pluronic® F-127 Pluronic Sigma-Aldrich

The inhibitors used for testing the corrosion pecbta of the alloy are presented in
Table 4.1.3.

97



Table 4.1.3. List of compounds used for testingrtb@rrosion inhibition properties

for 2024 aluminum alloy.

Reagent name Formula rl\:zlsa; Producer
Cerium nitrate hexahydrate Ce(B)e¥6H,0 434.22 i;g:?c?{
Lanthanum nitrate hexahydrate  La(R§6H,0 433.22 Fluka
Cerium molybdate GE&M00O,)3 (@amorphous) ~760.04 I(I;l%/le
7 H
7a N .
. 6 N Sigma-
Benzotriazole 5@ N2 11912 | \dnich
3a
7N
N <
- i B igma-
2-Mercaptobenzothiazole S>—SH 167.25 Aldrich
H 1
N igma-
1,2,4-triazole 5 °N 2 69.07 Sigma
\ Ly Aldrich
4N N3
. NH gma-
3-amino-1,2,4-triazole HN ~ 2 84.08 S'gma
\ —N Aldrich
~
. . .
8-hydroxyquinoline N 145.16 Fluka
CH
HO
Salicylaldoxime 137.14 Alfa
Aesar
HO—N/
= H
_ M UM Alfa
Dithizone m SN H “ S 25633 | oo
i s
Br
-Di 8- s
5,7 D|brorr_10 8 302.95 Alfa
hydroxyquinoline - Aesar
Br N
OH
S _
Thioacetamide ).I\ 75.13 i;g:?c?{
H4C NH-
D
. . . Sigma-
.
Quinaldic acid u\ N OH 173.17 Aldrich
@)

98




o-Benzoin oxime

227.26

Alfa

Aesar
2-(2-Hydroxyphenyl) \,_,aN — 211.92 Slgma-
benzoxazole ‘ \>_ Aldrich

A\
O., .N.
N -0
Cupferron 155.15 Sigma-
+ ' Aldrich
NH,
(O
. My 1~ Alfa
Cuprizone :;/ H ¥ \E: 278.35 Aesar
S
-~ . H-N Sigma-
Dithiooxamide 2 N H2 120.20 Aldrich
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4.2 Sample preparation
4.2.1Polishing 1

For localized analysis using AFM/SKPFM techniquégmanum samples were
gradually polished by SiC paper and finished bymdiad paste grade 3 and finally grade 1.
The polished samples were ultrasonically cleaneztpnopanol during 5 min and stored in
a desiccator prior to analysis.

4.2.2 Polishing 2

For corrosion study of bare aluminum substratesnadum plates 3x4 cm were
mechanically polished using SiC paper until 1200gyain size in 2-propanol followed by
ultrasonic cleaning in 2-propanol and drying inaafof air.

Chemical pretreatment

Two methods of chemical pretreatment of AA2024 wéested. Before any
treatment the alloy plates were degreased in aeeton

4.2.3 Alkaline cleaning

The first method includes immersion in water salntiof the alkaline cleaner
TURCO™ 4215 - 50 g/l during 25-35 min at 60-70°C followeyg rinsing with distillated
water then immersion in 20% solution of nitric adigring 10 min at 20-30°C followed by
rinsing with distillated water and drying.

4.2.4 Chemical etching

In the second method the alloy samples were etctsgny an industrial 3-step
cleaning procedure. Aluminum plates were alkalileamed in Metaclean T2001 at 60-70
°C for 15-25 min followed by alkaline etching in TorLiquid Aluminetch N2 at 60+8C
for 30-60 s and etched in Turco Liquid Smutgo NQ%t7°C for 5-10 min. Washing with
distillated water was done after each step of ahgprAt the end the metallic panels were
dried in a flow of air.
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4.3 Synthesisand application of the sol-gel films

The main purpose of the films applied on the ali®yto increase the adhesion
between the metal and the organic paints. In amditie films must provide some degree
of barrier protection. Therefore the approach af #Hol-gel synthesis is based on the
combination of different functionalized reagentsedigo build a system with tailored
properties. In the present work epoxy-functionalizélane (GPTMS) and metalorganic
compounds (Zr or Ti alkoxides) were used as mampmnents of the sol-gel systems.
GPTMS has epoxy groups that are compatible wittptiet formulations used in industry.
The epoxy groups can easily react with the funetiogroups of paints and provide
necessary adhesion. In addition the silicon alkgeaup can be hydrolyzed and chemically
bonded to the metal surface thus providing adhesidne metal. Metalorganic compounds
play a role of inorganic network formers. Oxide oparticles can be formed after partial
hydrolysis of metalorganic precursors. These narigpes reinforce the coating matrix
making it harder and denser. The detailed desoriptf the synthesis procedure of
different sol-gel formulations is the following.

4.3.1 Synthesis of Zr based sol-gel formulations (Sg2r1,2

Zirconia based hybrid sol-gel formulations weretbgsized using a controllable
sol-gel route mixing two different sols. The firsbl (sol 1) containing a zirconium
precursor was combined with the second sol (salvBjch is organosilane based. The first
sol was prepared from 70% zirconium (IV) propoxi@d0OZ) solution in 2-propanol
mixed with a complexing agent at 1:4 molar ratialfle 4.3.1). After 20 min which were
necessary to obtain complexation of the precursgmchronous ultrasonic agitation was
started and 0.5 ml of water with pH 0.5 was addeable 4.3.1) to TPOZ for hydrolysis
and condensation, which continued for 90 min. Etbgtoacetate or Acetylacetone were
used as complexing agents in this synthesis toceethe reactivity of metallic alkoxides.
The molar ratio of TPOZ/Complexing agent/Water we&5:5.5 (Table 4.3.1). The second
organosilane sol was prepared by hydrolyzing GPTiM&propanol using acidified water
(HNO; was used for acidification; pH ~ 0.5) in 4.5:12:/olar ratios of GPTMS/2-
propanol/water for 1 h under rigorous stirring. Tthed sol was obtained by mixing the
zirconium-based sol with the organosilane-basedatree1:2 volume ratio. The final sol-
gel solution was stirred under ultrasonic agitafimnl h and then aged for 1 h. During the
synthesis the sol-gel solutions were cooled dowingua circulating water thermostat
system working at 22 +1C.

4.3.2 Synthesis of Ti based sol-gel formulation (SgTi1,2)

Titanium based sol-gel systems were synthesizedrdiog to controllable sol-gel
route mixing two different sols. The procedureimikr to zirconium based sol-gel. The
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first sol (sol 1) was obtained by controlled hygsi$ of 70% titanium (IV) propoxide
(TPOT) solution in 2-propanol mixed with a complexiagent at 1:4 molar ratio (Table
4.3.1). After 20 min which were necessary to obteemplexation of the metalorganic
precursor, synchronous ultrasonic agitation wagestaand 0.5ml of water with pH 0.5
(HNO3; was used for acidification; pH ~ 0.5) was addedhydrolysis and condensation,
which continued for 60 min. Ethylacetoacetate oetytacetone were used as complexing
agents in this synthesis to reduce the reactivitgnetallic alkoxides. The molar ratio of
TPOT/Complexing agent/Water was 1:3.7:5.5 (Tab&14. The second sol (sol 2) was
prepared by hydrolysis of GPTMS in 2-propanol dohlutin the presence of a small
amount of acidified water with molar ratios 4.571.2: of GPTMS:2-propanol:water (Table
4.3.1). The hydrolysis was performed under stirtigga magnetic stirrer for 1 h. The third
hybrid solution was obtained by mixing the titaninased sol with the organosilane-based
one at a 1:2 volume ratio. The final sol-gel saantivas stirred under ultrasonic agitation
for 1 h and then aged for 1 h. During the ultrasaagitation the sol-gel solutions were
cooled down using a circulating water thermostatesy working at 22 +3C.

4.3.3Synthesis of Ti-based nanostructured network layeith corrosion inhibitor
(TiOxSgZrl/ TIOXBTASgZrl)

TiOx based sol was prepared at room temperature byolygds of TPOT as
follows. At first ethanol solution of the nonionldock-copolymer Pluronic F 127 was
prepared in 1:30 weight ratio of Pluronic to ethHanklPOT was added to the ethanol
solution with the concentration 7*£0mol/L. After stirring for 1 hour the solution was
hydrolyzed by addition of acidified water (pH ~ith)molar ratio 1:100 of TPOT precursor
to water. In 30 min the alloy substrates were dipted in the obtained sol and dried. The
time of deposition in the prepared sol was 3 misdtdlowed by controlled withdrawal
with speed 18 cm/min. The deposited titanium bas@ghnic-inorganic films were then
dried at 25C0C. Inhibitor loading was performed on AA2024 sarsphléth TiOx layer in a
solution of BTA in ethanol (0.05g/l). The AA2024nms with TiOx layer were immersed
in the BTA solution and drawn out with a speed ®fcin/min and then dried at 8C.

4.3.4Preparation of Si@based nanocontainers with corrosion inhibitor (SICBT/
SgZriNCBTx2)

To produce inhibitor-loaded nanocontainers havitigasnanoparticles as core the
layer-by-layer deposition procedure was performmeblving both large polyelectrolyte
molecules and small benzotriazole inhibitor oneke Tinitial SiQ nanoparticles are
negatively charged and the deposition of the pasigoly(ethylene imine) (PEI, MW ~
2000) was performed on the first stage mixing 200Mbi0, (15% wt.) colloidal solution
with 3 ml of 2 mg/ml PEI solution for 15 min. Thethe SiO2/PEI sample was washed
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three times by centrifugation in distilled watehig washing procedure was performed
after each deposition step. Deposition of the negatoly(styrene sulfonate) (PSS, MW ~
70000) layer was carried out from 2 mg/ml PSS smiuin 0.5 M NaCl. Deposition of the
third inhibitor layer was accomplished in acidicdige(pH=3) from 10 mg/ml solution of
benzotriazole. The last two deposition steps (R&Bb&nzotriazole) were repeated once to
ensure higher inhibitor loading in the final LbLrgtture. The resulting nanocontainers
have SIiQ/PEI/PSS/benzotriazole/PSS/benzotriazole layercttre. The benzotriazole
content in nanocontainers is equal to 95 mg per df the initial SiQ particles. The
incorporation of hanocontainers in the sol-gel wadormed during the preparation of the
first sol containing TPOZ (Table 4.3.1).

4.3.5Preparation of Halloysite nanocontainers with csion inhibitor (SgZrHSMBT
SgZrHS)

The preparation of halloysites loaded with inhibite the following. Dispersed
halloysite powder was mixed with 10 mg/ml solutmMBT in ethanol. A vial containing
the mixture was transferred to a vacuum jar and #neacuated using a vacuum pump.
Slight fizzing of the suspension indicates the laging removed from the halloysite
interior. After the fizzing was stopped, the vighsvsealed for 30 min to reach equilibrium
in MBT distribution. The halloysite suspension wantrifuged to remove excess of the
dissolved MBT, cleaned in water three times, aridddrThis process was repeated four
times to ensure the saturation of the inner haiteysavity with precipitated MBT. After
that the obtained halloysites with inhibitor werated by polyelectrolyte layers made of
Pollyallylhydrochloride (PAH) and poly(styrene suifate) PSS employing the procedure
similar to described in the previous paragraph. Timal nanocontainers have
inhibitor/halloysite/PAH/PSS/PAH/PSS layer strueturThe maximum MBT quantity
loaded into halloysite tubes is 5 % wit.

4.3.6 Incorporation of inhibitive additives in the soliggystem SgZrl

Inhibiting compounds such as BTA, 8HQ and Ce¢NWere dissolved in one of
the components of the sol-gel and then incorporatéide sol-gel systems at the respective
hydrolysis steps indicated in Table 4.3.1. The mo#dio of TPOZ and inhibitors was
1:0.0536 (Table 4.3.1). Slurry of cerium molybdedenpound was added to one of the sols
during the sol-gel synthesis. The concentratiomloibitor in the final sol-gel solution was
0.0132 mol and 0.0263 mol or 0.3 wt.% and 0.6 we%pectively (Table 4.3.1).
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Table 4.3.1. Sol-gel formulations.
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4.3.7 Dipcoating

A home made dip-coating system with vibration ifolaand possibility to control
the withdrawal speed was used. The sol-gel filmgeweroduced by dip-coating of
chemically cleaned aluminum substrates with imnoeersime in the sol-gel solution of 100
seconds followed by withdrawal at 18 cm/min. Crlsking, gelation and solvent
evaporation of the produced sol-gel coatings wasethout in an oven afterwards.

4.3.8 Curing

The sol-gel coated alloy samples were dried in cgemfter dipcoating and then
put in an oven at 120 or 13Q during 80 or 60 min respectively. When readygshmples
were taken out from the oven and cooled down atiemhBtmosphere.
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4.4 Experimental conditions of the main techniques used in the study
4.4.1 AFM and SKPFM

A commercial AFM Digital Instruments NanoScope $iystem with Extend&t
Electronic Module was used for studying in situ kivgetics of formation of precipitates on
the surface of AA2024. The evolution of the Voltatgntial difference (VPD) on the alloy
surface was studied ex situ before and after clmmosxposure.

The AFM was operated in contact mode for studyimgsitu the kinetics of the
corrosion process. The topographical measuremeats werformed using a liquid cell
compatible with the AFM and silicon nitride probe#h tip radii less than 10nm that were
purchased from Veeco instruments. Preliminary aodog@pohy map with a visible
intermetallic inclusion was obtained in air in arde check the stability of a scanning tip.
Then the tip was withdrawn from the surface on albdistance and a corrosive solution
was introduced in the liquid cell. After engagemehthe tip on the surface of the alloy,
the topography was continuously mapped during tesion exposure.

The procedure for VPD measurements is differenie MM was operated in
Tapping mode using interleave mode with two passnsc The first scan acquired
topography of the surface using a Tapping modevtadacontamination and deterioration
of the tip. During the second scan the tip is diftgp from the surface to the distance of
100nm, the piezoelectric actuator was switched asfl an AC voltage of 1000 mV
amplitude with the frequency of the cantilever remwce is applied between the tip and the
sample to induce oscillations of the cantileveringsa nulling technique the VPD between
the sample and the tip was measured over the vgusface to obtain the VPD map. The
values of the measured VPD were referenced velsu®\EM probe or versus the VPD
measured on Ni surface that was used as a refederecéo stable properties of its native
oxide [266]. For all SKPFM measurements, silicoab@s (Budget Sensors) covered with
Cr-Pt layers were used.

4.4.2 DC polarization

In the present study the polarization curves waker on the bare alloy in 0.05 M
NaCl solution or in the same solution doped wité thost effective inhibitors in order to
understand their inhibition mechanism and to edeméhe inhibition efficiency.
Polarization was performed with a scanning raté& ofiV/sec using a VoltaLab PGZ 100
potentiostat. A current-voltage curve was obtaibhgdcanning the potential separately in
the positive and negative direction starting frdma bpen circuit potential of the alloy or
only in the positive direction starting from thetloadic potential. The working electrode
was partially coated by Lacomit varnish in suchaywo form a square opening to the bare
metal with approximate surface area of 7°cRiatinum foil was used as counter electrode
and saturated calomel electrode (SCE) was usezfearemce Figure 4.4.1.
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ounter electroc

Figure 4.4.1. Cell for polarization measurements.

4.4 3EIS

The EIS technique was used to estimate the evaolwifahe corrosion protection
performance of bare and coated alloy substrateaaglimmersion in NaCl solutions with
different concentrations 0.005M, 0.05M and 0.5Mr Each condition at least two samples
were tested in order to ensure reproducibilityhs tesults. The EIS measurements were
carried out at room temperature in a Faraday dager to measurement the open circuit
potential (OCP) was let to stabilize during 2-5 minfrequency range between 100 kHz
and 2 mHz with 7 or 10 points per decade and 10AG\perturbation amplitude vs. OCP
were used. The measurements were performed uskagraly FAS2 Femtostat with a PCI4
Controller or a Gamry potentiostat PCl4. Threeetsle cell arrangement was used in the
study (Figure 4.4.2 b). The working electrode cadsgw alloy plate with tightly glued
PMMA cylinder with a surface area around 3.35 ¢figure 4.4.2a). The electrochemical
cell consists of a SCE reference electrode, platirfoil counter electrode and alloy
substrate as a working electrode (Figure 4.4.2bg. EHIS spectra were fitted and analyzed
using Echem Analyst software provided by Gamry.
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Figure 4.4.2. Cell for impedance measurementsa)ekectrode arrangement b).

4.4.4 SVET and microelectrode techniques

SVET

SVET equipment manufactured by Applicable Electterinc. (USA) was used in
the present work. The equipment was controlledheyASET 2.0 program developed by
Sciencewares (USA). The electrochemical setupédsented in Figure 4.4.3a and includes
a Pt microelectrode, two pseudo-reference elecsraahel a sample. The microelectrodes
were prepared from polymer insulated Pt-Ir wiresdoiced by Microprobes Inc. (USA)
(Figure 4.4.3b). A 10-20 um diameter platinum blapkere was electrodeposited on the
tip as can be seen in the Figure 4.4.3b. The nmectede vibrates in two directions, one
parallel (X axis) and another perpendicular (Z ptes the sample surface at different
frequencies. The amplitudes of vibration are twifeetip diameter (Figure 4.4.3b). Signals
are processed by two lock-in amplifiers. Only sigrfeom the field normal to the surface
(Z axis) were considered in the present study. Measured voltage differences are
converted to ionic currents by a prior calibratimutine performed with a point current
source (microelectrode with a tip of ~3um) driveagurrent of 60 nA at 150 um from the
vibrating probe [330,331].

108



Pseudoreference
Vibrating Q"' electrodes
Pt microelectrode © |
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Figure 4.4.3. Electrochemical setup for SVET measants, vibrating Pt probe b).

Micropotentiometry

For the micropotentiometry measurements two eldetrarrangement was used
(Figure 4.4.4a). Home made pH micro-potentiometlectrodes were used as ion selective
electrodes. The electrode comprised silanized gtagsllaries with a tip of 2 um in
diameter on one end (Figure 4.4.4b). The capillaviere back filled with 0.1M KCI +
KH,PO, 0.01M — (internal solution) and front filled with20-30 pm column of hydrogen |
cocktail B ionophore (Fluka, Ref. 95293) as showrigure 4.4.4b. Silver wire coated
with silver chloride served as internal referenEeteode and was inserted in the internal
solution. The microelectrode was mounted in thees&D positioning system used for
SVET. Home made Ag/AgCI electrode was used asearte electrode (Figure 4.4.4a).
An IPA2 amplifier (input resistance > {12) manufactured by Applicable Electronics Inc.
was controlled by the ASET program to measure aodrd the data. The microelectrodes
were calibrated before and after measurements egdthmercial pH buffers (Riedel-de
Haen), giving a linear response in the 5 to 13 e (Figure 4.4.5).
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Figure 4.4.4. Electrochemical setup for SIET measiants a), top end of the ion
selective electrode b).
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Figure 4.4.5. Calibration curve between the pHhefthuffer solutions and response
of the micro potentiometric probe for pH detection.
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Microamperometry

The micro-amperometric detection of dissolved oxygeas made using the IPA2
amplifier in the amperometric mode. A two electraml was used Figure 4.4.6a. The
working microelectrode was a 10 um diameter platinmicrodisc (Figure 4.4.6b) (CH
Instruments, USA, Ref. CHI100) and a homemade AGJAglectrode worked as both
counter and reference electrode (Figure 4.4.6a)erGthe small measured currents in the
range of pico to nano amperes, the reference etbrtcan maintain its integrity and a
fairly stable potential, especially if the measueents are not too long. The measured
current magnitude is proportional to the rate of edectrochemical reaction at the Pt
microelectrode surface. The tip potential was $ef0&V vs. Ag|AgCl, well inside the
region were oxygen reduction current was diffusioontrolled (Figure 4.4.7). The
electrode and the pre-amplifier were mounted insdi®e 3D positioning system used for
SVET and the ASET program controlled the measurésnen

‘ )y !

o —

I Ag/AgCI

electrode

Pt microdisc
electrode

2

Figure 4.4.6. Electrochemical setup for microampegtsic measurements a), a tip
of Pt microdisc electrode b).

111



,AAAA’AAAAA

-2 AAAA A]A A MMAMAA«AAMMTAA
A0 I
;' 1 1
v 1 1
/ 1 1
44 A \ 1

< .
< f » Region of
|5 / ' diffusion !
= 6 - | 1
3 / 1 control !
1 | |
1 1
o] | |
/ 1 1
1 1 1
1 1
1 1
-10 T T —T T T — T T T T 1
1.2 -1.0 0.8 0.6 0.4 0.2 0.0
E /V vs Ag|AgCl

Figure 4.4.7. Polarization curve obtained in catbaitection made on Pt electrode
showing the diffusion limited plateau of oxygenuetion reaction.

Test cell

Figure 4.4.8 shows schematically the sketch ofsa ¢ell consisting of a holder,
metallic substrate and wax coating. A test cell waspared in the following way. A
metallic substrate is glued to an epoxy holderyfagt.4.8). The holder was wrapped with
a scotch tape in such a way to form a reservoircfmrosion solution. A mixture of
beeswax and colophony masked the sample surfa@pteacsmall opening at about 2x2
mm as schematically shown in Figure 4.4.8. Thedekition was 0.05M NaCl solution.

Scotch tape

Solution

: w g

i

Figure 4.4.8. Schematic sketch of a cell for SVEIET and Microamperometric
measurements.
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45 Experimental conditions of supplementary experimental methods
4.5.1 Salt spray test for sol-gel coated AA2024 subssrate

Salt spray test was performed according to ISO 9Zké samples were scratched
according to the following dimensions: 1000 um gh)dx 200 um (depth) then supported
in holders at an angle of 6 deg from the vertical placed in the salt spray chamber. The
salt spray chamber run continuously at the follgvronditions: temperature was 35
+1.7 °C, electrolyte was NaCl 51 wt. %, salt faliol-2 ml/h of NaCl solution. For
inspection, the samples were washed with deioniwatkr, dried with nitrogen and
examined within 30min after removal from the chambe

4.5.2 Cross-cut test

This test was applied in order to determine thatpaihesion to the substrate with
cross cut testing at the initial stage and afteddyls water storage. The test was performed
according to ISO 2409. After the cuts were made dtwss was brushed with a soft
scrubber. Afterwards, adhesive tape was pressedlgldo one of the cut directions on the
cross. The tape was removed from the cross withéecbnd at an angle of 60 deg. The
cross test was performed after 30 min of removalpdes from water storage. Deionized
water was used in the water storage.

4.5.3 SEM coupled with EDS

A Scanning Electron Microscopy/Energy Dispersione@mscopy (SEM/EDS)
was employed to reveal the evolution of the migtattire and composition of the surface
of the specimens and changes of the chemical catigpnsSEM images were taken with a
Hitachi S-4100 system at 25.0 keV beam energy. Ep&ctra were taken from point
analysis or averaging on the surface area of 10Dx10.

4.5.4 Ultramicrotomy and TEM observations

In order to allow observation by TEM, electron sparent cross sections of
samples must be prepared. Sectioning was performigld a Leica Ultracut UCT
ultramicrotome. The sol-gel coated samples wereigusly embedded in a hard epoxy
based resin and then cured for 2 days. After cuainigincated pyramid was prepared in
such a way that the sample cross section appetthd adge of the pyramid. The edge of
the specimen was precut with a glass knife to ream@sidual surface roughness. Final
sections were cut using a diamond knife (Microstgproximately normal to the sample.
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A nominal thickness of sections was set to 15 nnT.EM Hitachi H-9000 with electron
beam energy 300 kV was used for examination ottbss sections.

4.5.5 Optical microscopy

High resolution optical photographs of the alloyngdes after corrosion were taken
by a digital camera with 10 mega pixels resolutisith or without inverted optical
microscope JENAPHOT 2000 (ZEISS). Low resolutiomtplgraphs of the alloy samples
were taken by a digital camera in macro mode

4.5.6 XPS

The X-Ray photoelectron spectroscopy measuremeet® \performed using a
Microlab 310 F (from Thermo Electron - former Vgi&tific). The spectra were taken in
CAE mode (20 eV), using an Al (non-monochromatiopde. The accelerating voltage
was 15 kV. The quantitative XPS analysis was paréat using the Avantage software.
The relative atomic concentration (Ax) was calcediatising the following relation:

Ax = Normalised peak area 100Y;(Normalised peak areas) (2.2.1)

where, the subscript (x) refers to the quantifipdcses and the subscript (i) refers to the
other species detected in the XPS spectra. The aligad peak area was obtained by
dividing the intensity of the XPS peak of the spsdiafter background subtraction) by the
sensitivity factor of the corresponding species.

The background subtraction was performed usingShiley algorithm, which
gives a curve S shaped and assumes that the igtehsine background is proportional to
the peak area on the higher kinetic energy sidbeofpectrum.

The gquantification was performed after peak fiteTgeak fit function used was a
Gaussian-Lorentzian product function and the allgori was based on the Simplex
optimisation as used in the Avantage software.

4.5.7FTIR

A Bruker Equinox IFS 55 infrared spectrophotometers used to collect the
Fourier transform infrared (FTIR) spectra.
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4.5.8TGA/DTA

Differential thermal analysis (DTA) and thermogmaeiric analysis (TGA) of
powder samples were performed using a Setaram $et6A18 instrument under air
atmosphere. The heating rate wa8C3min. Prior to TGA analysis the sol-gel samples
were heated at 5T during 5 days.

4.5.9 Particle size and zeta-potential analysis

The size and electrophoretic mobility measuremefitthe nanoreservoirs were
performed using a Malvern Zetasizer 4.
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RESULTSAND DISCUSSION

5 Corrosion inhibition of AA2024

The knowledge of the intimate details of the caongrocess of the alloy is very
important for finding an appropriate defense agdims corrosion attack. One of the ways
to slow down the corrosion process is based omskeof inhibitive compounds. However,
depending on circumstances some compounds pronfdeitive action and others don't.
Therefore proper inhibitors should be found foragtipular alloy.

This chapter presents a detailed study of the smmomechanisms of AA2024
using methods of corrosion investigation (EIS, D@apzation), localized analysis of
surface (AFM/SKPFM) and methods of microstructuaalalysis (SEM/EDS). Several
chemicals are proposed as promising corrosion itwng and studied using different
investigation methods. The study provided the mfation on the mechanism of the
protection action of inhibitors that is very impmmt for the development of active
corrosion protective systems on the basis of sbtgatings. The investigated compounds
showing promising inhibitive properties were useat treating enhanced corrosion
protective systems based on the sol-gel pretredagmen

5.1 Localized corrosion of AA2024
5.1.1 SEM/EDS study

A typical electron micrograph of the AA2024 surfaoenersed in aerated neutral
0.005M NaCl solution is depicted in Figure 5.1.br@sion can already be seen even after
relatively short immersion (2 hours) in such ditltelectrolyte. At the beginning the
localized corrosion preferentially starts in theaqas of intermetallic particles. The
strongest corrosion attack appears in the regiadhebright round inclusions. Analysis of
the chemical composition (Table 5.1.1) shows tlwettes 1 and 4 are enriched in copper
and magnesium compared to the surrounding alloyixn@one 5). These particles can be
surely ascribed to the intermetallic S-phase with composition AMgCu [15]. However
the relative concentration of magnesium in the hga&worroded zone 1 is much lower than
that at intact zone 4. It seems that the intaerimetallic lies deeper and is covered with a
thin layer of aluminum and native oxide film. Thewler atomic ratio of Mg in the
corroded intermetallic (zone 1) shows preferabksalution of this active element from
this phase. A slight increase of copper contentiradldS-phase intermetallics (zone 6) can
appear due to copper redeposition processes thair aduring the dissolution of
intermetallic particles. The other kind of interléts, darker with elongated shape (zone
3), reveals lower corrosion activity. The EDS asaydemonstrates that such particles are
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composed of Al, Cu, Fe, Mn and can be associatdld the A%(Cu, Fe, Mn) phase as
reported in [15].

25.8kV X1.880K 38.80rm

Figure 5.1.1. SEM micrograph of AA2024 immerse®i®05M NaCl solution for
2 hours.

Table 5.1.1. Atomic ratios between the elementsliffierent phases of AA2024
after immersion in 0.005M NacCl for 2h (see Figure.b).

#1 #2 #3 #4 #5 #6
Mn/Al | - 0.002] 0.027
FelAl | - 0.005] 0.065
Cu/Al | 0.440| 0.049 0.106( 0.178 0.015| 0.030
Mg/Al | 0.047| 0.034 0.032( 0.074 0.036| 0.034

5.1.2 AFM/SKPFM study

Figure 5.1.2 presents topography of the polishéaly and the VPD map of the
corresponding area before (a,b) and after (c,duzshof immersion in 0.005M NaCl. Two
kind of localized defects can be found on the nhietaurface (Figure 5.1.2c). After
immersion of the aluminum specimens in NaCl dissotuof small intermetallic particles
occurs. The biggest round-shape intermetallics salemto be partially dissolved but an
additional dissolution of the surrounding alloy matoccurs as well (Figures 5.1.2c,
5.1.3a). These intermetallics, as identified by ®EM/EDS, correspond to S-phase
(Al,CuMg). Dissolution of this type of intermetallicsiggests their anodic character
agreeing with some previous studies [18,332]. Haweanalysis of the VPD distribution
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completely refutes this suggestion. The corrodestgd exhibit well defined cathodic
potential when compared to the aluminum alloy maffigure 5.1.2d).

An important point is that the VPD map on the cdew surface has a broadened
maximum without well-defined frontier compared b tmaxima of the uncorroded surface
where sharp borders are present (Figure 5.1.2k#).Viiita potential difference over the S-
phase in the case of the uncorroded alloy is ab@0tmV higher than that of aluminum
matrix. The maximum on the VPD map of the corrodathple is about 400 mV higher
compared to the alloy matrix (Figure 5.1.3b). lase of the VPD and broadening of the
potential peaks over intermetallic zone suggest ification of the alloy surface after
corrosion. One of the plausible explanations ohgtiference can be change of elemental
composition of the surface. For example the VPDr guee copper sample is around 0 V
vs. Ni reference electrode. The VPD measured onirttegmetallic phase of the alloy
sample increases from around -650 mV until -250 wsV Ni ref. (Figure 5.1.3b). Such
increase can be associated with the copper enrithomethe surface. However, additional
experiments must be made. Measurements of the @toonicentration of elements using
the SEM coupled EDS can clarify the localized meddra of AA2024 corrosion.

c) d)

Figure 5.1.2. Topography (a) and VPD map (b) for2Z@24 before corrosion;
Topography (c) and VPD map (d) for AA2024 after igrsion for 2 h in neutral solution
0.005M NacCl.
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Figure 5.1.3 presents SEM micrograph of the surtddbe alloy and EDS profiles
of Al, Cu, Mg and O after immersion in neutral Na&blution. The SEM image
corresponds to the area shown in Figure 5.1.2.aAsbe seen, there is a significant drop in
concentration of Al and Mg elements in the placeha intermetallic inclusion (Figure
5.1.3b). The S-phase is a combination of noble @liraore active elements Al and Mg.
During corrosion the electrochemically more aceements are dissolved from the phase
leaving the nobler Cu element. This process isedallealloying. The signal of O is
increased over the profile both in the place of ititermetallic and in the surrounding
zones (Figure 5.1.3b). Such oxygen increase caimhed with the modification or growth
of surface oxide films and is in good correlatiohwhe VPD measurements that show an
increase of the potential in the area of the in&tattic particle (Figure 5.1.3b lower part).
These experimental results suggest two possibléaeatons for the VPD increase. The
first one is the increase of the copper concewoinatiue to dealloying of the intermetallic.
The second one is the influence of the formed sarfaxide film on the VPD. Yet
additional experiments are needed in order to fgldahe broadening and change of the
VPD over the alloy matrix.

) ) L) L)

20 25 30 35 40
Distance, ym —— Height before «+++«- VPD before
Height after = «-=-==- VPD after

Figure 5.1.3. SEM micrograph of area presentedgarg 5.1.2c a), profiles across
the black horizontal line of EDS elemental analygper part of (b) and Height and VPD
lower part of (b).
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The presence of oxide and hydroxide films on thdase can be avoided when
acidic corrosion solution is used. Therefore the ofsacidic electrolyte can help to clarify
the influence of oxide films on VPD measured ondhey surface. A corrosion process in
0.005M NacCl solution with pH 3 was investigatedaasompliment of the study of the
corrosion in neutral solution. The sample immersedaCl solution with pH~3 shows
much higher dissolution of S-phase intermetallicuad 900 nm (Figure 5.1.4c, Figure
5.1.5b) compared to neutral solution around 120 (Rigure 5.1.3b). This indicates an
increased rate of dissolution of Al and Mg from tBghase intermetallic in acidic pH.
SKPFM measurements show high value of VPD (aro@0@® mV vs. Ni) in the place of
inclusion (Figure 5.1.5b). This value is higher qg@red to measurements performed in
neutral pH solution (-250 mV vs. Ni). The VPD ofagl matrix has also increased after
immersion. The difference between the VPD of fresid corroded surface is around
250 mV (Figure 5.1.5b) for pH 3 and for neutral gblution the difference is around
150 mV (Figure 5.1.3b). The increase of the VPDtlum alloy matrix after immersion in
acidic pH suggests the ennoblement of the surfelcsvever the reason of such VPD
increase is to be found out.

c)

Figure 5.1.4. Topography a) and VPD map b) for A22before corrosion;
Topography ¢) and VPD map d) after immersion forig 0.005M NaCl with pH 3.
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Figure 5.1.5. SEM micrograph of area presentedgarg 5.1.4, profiles across the

black horizontal line of EDS elemental analysisempart b) and Height and VPD bottom
b).

SEM micrographs and EDS profiles were additionatigde after corrosion in
acidic electrolyte. The copper concentration iseased in the place of intermetallic up to
37 at.% that correlates with higher Al and Mg digson (Figure 5.1.5b upper part). The
copper concentration (37 at.%) is higher compakedneasurements performed after
corrosion in neutral solution (20 at.%). This expdathe increase of VPD measured on the
dissolved intermetallic (Figure 5.1.5b). From amothhand significantly lower
concentration of oxygen is found on the surfaceraforrosion in acidic electrolyte (Figure
5.1.5b) compared to neutral one Figure 5.1.3b. kowe@ncentration of oxygen is a
consequence of the low pH of solution at which fation of hydroxides and oxides is
thermodynamically less favorable. In spite of low&ygen content, the VPD level on the
alloy matrix after corrosion in acidic pH solutiehigher (Figure 5.1.5b) than in neutral
pH solution (Figure 5.1.3b). One of the possibl@larations for VPD increase on the
alloy matrix can be related to copper redepositiver the surface. Higher level of copper
from dissolved intermetallic can explain increasmeel of VPD after immersion in NaCl
with pH~3 compared to the sample immersed in neMa&| solution. However the EDS

method is not sensitive enough to detect the poesehvery thin redeposited copper layer
on the alloy surface.

The most relevant findings concerning the localioedrosion behavior are the
following. The S-phase contains two active elemealisminum and magnesium in
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combination with copper that is nobler. The high®D of the S-phase compared to the
aluminum alloy matrix comes from the noble potdntiithe copper in the intermetallic
phase. Increase of the VPD evidently demonstratesnaichment of the intermetallic in
copper during the corrosion tests. The dealloyifighe intermetallics occurs due to
selective dissolution of magnesium and aluminunmfithe S-phase leaving copper-rich
remnants with higher VPD. The broadening of théadic potential peaks can happen due
to the processes of copper redeposition onto tloy ahatrix around the intermetallic
particles, which is in good agreement with previousrks [15]. The precipitation of a
copper layer around the corroded intermetalliclearly demonstrated in the optical
micrograph taken after 2 hours of immersion in 8.80NaCl solution (Figure 5.1.6). The
formation of wide cathodes around the intermetsldad the creation of copper remnants
with developed surface area lead to sufficient lecagon of the cathodic processes
consequently increasing the rate of the anodicotliien of the aluminum alloy matrix
around the intermetallics. Figure 5.1.7 presentkBaattering electron micrographs made
at the place of a pit after long term immersiorA&2024 in NaCl solution. White places
on the pictures correspond to copper precipitagssiting from the copper redeposition
process. EDS spectra made at such places cleady sh huge copper content in
comparison to darker places where mostly aluminamlwe found (Figure 5.1.7c). These
results demonstrate how dangerous can be coppepaosition especially at later stages of
corrosion where big copper cathodes significanthigrease the dissolution rate of
aluminum from the alloy and result in appearancedesp perforations at the surface.

The results presented above clearly demonstratethieafirst stage of AA2024
corrosion in chloride medium is the dissolutiortlué cathodic S-phase. It can be explained
in terms of the formation of local galvanic coupleside of each intermetallic. The
magnesium depleted zones can play a role of cathwbereas the rest of the intermetallic
surface is an anode. The corrosion processes ittgd8-phase inclusions arises in spite of
the fact that the potential of the whole intermigtak nobler than the surrounding alloy
matrix.

Figure 5.1.6. Optical micrograph of polished AA2G2#4face after immersion in
neutral 0.005M NacCl for 2 hours.
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Figure 5.1.7. Back-scattering electron micrograplasle on AA2024 at the place of
pit after immmersion in 0.5M NaCl for 2 months; EBfectra taken at two places c);
Surface of the sample was preliminary cleaned fitoerlayer of corrosion products before
the investigation.

5.1.3Mechanism of localized corrosion of AA2024

The obtained experimental results provide evideotecomplicated processes
occurring during the corrosion of the alloy. Itakear that the initial step of corrosion is
localized and involves the copper rich phase. Rejirof the intermetallics increases
copper content and corrosion of the alloy. Howekierexperimental approaches employed
in this study give only qualitative descriptiontbé obtained results. The present paragraph
provides explanation of the results based on thdymamics.

Under normal conditions the 2024 aluminium alloyeedl as any other aluminium-
based substrates is covered by a native oxide flowever, the intermetallics have a
thinner and more defective oxide film due to thesgnce of different elements in the
intermetallic phase. Immediately after contact loé talloy with a chloride-containing
environment the chloride ions interact with thevebxide film (Figure 5.1.8a) leading to
its breakdown especially in the weak places whibeeS-phase intermetallic precipitates

124



which are shown in Figure 5.1.1. Water contacté whe intermetallic surface after failure
of the barrier oxide layer causing the chemicalctiea of active aluminium and
magnesium with water (Figure 5.1.8b):

2Al +6H,0 - 2AI* +60H™ +3H, 1, (5.1.1)
Mg +2H,0 — Mg?® +20H +H, 1. (5.1.2)

The chemical dealloying of S-phase occurs due ésdlprocesses leading to the
formation of a copper-rich surface and local noifarmities of the intermetallics
composition. The possibility of chemical dealloyingas not discussed before in the
literature. However, clearly visible gas bubbleg #ormed at the initial stage of the
corrosion processes at the location of pittingiatimn as shown in the Figure 5.1.9. The
evolution of hydrogen can be the only reason famfttion of such gas bubbles. The
simple chemical red/ox reaction of hydrogen evoluis a preferable way when compared
with the electrochemical one since the electrocbhahmeduction of water can occur only at
cathodic polarizations. The most likely cathodicogass is the reaction of oxygen
reduction due to very high overpotential of thecetechemical hydrogen evolution on
copper-rich cathodes [333]. Thus the hydrogen eiaritevidently proves the occurrence
of reactions (5.1.1) and (5.1.2). However in patalhe electrochemical dissolution can
take place at this stage as well causing fastdiogesy.
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Figure 5.1.8. Schematic representation of corrosienhanism of AA2024 in

chloride solution.

a)

b)
c)

d)

corrosion attack of metal surface near intermetaticlusion in chloride containing
solution

reaction of magnesium and water with elaboratiohyafrogen

ennoblement of the intermetallic surface with cop@ed dissolution of the
surrounding aluminium matrix

dissolution of more active elements (Al, Mg) dughe galvanic coupling with copper

formation of copper rich remnant, copper redepasipprocess and aluminium matrix
dissolution

increased area of copper stimulates cathodic psocdsoxygen reduction and,
therefore, anodic dissolution of aluminium matrix
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Figure 5.1.9. Optical photograph of the surfacehefAA2024 at the beginning of
the immersion test in NaCl solution; on the leftlaight sides bubbles are seen.

The local increase of pH around the S-phase pest@a$ well as enrichment of their
surface with copper lead to shifting the dissolutiprocesses from chemical to
electrochemical. The hydrogen generation on theoyalsurface stops and an
electrochemical dissolution starts (Figure 5.1.8c,the cathodic reaction occurs on
copper-rich remnants by the following equation:

O, +2H,0+4e” — 40H", (5.1.3)

Simultaneously the oxidation of magnesium and ahiumn occurs at the anodic
parts of the S-phase:

Al - AI** +3e7, (5.1.4)
Mg - Mg* +2e". (5.1.5)

Dissolution of aluminium and magnesium leads tqéeelealloying of the S-phase
forming the porous copper remnants with “Swiss shééike morphology.

An additional increase of the pH occurs due to aaith reaction (5.1.3) at the
surface of the intermetallic. This leads to forroatiof sufficient gradient of OHions
between the bulk solution and the surface of thermetallic particle. The aluminium and
magnesium cations can immediately react with hygraas forming insoluble hydroxide
sediments or soluble hydroxy-complexes (Figure8sljldepending on pH values:

Al** +OH™ - AI(OH)*, log K =9.03 (5.1.6)
AlI* +20H" - AI(OH);, log K = 18.7 (5.1.7)
AI** +30H" - AI(OH), |, log K = 27 (5.1.8)
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AlI* +40H - AI(OH);, log K = 33 (5.1.9)
Mg?* +OH~ - Mg(OH)", log K = 2.58 (5.1.10)
Mg? +20H~ - Mg(OH), 1, logK=11.33 (5.1.11)

Figures 5.1.10a,b,c present the fraction of theediht aluminum, magnesium and
copper species in the solution depending on theThdse fractions were calculated using
thermodynamic formation constants for metal hydomxoplexes which were taken from
[17,334]. Such diagrams give a clear picture ofdbiaplexes distribution and complement
the Pourbaix diagrams. Different aluminum specrespgesent in aqueous solutions due to
the possibility of formation of soluble complex cpounds both in acidic and basic
conditions (Figure 5.1.10a). The pH value is verghhin the cathodic zones where
hydroxyl ions are generated. The aluminum catiamgr@ated from anodic dissolution of
the S-phase interact with the hydroxyl anions gmteer at the cathodic zones and form
Al(OH), complex ions, which diffuse to the bulk solutidReaching the zones of the
solution with lower pH (about 8) the complex aniarg transformed into the insoluble
Al(OH)3, that is a thermodynamically preferable state wthsconditions (see Figure
5.1.10a). Thus, aluminium hydroxide forms an inb#uleposit at a certain distance from
the active intermetallic (Figure 5.1.8d). Longerrosion leads to formation of a hydroxide
dome covering the active pitting. Aluminum hydrokiarides are formed at lower pH
values on the periphery of the hydroxide sedimestsvas pointed out in [335]. The
magnesium cations can also form hydroxide sedimehtsvever a major part of
magnesium is in solution due to the higher soltybdf its hydroxide and the lower content
of Mg in the alloy.

The electrochemical dissolution of magnesium angnatium from the S-phase
leads to the formation of a very porous structuith whe copper particles connected to the
copper remnants. When the neck between a copp@sizad particle and a remnant is
broken the particle losses the electrical contaith whe alloy [336] as demonstrated in
Figure 5.1.8e. Then the chemical reaction of coppedation by dissolved oxygen is
thermodynamically possible:

2Cu+0, +2H,0 - 2Cu(OH),, AG= -271.23 kJsmot[17] (5.1.12)

The nanosize confers even an enhanced reactivithetaccopper particles. Partial
dissolution of the copper hydroxide occurs due damftion of hydroxocomplexes as
shown in Figure 5.1.10b. The complex ions are sdebemically reduced again to metallic
copper on the surface of the aluminium alloy ortba copper remnants formed after
dealloying as schematically shown in Figure 5.1.8ke formation of chloride-based
complexes can also assist the dissolution of coppsdicles. The reduced metallic copper
redeposited on the copper remnants leads to cdpgfering”. When redeposited on the
alloy surface around pits, it forms a thin filmiaezas demonstrated by optical microscopy
(Figure 5.1.6). The redeposition of copper aroural $-phase leads to broadening of the
cathodic peaks on the VPD maps shown in Figure® &uid 5.1.4. Therefore, the SKPFM
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technique can be used to detect the level of camdmpact on the intermetallic particles.
The effect of copper redeposition was previouskcdssed in the literature [336,337].
Another mechanism for this process was proposefll&h ascribing migration of Cu
particles from dealloyed intermetallic over the. dihe thin layer of copper redeposited
around pits can play a role of an additional cathadcelerating the anodic processes of
aluminium dissolution from the S-phase and from gsherounding alloy matrix, which is
depleted in copper and is anodically active (Figouk2, 5.1.3). The localized corrosion
process becomes thus autocatalytic. Thereforepositeon of copper appears as a very
important factor responsible for fast propagatiépits around intermetallics.

1.0 1.0
0.94 0.94 -
0.8+ —_A 0.81 Cu
o —— AIOHY” ool cuon
.01 + 07 u
g 05 Al(GH), 05) o
0.4 ——AI(OH), a 0.4] u( H)32
0.3 AI(OH), 0.3 Cu(OH),
0.2 0.2
0.11 0.14
0.0 0.0 —
2 3456 7 8 9 101112 23456 7 8 91011121314
a) pH b) pH
1.0
0.9
0.8
0.7 o
0.6 —Mg
0.54 —— Mg(OH)"
a 0.4] Mg(OH),
0.3]
0.2]
0.1]
0.0

0123456 7 8 91011121314
C) pH

Figure 5.1.10. Fraction “a” of different metal sgexcin the solution depending on
pH.
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The present results demonstrate the prime impataofcthe S-phase in the
localized corrosion of AA2024 and show that thehage intermetallics do not function
only as a cathode or as an anode in the corrosiocegses, but play a complex role
combining cathodic and anodic activity togethetha same particle. Therefore, different
strategies can be used to stop the localized dorrad these intermetallics and protect
AA2024 in chloride-containing environments.

Summarizing

The mechanism proposed for corrosion of AA2024 lighits an important role for
the intermetallics in the localized corrosion piEgeThe pitting corrosion begins at the
places of the S-phase intermetallics, which hawathodic potential relative to the alloy
matrix. S-phase dealloying starts by the chemittalck dissolving the active aluminium
and magnesium and leaving copper-rich remnantsa Teeelectrochemical processes take
place and the S-phase intermetallics play theabkective anodes and cathodes causing at
the same time deeper dealloying. The process opearopedeposition, which leads to
formation of refined copper remnants and coppen fdeposits around pits, plays an
important role in further development of the locatrosion attack. The redeposited copper
increases the effective surface area of the cathmdne, which is confirmed by the
spreading of cathodic peaks on the VPD maps.
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5.2 Inhibition of localized corrosion of AA2024 with Rare Earth ions

The results obtained in the previous section detnatesthe important role of the S-
phase in the localized corrosion of the alloy. Thain role of such intermetallics is to
participate in the cathodic reaction of oxygen i that is coupled with the anodic
process of alloy matrix dissolution. Effective btowy of the cathodic process can reduce
the overall corrosion of the alloy. It is known thanthanide salts are good inhibitors of
the cathodic process on different metallic substraitnd have a potential to be used as
inhibitors in the sol-gel pretreatments.

In this paragraph the corrosion inhibition effe€tcerium and lanthanum salts is
additionally investigated for bare AA2024 substr@éferent corrosive solutions based on
NaCl with or without cerium (lll) and lanthanum Ijlhitrates were prepared to study the
effect of rare-earth cations on the localized csioo activity of AA2024. Concentrations
of Ce and La in prepared solutions were ranged ffod®1 to 0.15 M. Electrochemical
techniques like DC polarization and EIS as well nagrostructural (SEM/EDS) and
localized techniques (AFM/SKPFM) have been usdtigistudy.

5.2.1 SEM/EDS results

Scanning electron microscopy revealed much lowerosmn in the case of the
alloy immersed during 1 hour in chloride solutioithn0.15M of cerium nitrate than that
for undoped chloride solution. Mainly the alloy fawe is free of pitting (not shown).
However, in some places signs of corrosion actiaippear as depicted in Figure 5.2.1.
White spherical deposits are locally formed on #étley surface. The removal of such
deposit formed after 2 hours of immersion showsdigas of localized corrosion attack
under the dome (Figure 5.2.1.b). Careful EDS aimlghows that white deposits are
composed mainly by cerium oxide (hydroxide) andythee located only in places of S-
phase intermetallics (zone 1). The Al (Fe, Cu, 8i),intermetallics (zone 2) are free of
deposits and do not show any signs of corrosionigctSome S-phase particles which are
not corroded do not have cerium hydroxide domesg#). Decrease of Ce concentration
in solution leads to less pronounced corrosionvigtiand lower amount of spherical
deposits (Figure 5.2.1.c). Stronger corrosion imp@aa deeper dissolution of S-phase in
the case of the higher concentration of inhibitan be due to lower pH values originated
by hydrolysis of cerium ions. The measured pH va&lo¢ 0.0015, 0.015 and 0.15M
solutions of Ce(Ng); are 5.53, 5.12 and 4.51 respectively. The low pHies of the
electrolyte can lead to faster chemical reactiorwater with magnesium or aluminium
from the S-phase at the initial stages.
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Figure 5.2.1. SEM image of the AA2024 after immensior 1 h in 0.005M NaCl
with 0.15M of Ce(NQ)3 a); inset picture presents micrograph after 2 imofiersion b);
surface after immersion for 2 h in 0.005M NaCl witB015M of Ce(N@)3 is presented in
picture c); EDS analysis of the areas indicate8EM images d).

Figure 5.2.2a shows the surface of AA2024 aftepdrhmmersion in the chloride
solution doped with 0.15M of La(N¢. Features similar to the case of the cerium doped
electrolyte are revealed on the surface of theyallthe white deposits are formed in the
places of S-phase intermetallics and the pittikg-ldefects are revealed under the
lanthanum hydroxide domes. The EDS analysis (Figu&2c) demonstrates that the
formation of lanthanum hydroxide deposits occurty an the places of active S-phase
intermetallics as in the case of cerium doped mgdes. No signs of corrosion activity
were revealed around Al(Fe, Cu, Mn, Si) intermetslas well. The decrease of La($
concentration down to 0.0015M leads to lower coamsmpact as shown in Figure 5.2.2b.
Higher localized corrosion activity in the case tbé electrolytes heavily loaded with
lanthanum inhibitor can also be caused by the Igu¥¢ras in the case of cerium nitrate
solutions.
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Figure 5.2.2. SEM image of the AA2024 after immemnsior 1h in 0.005M NaCl
with 0.15M of La(NQ)sa) and for 2 h in 0.005M NaCl with 0.0015M of La(y&b);
EDS analysis of the areas indicatgd

5.2.2 AFM and SKPFM results

The topography AFM and VPD maps presented in Figuge3a,b, confirm the
selective deposition of cerium hydroxide precigigatin the cathodic places. Previous
SKPFM studies also showed the cathodic natureepiritermetallic inclusions of the 2024
aluminum alloy [266]. The deposits are sharp peakthe AFM scan (Figure 5.2.3c) after
1 hour of immersion in chloride electrolyte dopehw).15M of cerium nitrate. They are
formed only in the places of the active intermetaliwhich show Volta potential peaks
broadened due to copper redeposition processesilEscabove. The VPD map of
AA2024 tested in the lanthanum-containing electeolgemonstrates similar behavior
(Figure 5.2.4a,b,c). The hydroxide deposits ar® &smed in the places of cathodic
intermetallics. This suggests that the main medmanof corrosion inhibition can be
similar in the cases of different RE salts.
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Figure 5.2.3. Topography (a), VPD map (b) and Hesgld VPD Profile (c) for

AA2024 immersed in 0.005M NaCl solution with 0.1%b&(NG;); for 1 hour.
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Figure 5.2.4. Topography (a), VPD map (b) and Hesgld VPD Profile (c) for
AA2024 immersed in 0.005M NaCl solution with 0.19M(NO3)3 for 1 hour.

When the corrosion process starts the broadenirtheoiolta potential peaks on
intermetallics always occurs due to the S-phas#éayeag and the copper redeposition on
the surrounding alloy. Therefore the degree of pealadening directly depends on the
level of corrosion impact and can be used as aitgtie¢ characteristic of the corrosion
protection efficiency at initial stages of localizeorrosion. Figure 5.2.5 demonstrates two
VPD maps obtained on the AA2024 after 1 hour irf08.M NaCl doped with the different
concentrations of cerium nitrate. The broadeninthefVPD maxima is more pronounced
in the case of the 0.15M Ce(N)@ electrolyte (Figure 5.2.5b) than in the case 6fLBM
Ce(NQGy); electrolyte (Figure 5.2.5a). These maps show thathigh concentration of
cerium nitrate (0.15M) leads to a higher broademihyPD and deeper localized corrosion
in the places of the S-phase intermetallics.
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Figure 5.2.5. VPD maps for AA2024 immersed in 0M@¥aCl solution with
0.015M Ce(NQ)s (a) and 0.15M Ce(N§); (b) for 1 hour.
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Figure 5.2.6. Evolution of the VPD profiles acrtise S-phase intermetallic
particles (a) for the AA2024 samples immersed @0B6M NaCl solution with 0.15M,
0.015M, 0.0015M of Ce(N¢€)s b), and with 0.15M, 0.015M, 0.0015M of La(Mec).
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Profiles across the intermetallic particles weredenan VPD maps for the alloy
specimens after immersion in different electrolytescompare the VPD between the
intermetallic particles and alloy matrix (Figur®). The potential profiles were recorded
for alloy substrates immersed for two differentipes in the chloride solution doped with
different concentrations of cerium or lanthanumedabmhibitors. Figure 5.2.6a presents
potential profiles for the alloy immersed in theigen containing solutions. The increase
of the immersion time tends to well-defined spragdf the transition region between the
potential of the S-phase and that of the alloy imafrhis is especially seen for 0.15 and
0.015M cerium nitrate solutions (Figure 5.2.6a)e Bpreading of Volta potential is caused
by the local corrosion process that develops impthees of cathodic S-phase intermetallics
during immersion of the alloy in NaCl solution. w&s mentioned above the concentration
of cerium nitrate has a great influence on thehiion efficiency. At the beginning of
corrosion tests, the 0.015M solution evidences méhipotential broadening and in turn
maximal efficiency in comparison with other concatibns (Figure 5.2.6a). After 2 hours
of immersion the broadening of Volta potential madler when using 0.0015M inhibitor
compared to 0.15M inhibitor. The VPD peak doeshae a well-defined frontier between
the potential of the S-phase and that of the afi@trix when AA2024 is immersed in
0.15M Ce(NQ)3 for two hours. Careful analysis of VPD profiledgiire 5.2.6a) clearly
shows the higher corrosion inhibition efficiencyevhthe electrolyte with concentration of
cerium nitrate of 0.0015M to 0.015M is used. TheDvjprofiles of the alloy immersed in
the chloride solution doped with lanthanum-basdubitor (Figure 5.2.6b) demonstrate
similar behavior to that reported above for Ce.e8dmg of the VPD maxima slightly
increases with immersion time. The concentratiombibitor also has strong influence on
the shape of the potential profiles as in the adseerium nitrate. However a maximal
inhibition efficiency was revealed when the elelgti® with lower concentration 0.0015M
of La(NQ;3)3; was used. The optimal concentration of the REbnadtihibitors obtained with
the SKPFM method is in good agreement with resafierted elsewhere obtained by other
methods for other aluminium alloys [46,338].

5.2.3In-situ AFM study

In-situ AFM measurements of the AA2024 surface myrimmersion in the
electrolyte doped with different concentrationscefium or lanthanum-based inhibitors
were performed in order to study the kinetics ofltoxide deposits formation on the
cathodic S-phase particles. Figure 5.2.7 preséstevolution of the alloy topography in
the place of cathodic intermetallics during immensin La-doped NaCl solution. The
topography of the alloy exhibits a weakly defineill hfter 24 minutes of immersion
(Figure 5.2.7a), which can be ascribed to the prede formed on the intermetallic. The
substrate was immersed during 5 hours and 23 nanatthe electrolyte containing 0.005
M NaCl and 0.015M of La(Ng)s. Then the electrolyte with higher concentration of
chloride (0.5 M) and same concentration of inhibieas introduced in the AFM cell
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instead of the diluted one and scanning of topdgrapas continued for about one hour.
The relatively high deposit (about 800 nm) is fodhom this intermetallic after 6 hours and
20 minutes of continuous immersion (Figure 5.2. Ayure 5.2.7c presents the evolution
of the height profile across the hydroxide depdsimed on the surface in the places
marked by black lines on the AFM scans. Relativatw growth of the deposit occurs
during the first period of immersion (in weak efletyte). Two orders of magnitude

increase in chloride concentration leads to higatr of lanthanum hydroxide deposition.

a) b)
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600 —5251min
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Figure 5.2.7. In-situ AFM scans of the AA2024 saodafter 3h of immersion in
0.005M NacCl with 0.015M La(Ng); a) and at the end of immersion in 0.5M NaCl with
0.015M La(NQ)s solution (b) and evolution of height profile iretBolution of 0.005M
and 0.5M NaCl with time (c).

138



Figure 5.2.8 shows the kinetics of the La(@ld)ecipitate formation at the place
presented in the Figure 5.2.7. A linear kinetic lean be used to describe the rate of the
deposits formation. The estimated rate of the pite growth is about 0.4 nm/min in the
weak chloride-based electrolyte. However, the riatancreased by almost 50 times
reaching 20 nm/min when concentrated solution sdu§hese results indicate a very
important role of the chloride ions in the kinetiok the hydroxide deposits formation.
Obviously the increase of chloride concentratioadte to enhanced corrosion activity
which consequently increases the pH in the platestore intermetallics leading to faster
local deposition of hydroxide precipitates. Thuse RE salts work as an “intelligent”
inhibition system with an active feedback to therasive medium.
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Figure 5.2.8. Rate of the lanthanum hydroxide j&tion at the place showed in
Figure 5.2.7 in 0.005M NaCl at the beginning (rqdaes) and in 0.5M NaCl (green
squares) at the end of in-situ AFM measurement.

5.2.4DC polarization

Potentiodynamic polarization measurements wereechaut in the potential range
from -0.25 V to 0.2 V vs. open circuit potential éstimate the effect of the different
inhibitors on the anodic and cathodic partial efmd reactions. To clarify kinetic features
of the inhibition process the polarization curvesravrecorded after different periods of
immersion at the open circuit potential in 0.05 Matide electrolyte doped with 0.0015M
of Ce or La nitrate inhibitors. Alloy substratesigprto polarization were prepared
according to the procedure described in paragrapB.4

Figure 5.2.9a presents the DC polarization cureesAA2024 in the undoped and
in cerium-doped solutions. The anodic branch shaws well defined breakdown
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potentials corresponded to the S-phase dissolufioncase of AA2024 at lower
polarization) and to the beginning of the intergdan corrosion (higher polarization) as
was shown in ref. [339] and in ref. [340] for AA™3@lloy. Doping of chloride electrolyte
with cerium nitrate leads to remarkable decreaseatfiodic and anodic currents. After
only 10 minutes of immersion in doped solutionka bpen circuit potential the cathodic
current during polarization drops almost by oneeordf magnitude. Increase of the
immersion time leads to further decrease in cathodirent showing that interaction of
cerium cations with the cathodic centers is a ingdft slow process which can take several
hours to achieve maximal inhibition of the cathoiaction. The oxygen reduction is the
main process in the cathodic region of the poléornacurves.

The anodic processes are also influenced by theunsdrased inhibitor.
Remarkable decrease of anodic current betweenwibebteakdown potentials already
occurs after only 10 minutes of immersion. Thisrent is related with the dissolution of
Al and Mg from ALCuMg intermetallics. After longer immersion timesthnodic current
decreases in this region almost by two orders @fmtade when compared with that of the
undoped chloride solution. An important shift oéteecond breakdown potential toward
positive potentials occurs with increase of the ension time. Decrease of cathodic and
anodic currents is originated from the formatiorcefium hydroxide deposits in the places
of S-phase intermetallics. This confirms that anodnd cathodic reactions at low
polarizations occur mainly at the ,8uMg precipitates in the AA2024 matrix. The longer
immersion time before polarization leads to formatof larger deposits on the S-phase
hindering the cathodic reduction of oxygen on Girrintermetallics as well as anodic
dissolution of Al and Mg from these intermetallics.

The influence of lanthanum nitrate on the corrob6AA2024 was also studied by
DC polarization (Figure 5.2.9b). The behavior o€ thlloy in the La-doped chloride
solution is similar to that of the Ce-doped onewdwer, the inhibition effect of lanthanum
cations for cathodic reactions is lower than in tase of cerium-based inhibitor. The
hindering of anodic dissolution of the S-phasels® dess effective when compared with
the cerium doped electrolyte. While, the inhibitiefifiect appears almost immediately after
starting the immersion (10 minutes) and keeps emmsvalue even after 2 hours,
demonstrating a faster kinetics of the hydroxideod&s formation.
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Figure 5.2.9. Potentiodynamic polarization cunastfie AA2024 in 0.05M NaCl
solution without cerium nitrate (after 1 hour ofrimarsion) and with 0.0015M of Ce(N)J@
inhibitor after 10 min, 1 h and 2 h of immersiona)d 0.0015M of La(Ng); after 10 min,
1 h and 2 hours of immersion b).

5.2.5EIS study

Impedance measurements were carried out in 0.05®@1 Balution with Ce or La
nitrate salts added as inhibitor during 2 weekg&rohersion to supplement the results of
DC polarization tests. A concentration 1 mM of GelLa species was used in the study.
Alloy substrates prior to investigation were preggaaccording to the procedure described
in paragraph 4.2.4.

Figure 5.2.10 presents impedance spectra of AA2i2#hg immersion in 0.05M
NaCl solution with and without addition of Ce or kalts. The use of 1mM Ce in the
solution provides a good corrosion inhibition dgrihweek of immersion (Figure 5.2.10a).
EIS spectra after 1 week of immersion show the gmres of only one clearly defined
relaxation process near 10 Hz ascribed to thedyaoxide film. A longer immersion time
leads to decrease of low frequency impedance apeaagnce of small pits on the surface
(Figure 5.2.11a). Such behaviour is consistent wlith appearance of a second time
constant near 0.01 Hz that is related to the cmmosf the alloy though a time constant
associated with the barrier oxide film is stillibie at higher frequency (Figure 5.2.10a).

After one day of immersion in 1ImM La containing w@dn impedance at low
frequency is lower than in Ce containing solutiéig(re 5.2.10a). Barrier oxide film is
quickly degraded during immersion in La solutiord aafter 14 days impedance lowers
until around 20 kOhm ci(Figure 5.2.10a). Such behaviour is accomplishitd &/strong
pitting attack shown in Figure 5.2.11b.

Impedance spectra of alloy during immersion in Ns@ution only are presented in
Figure 5.2.10b. As can be seen a corrosion proggdast and after 1 day of immersion the

141



response from the native oxide film almost disappeand is overwhelmed by the
corrosion process. A time constant that appearsve¢r frequencies is most probably
associated with mass transport limitations. Impedamodulus at longer immersion time
decreases compared to initial immersion time. Ed8csum shows two time constant
elements at around 2Hz that is related to corroamahat low frequencies that is associated
with diffusion limitations. Optical photograph aft2 weeks of immersion in NaCl solution
only shows strong pitting activity and the surfasdotally covered by a layer of white

corrosion products (Figure 5.2.11c).
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Figure 5.2.10. Bode plots of AA2024 recorded dudiféerent time of immersion
(1, 3, 7, 14 days) in 0.05M NaCl solution with 1n@\ or La salts a); bode plots of alloy

immersed in 0.05M NacCl solution b).
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Figure 5.2.11. Optical photographs of AA2024 maifterd.4 days of immersion in
0.05M NaCl solution with ImM Ce a) and 1mM La biyopo c) shows alloy surface after
corrosion in 0.05M NacCl solution.

The impedance measurements demonstrate a supetditing of cerium
compared to lanthanum. Such results are in accoedarth DC polarization and localized
methods of analysis. However, experimental techescip not give a clear explanation of
the inhibiting efficiency. The obtained inhibitiaifference between cerium and lanthanum
salts can be understood more clearly using themib@ynamical analysis which is
performed in the next section.

5.2.6 Mechanism of corrosion inhibition with RE compounds

Introduction of lanthanum or cerium nitrate intoe tltorrosion environment
sufficiently changes the corrosion susceptibilify atloy due to blocking the cathodic
intermetallics with insoluble deposits of the regpe hydroxides. Figure 5.2.12 presents
the pH range at which the different lanthanum aedue hydroxides species can be
formed in the solution. The relative compositiorfswater-based solutions doped with
cerium and lanthanum salts presented in Figurel®.2vere calculated using the
thermodynamic equilibrium constants for the follagireactions:

La®* +OH™ - La(OH)* log K =2.7 (5.2.1)
La* +30H" - La(OH), ! log K = 22 (5.2.2)
Ce* +OH™ - CeOH)” log K = 5.57 (5.2.3)
Ce* +20H~ - CeOH); log K = 10.4 (5.2.4)

Ce* +30H - Cd OH log K = 14.71 (5.2.5)

3(sol)
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Ce™ +OH™ - CeOH)* log K = 14.76 (5.2.6)

Ce* +20H" - CeOH)% log K = 28.04 (5.2.7)
Ce* +30H~ - CelOH); log K = 40.53 (5.2.8)
Ce" +40H - Cq OH, ! log K = 51.86 (5.2.9)

Formation constants for lanthanum hydroxocomplexeee taken from [17,334].
Formation constants for cerium species were cdkedlaising free Gibbs energies of
formation of cerium hydroxocomplexes, which werketa from [341]. In 0.15 — 0.001M
solutions of La(N@), lanthanum is mainly present in the form of frgelfated L&" ions.
When the S-phase is activated by chloride-contgirsalution the pH value is locally
growing up. Increase of pH values up to 9 lead®tmation of lanthanum hydroxide via
reaction (5.2.2) (Figure 5.2.13a). The lanthanurdrbide is deposited immediately on
the top of the active copper-rich intermetallicssi®wn in Figure 5.2.2. Formation of
sediments occurs directly on the cathodic zonegu(Ei5.2.2) since much higher pH can
not be achieved far from the source of the hydreagk due to fast diffusion processes,
which equalize the concentration of O&t the cathode surface and in the bulk solution.
The continued cathodic reaction generates hydrasgk causing further growth of
lanthanum hydroxide deposits (Figure 5.2.2, 5.2TAp hydroxides formed on the top of
copper-rich intermetallics significantly hinder tlerrosion processes in the active S-
phase. The decrease of the corrosion activity isficoed by the linear polarization
measurements, which show a sufficient decreadeeatdthodic and anodic currents at low
polarization when lanthanum nitrate is added todlleetrolyte (Figure 5.2.9b). The anodic
current at low polarization is related with disgan of magnesium and aluminum from
the copper-rich intermetallics. Decrease of thedamourrent for one order of magnitude
confirms an effective suppression of the S-phaséi@eng due to the lanthanum inhibitor.
However, the anodic processes originated from gnégwlar corrosion at higher
polarization are not influenced by the lanthanui) lompounds.

The analysis of the VPD distribution shows thaDQ&M of La(NO} is an optimal
concentration for inhibition of the S-phase disioluin AA2024 immersed in the chloride
solution, which is in a good accordance with litera data for the inhibiting action of La
compounds [46,341]. A high concentration of L solution leads to decrease of its pH
due to a hydrolysis reaction. A lower pH of thectlelyte in turn can be responsible for
faster chemical dealloying of intermetallics (ackog to equations 5.1.4, 5.1.5). Decrease
of pH leads also to a delay in the formation ott@mum hydroxide deposits.
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Cerium (lll) shows similar effect to that of thentaanum-based inhibitor. The
relative composition of Ce(lll) species in solutiah different pH’s is shown in Figure
5.2.13b. Cerium (lll) is present mainly in the forofi free C&" in neutral solutions.
Increase of pH leads to formation of hydroxocompteiigure 5.2.13b) at first and when
the pH reaches 10 the hydroxide sediments canrbeetbas in the case of lanthanum. The
formation of hydroxide domes occurs also selegiveh the top of the S-phase
intermetallics (Figure 5.2.1) hindering the corowsiBoth cathodic and anodic processes
on the S-phase intermetallics are suppressed wordatce to the DC polarization results
(Figure 5.2.9a). The suppression of cathodic pseEes the case of cerium is higher than
for lanthanum doped electrolytes. The anodic ctriere to S-phase dealloying is also one
order of magnitude lower than in the case of lamtina The more effective inhibition of
the corrosion processes in the case of the cennibitor can not be explained only by
difference in solubility of cerium (1) hydroxidend lanthanum (Ill) hydroxide since they
are very similar.

An additional important feature of corrosion inhidn by cerium cations was
found. The DC polarization curves presented in Fedu2.9a clearly demonstrate that the
corrosion inhibition efficiency increases with timerease of the immersion period before
the polarization tests. It seems that deposits @ittellent protective characteristics are not
immediately formed on the S-phase patrticles in resttto the case where lanthanum
nitrate was used as corrosion inhibitor. This reédy long process can be related to the
ability of trivalent cerium to be oxidized to thettavalent state. The tetravalent cerium
forms extremely insoluble hydroxides already atgitdut 3 as exhibited in Figure 5.2.13c.
As was discussed elsewhere [45,341] the oxidatibreoium (lll) can be caused by
hydrogen peroxide, which is originated from thehodic reaction of two electron
reduction of oxygen:

0, +2H,0+2e” - H,0, +20H" (5.2.10)

The generated peroxide can in turn oxidize triviatemium by one of the following
reactions:

Ce* +H,0, +20H™ - CeOH), (CeQ 2H,0)! (5.2.11)
CelOH)** +H,0, +OH™ - CelOH), (CeQ 2H,0)! (5.2.12)
CelOH); +H,0, -~ CqOH), (CeQ 2H,0)! (5.2.13)

Reactions (24) and (25) are preferable at high pldes near the cathode surface.
On the other hand the reaction of cerium (Ill) @tidn proposed elsewhere [342]:

ce* +1/2H,0, +OH™ - CeOH)>’ (5.2.14)

seems questionable since tBe{OH)>" complex ions can exist only at extremely low pH
as presented in Figure 5.2.13c, which can not beeaed in the system under study.
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The formed hydroxide of tetravalent cerium is aleposited on the cathodic parts
providing additional hindering of the corrosion pesses. Therefore the obtained
difference in the inhibiting efficiency of Ce ana Isalt is attributed to a slightly different
mechanism of the corrosion protection in case of Ce

The corrosion inhibition process studied by SKPFMXAtechnique demonstrates
important information on the mechanism of localizemrosion and inhibition. When
making VPD maps at the place with Ce or La hydregideposits the difference between
the values of VPD at the place of deposit and atumi matrix are higher than 500 mV
(Figures 5.2.3 and 5.2.4). This difference is sigfitly higher compared to the difference
between the uncorroded S-phase and alloy matri@-2B® mV) (Figures 5.1.3 and 5.1.5).
The increase of VPD in the place of deposit isteelavith the localized corrosion activity
of S-phase intermetallic and copper enrichmentrpta the formation of a deposit.
According to the mechanism of the hydroxide preatmn the source of hydroxyl anions
is needed for the formation of insoluble hydroxid@herefore the initial localized
corrosion process must occur on the intermetafiatusion in order to produce hydroxyl
anions that are consumed locally by the precipitatf hydroxides in the presence of Ce
or La salts. The ability of SKPFM to sense changkshe VPD even in places with
precipitates is important and allows deeper undadihg the localized corrosion processes
and mechanisms of inhibition.

Summarizing

The addition of lanthanum (lII) or cerium (lll) léa to formation of the respective
hydroxide deposits in the S-phase locations hindeithe anodic and the cathodic
processes. The formation of hydroxides occurs duart increase of the pH in such
locations resulting from the cathodic processe® fbinmation of the deposits decelerates
the redeposition of copper and the broadening thfochc VPD peaks. Thus, the SKPFM
technique was found to be an effective method tionese the protection performance of
the RE salts and to find the optimal concentratiohsnhibitor. The VPD of S-phase
increases in the place of deposit formation becadfiseitial localized corrosion process
that leads to ennoblement of the intermetalliciplect During the initial localized activity
copper enrichment occurs that is responsible fdd\gRowth.

Too high concentration of cerium or lanthanum t#saleads to deeper localized
corrosion in the places of the S-phase intermesallThe growth of hydroxide deposits
studied by the in-situ AFM technique exhibit lindane dependence indicating that the
corrosion process is progressing in stationaryestiaat results from a balance between
diffusion and electrochemical reaction. The chleridns strongly influence the rate of the
corrosion processes and in turn the rate of thedxyde deposits formation. The cerium
nitrate shows superior inhibition properties in @amson with lanthanum nitrate probably
due to consecutive formation of the extremely inbtd cerium (IV) hydroxide. The
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proposed mechanisms of pitting corrosion and c@mosnhibition with RE salts are
supported by thermodynamic analysis.

Cerium salts can be good inhibiting additives te pinetreatments because of their
superior inhibiting properties compared to La satast inhibition of the corrosion process
can allow active protection of the coated metalirduthe exposure to the corrosion
environment.
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5.3 Corrosion inhibition of AA2024 by Cerium molybdate nanowires

Highly soluble salts provide fast delivery ratetbé inhibiting ions to the place
where corrosion starts. As a result the corrosimtgss becomes efficiently and quickly
inhibited. However, the disadvantage of highly stduinhibitors might be their quick
release when they are incorporated in the protectistem. When an inhibitor is fully
released from the coating to the corrosion solutivere will be no protection of the
underlying metal. Blistering is another problemtthppears on the coated metallic systems
when using soluble inhibitive pigments. Due to higgmotic pressure water penetrates
inside the organic coatings with the pigment andsea blisters and delamination of the
coating. Therefore solubility and release propsra€inhibitors play an important role in
the efficiency of the coating system with such &dds.

One of the perspective approaches for the rolenbibitive additive could be a
combination of inhibitive cations and inhibitiveians in one compound that will possess
low solubility and inhibitive abilities. In this pagraph a new compound based on Cerium
molybdate have been investigated as a potentidgitohof AA2024 corrosion.

5.3.1 Characterization of cerium molybdate compound

Nanoparticulated Cerium molybdate was produced &pniz - Institut fuer Neue
Materialien gGmbH. The reagents used in the syighesre sodium molybdate and
cerium (Ill) sulphate. The synthesized cerium mdbtie compound appears as a gray
slurry with about 14 wt.% of the compound in ethafidtne XRD analysis performed for
dried powder didn’t show any defined crystallineisture therefore it is difficult to ascribe
any chemical formula to the compound. In the téet ¢compound will be called cerium
molybdate. However, the real chemical compositibpasvder might be different.

A yellow suspension is formed when dispersing teguen molybdate in water.
The suspension is stable without precipitationeast several hours after preparation.
Figure 5.3.1 presents the results of the microsabpanalysis and particle size
measurements of the dried suspension containingneemolybdate. For microscopical
analysis a drop of suspension of cerium molybdade deposited on the cleaned surface
and dried at 60°C. The obtained micrograph showg filaments made of cerium
molybdate approximately 50 nm thick and more th@A &m long (Figure 5.3.1a). The
light scattering measurements show that two pojauistof nanoparticles with average size
around 90 nm and 300 nm can be found in the spéegare 5.3.1b). The presence of two
peaks in spectra can be attributed to differenendation of the particles during the
measurement since the particles are not round dhaNevertheless, the size of
nanoparticles is small enough for introduction bE tcompound into the protective
coatings.
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Figure 5.3.1. SEM micrograph of the dried suspenajoand size distribution of a
suspension based on cerium molybdate compound b).

5.3.2 Experimental procedure and corrosion solutions gmagmon

2024 aluminum alloy was used in this study. PaB&k5 cm, 1 mm thick were
chemically etched according to the procedure (papy4.2.4) and used for EIS testing.
For DC polarization experiments samples were pegpaaccording to the polishing
procedure (paragraph 4.2.2). Localized analysismibgins of SEM and EDS was performed
on polished alloy samples prepared according tagraph 4.2.1.

150



For testing of cleaned alloy substrates corrosmot®ns with addition of cerium
molybdate were prepared. At first a corrosion sofutwas prepared adding 3.57 g of
cerium molybdate slurry to 100 ml of 0.05M NaCl wan followed by ultrasonic
agitation during 10 minutes. This testing solutisncalled Suspension #1 and used for
corrosion measurements during 30 min after prejpargfTable 5.3.1). The other two
corrosion solutions were obtained after centrifigpatof a suspension with cerium
molybdate. The suspensions containing 0.714g ofg3d@ the compound in 100 ml of
0.05M NacCl solution were ultrasonically agitatedidg 10 min and let stay during 1 day.
After 1 day the suspensions were centrifuged aacckbar solutions, namely Centrifugate
#1 and Centrifugate #2, were used for measuremdiits. amount of additives and
conditioning are summarized in Table 5.3.1.

Table 5.3.1. Compositions of different solutionsd aespective reference name.

Sample reference
name

0.05M NaCl bare 0.05M NaCl
3.57g cerium molybdate f00ml 0.05M NacCl suspension Suspension #1
0.714g cerium molybdate in 100ml 0.05M Na(l cengdte | Centrifugate #1
3.57g cerium molybdate in 200ml 0.05M NaCl cengdte | Centrifugate #2

Composition Condition

5.3.3Localized corrosion inhibition of AA2024

The analysis of the localized inhibitive behavioasvperformed on polished
substrates after 2h immersion in the corrosive tewia (Table 5.3.1). Initially SEM
photographs were acquired to locate the S-phasemstallic inclusion on both samples
(Figure 5.3.2a,b). The pictures show intact S-phasemetallics before corrosion. Then
the first sample was immersed in NaCl solution aarig the second one was immersed in
Centrifugate #1 solution for 2 hours. The electroitrographs showing the surface of
samples after 2h of immersion are presented inr€i§B.2c,d. Localized corrosion attack
is clearly visible around the S-phase intermetdhicase of sample immersed in NacCl
solution only Figure 5.3.2c. The EDS spectra taiethe S-phase are shown in Figure
5.3.2e. There can be clearly seen low signal of tgt was dissolved from the
intermetallic during the localized corrosion andraased signal of copper due to the
copper refining. On the contrary to the NaCl santonly a corrosion attack was not found
in case of sample immersed in Centrifugate #1 swlutvhat obviously demonstrates its
inhibitive properties (Figure 5.3.2d). EDS spectrgimows high magnesium and low
copper contents that testifies for inhibition ot t&-phase localized corrosion in NacCl
solution (Figure 5.3.2e). In the EDS spectrum theyea small peak attributed to
molybdenum that most probably came from the preatigs forming atop the intermetallic.
When performing observations at higher magnifica@goformation of precipitates on the
top of S-phase intermetallic particle is clearlgms@fter immersion in Centrifugate #1 and
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Suspension #1 solutions (Figure 5.3.3a,b). Theiptates formed at the top of S-phase

intermetallics can block the cathodic process taurs in such places and decrease the
localized corrosion attack. However, more experitheare needed to support such

assumption. Therefore polarization measurements haen performed on alloy substrates

in order to reveal the inhibiting nature of ceriumlybdate compound.

25.08kV X2.86K 15.8rm

500049 Cu M —0.05M NacCl 2h
40004 9 Cetrifugate #1

3000+ jl Al Cu
2000 1
800
600+
400
200+

a.u.

0
0 1 2 3 45 6 7 8 9
Energy, keV

Figure 5.3.2. SEM micrographs made on polished A¥2€ubstrates before a), b)
and after 2h of immersion in undoped 0.05M NaGimj in Centrifugate #1 solution d);
EDS spectra taken after corrosion exposure omtieenetallics in the middle e).
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Figure 5.3.3. SEM micrographs made on polished A22€ubstrates after 2h
immersion in Centrifugate #1 solution a) and Susen#1 b).

5.3.4DC polarization

In order to estimate the inhibiting action of cemiunolybdate on cathodic and
anodic process, polarization curves were recordetieé potential range -1.4 to -0.2 V vs
SCE. Figure 5.3.4 presents cathodic and anodicesumade in pure 0.05M NaCl and
inhibitor doped electrolytes. A cathodic curve Bare NaCl electrolyte shows a diffusion
limited plateau of oxygen reduction starting frof6-V vs. SCE and a limiting current
density around I0 A/cm?. At more negative polarization hydrogen reductimocess
starts increasing the cathodic current. It is ¢yeseen that the inhibitive solutions decrease
the cathodic current at the beginning of the cathedan (Figure 5.3.4) compared to NaCl
solution only. Therefore cerium molybdate acts gnably as cathodic inhibitor of AA2024
corrosion. The cathodic current is smaller for Gérgate #2 solution which confirms its
higher inhibiting efficiency. However, at highertlesadic polarizations the difference
between the current densities becomes smallerambdic part of the polarization curves
appeared to be almost unchanged in case of cegadfgolutions. However, a slight step
(around -0.5V vs SCE) is noticeable and associat@ti the change from anodic
dealloying of active intermetallics to intergranutarrosion of the alloy. The appearance
of such step can be connected with the small shifte corrosion potential to the negative
direction or to the partial inhibition of deallognof active intermetallics by cerium
molybdate.
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Figure 5.3.4. Polarization curves made on poligh&8024 samples obtained after
1 h of immersion in bare 0.05M NaCl solution, Céagate #1 and Centrifugate #2
solutions.

5.3.5Optical characterization of AA2024 after corrosion.

Samples after 2 weeks immersion in different etdgtes were characterized by
optical microscopy. Figure 5.3.5 presents the appea of alloy surface after immersion
tests. Although pitting activity is present on tkarface of alloy samples, all three
inhibitive solutions provide some degree of comasiprotection compared to NaCl
solution (Figure 5.3.5a,b,c,d). A thick layer ofitehcorrosion products completely covers
the surface of alloy after immersion in NaCl sautionly unlike for the samples after
immersion in inhibitive solutions. The surface dlioy after immersion in Centrifugate
solutions (Figure 5.3.5b,d) shows noticeable yelbvstain that can be associated with the
presence of corrosion products layer on the surfabe presence of the stain is less
noticeable for the sample after immersion in Susjmen electrolyte. Nevertheless, the
difference between the samples is very small ahdranethods of investigation must be
used to distinguish the corrosion protective pen@mmce of different systems. More
detailed analysis of the corrosion protection éficy of different inhibiting solutions has
been performed in the following paragraph using iBEhod.
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Figure 5.3.5. Optical photographs of AA2024 suliegafter 14 days of immersion
in Suspension #1 a), Centrifugate #1 b) and #ang),undoped 0.05M NacCl d).

5.3.6 Corrosion characterization of AA2024 using EIS.

The corrosion protection of bare AA2024 substrates assessed using the EIS
technique during immersion in 0.05M NaCl solutioithnor without cerium molybdate.
Figure 5.3.6 presents the Bode plots of AA2024raftelays of immersion in Suspension
#1, Centrifugate #1, #2 or 0.05M NaCl solution oA can be seen from the spectra the
low frequency impedance during immersion in allilmtiive solutions is 1 order of
magnitude higher than for NaCl solution only. Wheomparing impedance at low
frequencies between the inhibitor containing sohsdithe best behavior is attributed to the
solution Centrifugate #1 that was prepared usingetcamount of the compound (Figure
5.3.6). The lowest impedance is attributed to thep8nsion #1 electrolyte. Nevertheless
the difference in impedance for the inhibited saaps small.

Numerical characteristics of the inhibiting effiecgy and corrosion progress such as
oxide layer resistance and polarization resistanae be obtained after fitting the
impedance spectra. In such a way we can make adiaction between the corrosion
protection efficiency of doped and undoped NaCttetdytes.
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After 7 days of immersion the impedance spectrurtaiobd in Suspension #1
shows two time constants associated with nativeleoxilm on the aluminum surface
(around 20 Hz) and with the corrosion process (adol Hz) (Figure 5.3.6). The oxide
layer (Ry) provides protection of underlying metal and is thst barrier between corrosive
species and the metallic substrate. Changes obxite layer during immersion in NacCl
solution reflect resistance to corrosion attacknuétal and, therefore, can be used to
describe the efficiency of the corrosion protectibhe corrosion activity can be expressed
as polarization resistance and double layer cegrast (Roar and Gj). A low frequency
time constant (around 0.01) Hz is attributed to riess transfer limitations. The spectra
recorded in Centrifugate solutions do not differ amuhowever present an additional
component. At high frequencies (around 7000 Hz)am be seen a new time constant
associated with the formation of inhibitive layar the surface of alloy (Figure 5.3.6). In
contrast to inhibited solutions impedance spectaaanin pure NaCl solution present one
clearly defined time constant around 1 Hz thatssoaiated with the corrosion process. A
lack of the oxide layer response in the spectratpaut high corrosion degradation of the
alloy. The low frequency part of the spectrum isilatited to the diffusion related
processes.

Equivalent circuits presented in Figure 3.3.13tetee been mainly used for fitting
the impedance spectra during immersion in NaCltedgte. The corrosion progress is
very rapid and the response from the oxide laygy) (§uickly disappears eliminating the
need of using elements describing the oxide fililgyfe 5.3.7a). Due to the pitting activity
a Warburg element was introduced in the circuitléscribe diffusion limitations of the
corrosion process (Figure 5.3.6). The diffusionmaat introduced in the fitting model
increases the quality of fitting. Fitting curvesepented in Figure 5.3.6 as solid lines
adequately describe the impedance spectra foaalpkes and allow plotting the changes
of fitting parameters during the immersion time.eTévolution of Boar is presented in
Figure 5.3.7b. Stable corrosion activity of alldgrss since the first day of immersion as
the polarization resistance does not significaotignge with time.

Impedance spectra of the alloy during immersiomfbited solutions were fitted
using models presented in Figure 3.3.13 c,d,e.&é fEsults of fitting of samples during
immersion in Suspension #1, Centrifugate #1 andr#2presented in Figure 5.3.7. For all
inhibitive solutions there is the same trend @f Bhange during immersion. During the
first hours of immersion the resistance increastisvfed by a decrease until around 8*10
Ohm*cnt. After two days of immersion the Rwas stable for Suspension #1 and
Centrifugate #2 solutions and slightly increasedase of Centrifugate #1 solution (Figure
5.3.7a). The maximal degree of corrosion protectiais conferred by Centrifugate
electrolytes (Figure 5.3.7b) and,d& was maintained around 2*1@hm*cnf during
immersion. For Suspension #1 electrolytgiRwas monotonously decreasing until around
10° Ohm cnf during immersion.
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Figure 5.3.6. Bode plots for AA2024 after 7 daysnomersion in Suspension #1,
Centrifugate #1 and #2 and uninhibited 0.05M NasDlitson.
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Figure 5.3.7. Evolution of oxide layer resistanBg) a), oxide layer capacitance
(Cox) b), polarization resistance {i,) c) for bare AA2024 substrates during immersion in
Suspension #1, Centrifugate #1 and #2 and 0.05M.NaC
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The modifications of the equivalent circuit were deaespecially for samples
immersed in Centrifugate solutions due to the apgre of a new time constant ascribed
to the presence of inhibitor layer (Figure 5.3.63.Fc). The addition of resistance of
inhibitor layer R,, and its capacitanceif was necessary in this case to fit a high
frequency part of impedance spectra (Figure 5.316¢. highest obtained;Ris attributed
to the Centrifugate #2 solution and is most propabtsociated with the higher
concentration of inhibitor in the solution.

5.3.7 Mechanism of corrosion inhibition

The results of the corrosion testing of bare salss$r clearly show enhanced
protection conferred by cerium molybdate compouitigdee in the form of suspension or
after centrifugation of the suspension. The inimbjiteffect is related to the decrease of the
cathodic activity of the intermetallic inclusions was shown performing DC-polarization
measurements (Figure 5.3.4). The inhibition carupbecause of formation of precipitates
atop the active surface that create a diffusiomidrangainst oxygen. Another possible
scenario of inhibition is the formation of an adse layer of molybdate that can block
adsorption sites of oxygen. It is surprising tha EDS analysis made in places of local
deposits on S-phase intermetallics did not revegldetectable amount of cerium (Figure
5.3.2e) and only molybdenum signals were founcheénEDS spectra. Therefore the initial
precipitates formed after some hours of immersiorNaCl solution containing cerium
molybdate are most probably of molybdenum as a migiment.

The thermodynamic analysis can help to understamgdtive formation of deposits
based on Mo occurs. Figure 5.3.8 presents the Boudiagram for the system Mo.8
[19]. The Figure shows that at neutral or more iaguH and at potentials around -0.2V
(SHE) molybdenum is in passive state due to formmatif MoQ, protective oxide film. At
high pH molybdenum is in its soluble form MgO The following experimental data was
obtained during the preparation of the inhibitiedusions and corrosion study of the alloy
substrate. The pH of the Suspension or Centrifugatations was around 6 after the
preparation and has not changed significantly &t corrosion testing. The corrosion
potential of the alloy during immersion before padation measurements was near -0.6V
vs SCE (around -0.35V vs SHE at 20°C). According4oH diagram at such potential and
pH the formation of Mo®@oxide is possible via reduction of molybdate iagesording to
the following reaction:

MoO,” +4H" +2€ - MoQ+2H,C (5.3.1)

This process is thermodynamically possible to o@uthe cathodic intermetallic
inclusions of AA2024 even at OCP conditions durimgnersion in cerium molybdate
containing solutions. The formed molybdenum (IV)dexhas low solubility (pk~13.39)
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according to [55] and can decrease the S-phasemietallics surface in the alloy or
provide formation of a barrier that impedes tramspb oxygen to the surface of copper-
rich intermetallics [47]. When increasing the pHtbé electrolyte the formed Mo@an
undergo the oxidative dissolution according to EapH diagram (Figure 5.3.8). Therefore
the protective film may dissolve at more negatiwehodic polarization due to the
increased pH associated with oxygen reduction i@act
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Figure 5.3.8. Potential-pH equilibrium diagram floe system Mo-water, at 25°C
[19].
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Impedance results made in the presence of ceriutybaiete compound present an
additional feature associated with the action difibitor. The EIS spectra show the
presence of an inhibiting layer on the surfacellofyaduring immersion in the Centrifugate
solutions. The formation of such layer can be laited to the oxidative reduction of
molybdate to Mo (IV) oxide on the surface of alumm as was suggested in ref. [52].
When formed on the surface the oxide film proteitts underlying metal from the
corrosion attack. However, the impedance spectk&ntafrom sample immersed in
Suspension #1 electrolyte do not show the formatiosuch inhibiting layer. In order to
clarify the existence of such layers SEM microgsaphve been taken on the two samples
after immersion in Suspension #1 and Centrifug&tel#ctrolytes (Figure 5.3.9). The left
picture (Suspension #1) shows that the surfacellof & coated with round shaped
precipitates around 100-300 nm in diameter (Figu89). The right picture (Centrifugate
#2) shows the presence of precipitates with smals around 100-200 nm. However the
important difference between the two pictures et tihe precipitates layer in the case of
Centrifugate #2 solution is much denser than inather case. The alloy surface is barely
visible on SEM micrograph (Figure 5.3.9b). The me#usible explanation of such
difference is that the dense inhibitive film couldrm in conditions closer to the
equilibrium in Centrifugate solution than in theseaof Suspension solution. Therefore the
more dense film has higher resistance and thubealistinguishable in EIS spectra.

When performing the impedance measurements on |k aerium molybdate
demonstrates the corrosion protection either agpeéhsson or as clear Centrifugate
solution. In previous section the protective prdipser of Ce containing solutions were
investigated in detail. It was found that evenoat toncentration Ce effectively blocks the
cathodic process of ORR. In order to understanddleeof molybdate anions on corrosion
protection of AA2024 additional experiments haverb@erformed. Figure 5.3.10 shows
the Bode plots of AA2024 after 7 days of immersio®.05M NaCl solution with cerium
molybdate and in solution containing 1 or 50 mMN&MoO,. At any concentration
sodium molybdate does not provide any corrosiontegtmn of alloy substrate. The
impedance magnitude is very similar to the unirtkibi NaCl solution. This in not
surprising since the concentration that providdsbition of aluminium or aluminium
alloy has to be as high as about 0.1 M [47,54].

The mechanism of the corrosion protection by cerimapnlybdate compounds has
not been understood completely. Apparently therea isynergetic effect between the
cerium and molybdate that results in appearancepeties that act as inhibitors of
AA2024 corrosion process. This is supported bydbeosion analysis of the alloy in the
presence of only N#oO, that does not provide any corrosion protectioallafy.
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Figure 5.3.9. SEM micrographs made on AA2024 sabedrafter EIS testing in
Suspension #1 electrolyte a) and in Centrifugatelgtrolyte b).
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Figure 5.3.10. Bode plots for AA2024 after 7 dafysyamersion in Suspension #1,
Centrifugate #1 and #2 and uninhibited 0.05M Nafltson in comparison with the
solutions of 1 or 50 mM of N&#oQO, in 0.05M NacCl.

Summarizing

A new prospective compound has been investigated gmtential corrosion
inhibitor for AA2024 corrosion using methods of mustructural and electrochemical
analysis.

The inhibition performance of cerium molybdate va#tsibuted to the formation of
precipitates atop the S-phase intermetallics theate a barrier and block the ORR. A
current density at the beginning of cathodic paktion in inhibited solutions is lower
compared to NaCl solution only. Inhibition takesq# either when inhibitor was in the
form of suspension in the corrosive media or akarsolution after centrifugation of the
suspension. The formation of precipitates is thelynamically possible through the
reduction reaction of molybdate anions to Mo (I\Kide that is formed on the cathodic
intermetallic particles.

The corrosion protection of AA2024 alloy was aceelsssing the EIS method. The
obtained results demonstrate a superior performahcerium molybdate for the inhibition
of the alloy corrosion compared to sodium molybdaté different concentrations. In case
of the Centrifugate solutions the EIS spectra aieme days of immersion show the
formation of inhibiting layer on the surface ofall The formation of such inhibiting layer
is most probably related with the reduction of niolgtte species at the aluminium surface.
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5.4 Corrosion inhibition of AA2024 by organic corrosion inhibitors

The corrosion mechanism of AA2024 clearly demomstraan important role of
copper-rich intermetallics in accelerated localizedrosion attack that results in copper
redeposition and intermetallic dealloying. The #lethemical activity of copper can be
reduced using organic compounds which can be aegdarh the metal surface and form
strong complexes with copper or other constituenthe alloy. In this paragraph several
organic inhibitors (1,2,4-triazole, 3-amino-1,2ri&tole, BTA and MBT) effective for
copper corrosion inhibition are studied as possihledidates for AA2024 protection.

Aluminum alloy samples for EIS and DC-polarizatiexperiments were prepared
according to procedure described in paragraph 4283 AFM/SKPFM experiments
samples were polished according to the proceduseridbed in paragraph 4.2.1. The
concentration of inhibitors in 0.005M NaCl corrasigolution was following for different
inhibitors: 1,2,4-triazole — 3.5 g/l; 3-amino-1,2rfazole — 15 g/l; BTA — 3.5 g/l; MBT —
0.3 g/l. A higher concentration of 3-amino-1,2,itple was used to enhance the effect of
this inhibitor, since preliminary experiments wikbwer concentration didn’t show an
effective inhibiting action. The concentration oBW was limited by the low solubility of
this inhibitor in water.

5.4.1 EIS measurements

Preliminary screening of the inhibiting efficientydas been performed using EIS
technique. The impedance spectra were taken on 2A2amples during immersion in
0.005 M NacCl solution or in the same solution wiifferent inhibitors. As shown in
Figure 5.4.1, the addition of organic compoundsthe corrosive solution increases
corrosion resistance of the alloy. The value ofeagnce modulus in 1,2,4-triazole and 3-
amino-1,2,4-triazole-containing electrolytes isHag than that in chloride solution only
after longer immersion time. For MBT and BTA, tmepedance at low frequencies is one
order of magnitude higher than for uninhibited $olu showing the highest inhibition
efficiency among the tested compounds.

A deeper analysis of Figure 5.4.1a,b reveals tleegrce of two well-defined time
constants for the alloy in inhibitor-free soluti@fter 2 days of immersion. The time
constant at 10 Hz can be attributed to the corrogiocess which was developed very fast
during 2 days of immersion. A low frequency partloé impedance spectra is most likely
related to a diffusion process.

Impedance spectra of alloy during immersion in lithve solutions are more
complex. In case of BTA and MBT inhibitors there awo well visible time dependent
elements. The low frequency time constant devetd@sound 1 Hz and is ascribed to the
corrosion process. High frequency time constaneap around 100 Hz and is related to
the presence of native oxide film. The part of spectra close to 0.01 Hz presents signs of
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another relaxation process which can be relatetiéanass transport limitations. This is
visible especially in the case of 1,2,4-triazoleilitor.

The presented results demonstrate that the organipounds under study confer
remarkable inhibition effect. However deeper study needed to understand the

mechanisms of these inhibition processes.

= benzotriazol
* mercaptobenzothiazole

S e 1,2,4-triazole

10 ."'.,:-._ v 3-amino-1,2,4-triazole
~ v "ol NaCl
§ 10
E
° 10%4 S
N~ 1074 .

10" .

a) 10% 10" 10° 10* 10° 10° 10°
Frequency, Hz

= benzotriazol
e mercaptobenzothiazole

1,2,4-triazole
10 -::::'-., v 3-amino-1,2,4-triazole
s NaCl

E 10°] s
Q
£
S 10
N 1073

101 -2 I-1 IO I1 I2 I3 I4
¢y 100 100 100 100 10° 10" 10

Frequency, Hz

&%
h %ugg . o
-80 S e

d
Conopoooe™”

by 107 10* 10° 10' 10° 10° 10°
Frequency, Hz

0-
£
&
A By
=204, Vvv )
o b
. DDDZV L}ng
o - 1%%
b 40 Ooo, DEB w3
© 1 nv
- [es] % n O
fan) 60 (o( S vvv ”rw{)ovv
e
SR 20V
-80 %D&?Emm}%“
-2 I-1 J 0 ’ 1 J 2 ’ 3 ’ 4
d) 10° 100 100 100 10° 10° 10

Frequency, Hz

Figure 5.4.1. Bode plots for AA2024 after 2 a) dzddays b) of immersion in
0.005 M NaCl electrolyte without and with differanhibitors.

5.4.2 DC polarization measurements

To estimate the effect of different inhibitors dretanodic and cathodic electrode
reactions, Potentiodynamic polarization measuresn@mre carried out in the potential
range from -0.25 V to 0.2 V vs. open circuit poiahtThe cathodic polarization curve in
the inhibitor-free chloride solution shows a diffuslimited plateau of the cathodic
current about 1*1® A/cm?® (Figure 5.4.2). The diffusion limitations are teld to the
transport of the oxygen dissolved in the electmlyt an electrode surface. Introduction of
the inhibitors into solution leads to a decreas¢hefcathodic current (Figure 5.4.2). For
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example, 2-mercaptobenzothiazole suppresses thediatcurrent by about one order of
magnitude compared to the inhibitor-free electealyt

To clarify this effect, cathodic polarization plat®re recorded on Cu electrodes in
the same solutions. Copper was chosen becausendta is a main component in the
intermetallic inclusions of the alloy where thehsadic process of electrochemical oxygen
reduction occurs. As can be seen in Figure 5.4i@ng BTA and MBT inhibitors into the
solution results in a significant decrease of thghadic current at E > -0.9 V, in contrast to
NaCl solution only, in which a diffusion-limited ment plateau is observed in the potential
region between -0.9 V and -0.5V. The slope of tb&afzation curve antecedent to the
diffusion-limited plateau has comparable valueghi@ case of the copper (250 mV/dec)
and in the case of the aluminium alloy (210 mV/dec)nhibitor-containing solutions.
These similar slopes indicate that the cathodiccgss on the copper inclusions may
determine the electrochemical behavior of the alioyhe negative potential region. The
higher diffusion limiting current density in thessaof the copper electrode in comparison
with AA2024 substrate (Figure 5.4.2) is due todheali cleaning of the alloy plates which
leads to partial removal of the copper-containmgimetallics from the alloy surface.

The inhibitors influence the anodic partial reacticas well (Figure 5.4.2). The
anodic polarization curves in the presence of imdikshow different sections. The first
section with a fast current increase at low podditn can be assigned to the dissolution of
aluminium and magnesium contained inMyCu particles [339]. The second section at
higher polarization has a current stabilizationiaagwhich is more pronounced in the case
of benzotriazole and 2-mercaptobenzothiazole-comgi solutions. The third section is
observed at even more positive potentials whemrgranular corrosion in the aluminum
matrix also takes place [339].

The current densities at given anodic potential®ijootential of 50 mV vs. open
circuit potential) were compared in different etebttes. The AA2024 anodically
polarized in inhibitor-free NaCl solution shows eatively higher current density about
3.6*10° A/lcm?. Addition of 3-amino-1,2,4-triazole decreases ticaly the current
density to 1.810% A/cm?. The other inhibitors under study show even magaificant
decrease of the anodic current (1,2,4-triazole*{D4 A/cm?), MBT (1.7¥10° Alcm?),
BTA (2.3*10° A/lcm?) conferring an additional corrosion protection.
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Figure 5.4.2. Anodic and cathodic polarization @srfor 2024 aluminium alloy in
0.05 M NaCl with different inhibitors. The poterti@as scanned in the positive direction.
(Inset shows linear Tafel parts on the first secbbthe anodic branches). The samples
were immersed in solutions for 20 min prior the meaments.
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Figure 5.4.3. Anodic and cathodic polarization @s¥or copper in oxygen
saturated 0.05 M NacCl electrolyte. The potentias weanned from open circuit potential
to the respective direction.
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The anodic Tafel slopes were calculated using fipeats of the log i vs. E curves
between the OCP potential and the current stabdizaegion (insert in Figure 5.4.2). The
slopes increase when an inhibitor is added to Mafition (pure solution (14.5 mV/dec),
3-amino-1,2,4-triazole (36 mV/dec), 1,2,4-triaz¢d8 mV/dec), MBT (41 mV/dec), BTA
(42 mV/dec)). The increase of the Tafel slopes icansf the retarding effect of the
inhibitors on anodic processes for the alloy in treduchloride solutions. The anodic
polarization measurements performed on copper Isnevn that the introduction of
inhibitors into solution drastically slows down tlmodic processes on Cu electrodes
except for MBT inhibitor (Figure 5.4.3). Thus, tbentribution of the anodic dissolution of
copper in the total anodic process on the AA202dyathould be negligible. This fact
allows us to assume that the main anodic procesghenalloy at relatively low
overpotentials is the dissolution of aluminium andgnesium from intermetallic particles,
which is in a good accordance with the resultsqatsl in the literature [339].

5.4.3 Surface evolution

The polished AA2024 substrate was immersed in 080BIaCl solution with
different inhibitors to estimate the evolution bktalloy surface. Optical micrographs of
the substrate after 2 hours of testing are predeant€&igure 5.4.4. The sample in chloride
solution only shows drastic changes of the surthoe to localized corrosion processes.
Dark areas formed around the pits indicate redépasbf copper dissolved from the
intermetallic particles (Figure 5.4.4a). On the tcary to bare NaCl solution the surface
after immersion in BTA and MBT inhibitive solutiorappears to be without any signs of
localized corrosion (Figure 5.4.4b,c). Immersion3kamino,1,2,4-triazole did not show
corrosion activity as well (Figure 5.4.4d). Thessults prove inhibition of the localized
corrosion of AA2024 in the presence of organic comus under study during the first 2
hours of immersion in corrosive environment. Howews was demonstrated above, after
longer immersion the corrosion process begins.
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Figure 5.4.4. Optical micrographs of the polishboyammersed for 2 h in 0.005
M NacCl a), and in the solution containing BTA b)BW c¢) and 3-aminol,2,4-triazole d)
inhibitors.

5.4.4 AFM/SKPFM study

The AFM and SKPFM techniques were used in the waskcomplimentary
methods to reveal the evolution of the surface gogohy and VPD after corrosion tests.
This information can be extremely helpful for uretanding the corrosion and inhibition
mechanisms. Figure 5.4.5 depicts topography and ¥edhs for the AA2024 after 2h
immersion in BTA and MBT containing electrolyte.&burface topography does not show
any signs of corrosion activity (Figure 5.4.5a,0) domparison to uninhibited solution
(Figure 5.1.2a) and the Volta potential distribatieeeps the same character as in the case
of the surface before immersion (Figure 5.1.2bj ttwafirms retardation of the localized
corrosion activity on S-phase inclusions. The atdfects on the alloy surface are hole-like
defects that are visible on both topography mapsifies Figure 5.4.5a,c) and optical
pictures (black dots Figure 5.4.4). Such holedeftdy the intermetallics removed during
polishing and are not related to the pitting asficored by VPD measurements. Any signs
of intermetallics or potential change are not obseérin such areas. Careful analysis of the
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surface topography shows that some deposits appeathe top of the copper-rich
intermetallic particles after immersion in MBT stéun (Figure 5.4.5c¢,f). The use of BTA
does not provide this effect of selective depositid inhibitor (Figure 5.4.5a,e). Surface
topography and VPD maps in the case of 1,24-titazand 2amino-1,2,4-triazole
containing electrolytes (not shown) are similaBiA and MBT inhibitors.
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Figure 5.4.5. Topography (a, ¢) and VPD map (lmfdA2024 after 2 h of
immersion in 0.005 M NaCl solution containing BT#, ) and MBT (c, d). Black lines on
the maps correspond to profiles of the topograpttdy\&PD which are presented on the
graphs e) for BTA and f) for MBT.
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5.4.5 Mechanism of corrosion inhibition

The results described above can clarify some detdithe mechanism of corrosion
inhibition by the triazole and thiazole derivativesed in this study. Introduction of the
triazole or thiazole compounds into the corrosiveda leads to retardation of the
corrosion processes on AA2024. EIS measurements BhRown increased impedance
during immersion in inhibitive solutions containiigrA and MBT compared to NacCl
solution only. Such effect was caused by slowingrthe kinetics of oxygen reduction on
copper containing intermetallics that are majohadic particles in the alloy. The inhibitor
is quickly adsorbed on the intermetallics providiefiective protection. The adsorption
process occurs during the first hour of immersisricdlows from optical imaging (Figure
5.4.4) and AFM/SKPFM measurements (Figure 5.4.5)rthlermore MBT forms
precipitates on the copper-rich intermetallic isoduns (Figure 5.4.5c). The formation of
the precipitates was not observed for other inbibit

In the case of BTA the mechanism of inhibition etated to the formation of an
inhibiting layer (complex CuBTA) atop the copperfage [343,344]. The formation of an
inhibiting layer proceeds through the following cgans [345]:

Cu+CI o CuCl+ é (5.4.1)
CuCl+CI" » CuCl (5.4.2)
CuClL™ + BTAH ~ CuBTA H+2 Cl (5.4.3)

In chloride solution copper (l) is stabilized byetformation of a complex with
chloride anions. When an inhibitor is introducedhe system the reaction (5.4.3) occurs.
It follows from the thermodynamical data [345] thiae acidic environment destabilizes
the CuBTA complex, therefore the inhibiting efficey of BTA is lower at low pH. Such
behavior is a common feature for the heterocydganic derivatives having a hydrogen
atom in position one in the heterocyclic ring [SBpr corrosion inhibition by MBT the
mechanism is also related to the formation of caxgsd with cuprous ions that reacts with
adsorbed molecules of MBT in analogy with 2-Mercéygnzoxazole [346] according to
the following reaction [347]:

CuCl™ + MBT ~ CuMBT+2 ClI (5.4.4)

Selective deposition of inhibitor molecules carchased by the formation of stable
covalent Cu-S- bonds that provide corrosion infobiof copper [348].

Triazole and thiazole derivatives have common meisha of inhibition related to
the formation of a protective film on the copperface by means of reaction with cuprous
species formed at the surface of metal in chlogdetaining environment. The Cu-
(inhibitor) complexes and adsorbed inhibitor molesudecrease the rate of both anodic
and cathodic processes on the AA2024 surface.cBlly, MBT, in spite of a low
concentration in solution, decreases the cathaglient by an order of magnitude (Figure
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5.4.2) due to blocking the oxygen reduction proessm copper-rich intermetallics (Figure
5.4.3). All inhibitors also decrease the rate af Hnodic reaction of intermetallics and
aluminum matrix dissolution and increase the Taflelpe by about two-three times
compared to pure chloride solution (Figure 5.4.2).

Summarizing

The triazole and thiazole derivatives used as m@gitto the NaCl containing
solutions decrease the rate of the anodic readtioreasing the Tafel slope for about two-
three times compared to uninhibited corrosion smutSuch action provides additional
effect against intermetallics dealloying and coppegteposition, therefore decreasing the
susceptibility of the alloy toward localized coriars attack.

Using a combination of different techniques suchEaS, DC-polarization and
AFM/SKPFM measurements one can conclude that 2ap@wbenzothiazole and
benzotriazole can be used as effective corrosibibitors conferring long-term corrosion
protection to the 2024 aluminum alloy in neutralocide solution. Introduction of these
inhibitors into “intelligent” storage/release regars could be a promising way to provide
active corrosion protection to copper containingv@ahum alloys.
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5.5 Other effective organic corrosion inhibitorsfor AA2024

Previous results demonstrate a good corrosion girote of AA2024 in NacCl
solution conferred by BTA and MBT inhibitors evehlaw concentration for MBT. In
addition to the above indicated experiments thébitihg effect of several new candidates
to be used as corrosion inhibitors for AA2024 wasestigated as well. The main decisive
factor to choose the inhibitors was the abilitydom insoluble complexes with Mg and Cu
at different conditions (pH and concentration). Tduacentration of organic compounds
used as inhibitors for AA2024 corrosion is presdnieTable 5.5.1.

For the visual observation and EIS measurementddne metal substrates were
cleaned using the procedure described in paragtapB. Samples for DC polarization
investigations were prepared according to the pimig procedure described in paragraph
4.2.2. The specimens used for SKPFM, XPS and SEM/®Bere prepared according to
procedure described in paragraph 4.2.1. The palishith diamond paste was employed
to reduce roughness of the alloy surface down te Walues required for AFM
measurements as well as for XPS and SEM/EDS asalysi

Table 5.5.1. Concentrations of reagents used &inggin 0.05M NacCl solution.

Inhibidor Concentration
1 Salicylaldoxime (SAL) 0.5¢g/l
2 Dithizone Saturated<0.5g/l)
3 8Hydroxyquinoline (8HQ) Saturated<0.5g/l)
4 5,7 -Dibromo-8HQ Saturated<0.5g/l)
5 Thioacetamide 0.5¢g/l
6 Quinaldic acid (QA) Saturated<0.5g/l)
7 a-Benzoinoxime Saturated<0.5g/l)
8 2-(2-Hydroxyphenyl)benzoxazole Saturated<0.5g/1)
9 Cupferron 0.5¢g/1
10 | Cuprizone 0.5¢g/l
11 | Dithiooxamide Saturated<0.5g/l)

5.5.1 EIS measurements

A screening test using 0.05M NaCl electrolyte dopatth different active agents
was performed by means of EIS as in the case afdie and thiazole based inhibitors.
Figure 5.5.1a,b demonstrate Bode plots of AA20ZEspens after 2 weeks of immersion
in 0.05M NacCl solution in the presence of the org@ompounds listed in Table 5.5.1. As
shown in Figure 5.5.1a,b the lowest value of impedaat low frequency corresponds to
the sample immersed in NaCl solution only. Thus$,tedted reagents reveal a certain
inhibiting action conferring different protectivéfieiency. The value of the low frequency
impedance, which is related to the corrosion pracesone to two orders of magnitude
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higher for the specimens immersed in chloride damtg solution doped with 8HQ, SAL
and QA than for the alloy immersed in the undodedteolyte.

Evolution of impedance spectra was analyzed in nu@til for the three most
effective inhibitors. Figure 5.5.2 presents Bodetplof the alloy after 1 and 14 days of
immersion in NaCl solution with or without differemhibitors. The impedance spectrum
of the alloy immersed in NaCl solution only revealg time constants at 10 Hz and
inchoate one at about 0.01 Hz (Figure 5.5.2a). Aigh frequency time-constant can be
assigned to the corrosion process developed vetyfathe bare alloy. The low frequency
one can be related to the mass transfer limitatamt®mpanying the corrosion process.
The fitting curve using the equivalent circuit preted in Figure 3.3.13d adequately
describes the impedance spectrum of alloy in NaGltion (Figure 5.5.2a). It should be
noted that after one day of immersion, the samplaersed in NaCl solution only does not
show the presence of the native oxide layer dukéostrong corrosion attack. Thus the
impedance spectra can be fitted with the circustghin Figure 3.3.13b.

After one day of immersion the samples immersecdhimbitive solutions do not
show visible corrosion. The impedance spectra ptase overlapping time constants in a
middle frequency range (1 - 200 Hz) (Figure 5.5.2a) case of SAL inhibitor two
processes are not clearly visible after one daynohersion though distinguishable after
longer period. A time constant located around 100&tz be ascribed to a layer of inhibitor
formed on the alloy surface (especially noticedble8HQ and QA inhibitors). A time
constant around 1 Hz can be ascribed to the nakide film. A low frequency part of the
impedance spectra (around 0.01Hz) shows signs ofosion process. The fitting
procedure was performed using the equivalent d¢inpresented in Figure 3.3.13e. The
results of fitting are shown in Figure 5.5.2a aackl lines. As can be seen the used
equivalent circuit adequately describes the impedamurves. Though, it should be noted
that the circuit has a third time constant reldtedorrosion which increases the quality of
the fitting at low frequency. However the numeri@rors exceed the fitted values
therefore the corrosion process was not considartéte discussion.

An example of the impedance fitting after 14 daysnamersion can be seen in
Figure 5.5.2b. Longer immersion results in sepanatif the two time constants. Growth of
the inhibitor layer is mostly pronounced in case86fQ (Figure 5.5.2b). Signs of the
corrosion process become more visible in the l@gdency part of the impedance spectra
(Figure 5.5.2b) especially for 8HQ inhibitive satut. More detailed information on the
behavior of the alloy during immersion in the ceive solution can be obtained from the
fitting data.
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Figure 5.5.1. EIS spectra obtained for AA 2024raftedays of immersion in
0.05 M NaCl with or without inhibitors.
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Figure 5.5.2. Bode plots for AA 2024 after 1 dayadl 14 days b) of immersion in
0.05 M NaCl with 8HQ, QA and SAL inhibitors; sollicies present fitting curves.
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Figure 5.5.3 presents the evolution of differentrapaeters after fitting the
impedance spectra. The capacitance of the inhgpliger stays almost without changes
with the immersion time for SAL and QA inhibitivelditives (Figure 5.5.3a). This can be
attributed to the relatively fast formation of ande and stable inhibitor containing layer on
the surface of the alloy. The behavior of the spec immersed into 8HQ containing
solution is different. A prolonged decrease of citpace shows continuous increase of
thickness of the inhibitor layer (Figure 5.5.3aleTresistance of inhibitor film increases in
the case of 8HQ until around 4*1@hm*cnt which is consistent with the change of
capacitance. For other inhibitors the changes lubitive film resistance are uneven. The

resistance is changing around 2*10hm*cnf for QA and 9*18 Ohm*cnf for SAL
inhibitors.
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Figure 5.5.3. Evolution of capacitance a) and tasce b) of inhibitor layer;

resistance of the oxide layer c) during the imnzergime in 0.05M NaCl with or without
inhibitors.
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The native aluminum oxide has an important roleh@ncorrosion resistance of the
aluminum-based alloys. Monitoring the oxide layauridg immersion can give an
indication of the protection efficiency of differemhibitors. For pure NaCl solution the
oxide resistance drops during the first day of imsim® and then disappears completely
from the spectra (Figure 5.5.3c). Different behavioan be found when using QA and
SAL inhibitors. The resistance of oxide increasesimd) the immersion until around
1.5*10° Ohm*cnt for QA and 4*18 Ohm*cnt for SAL inhibitor (Figure 5.5.3c). Rapid
decrease of the resistance until about 2.5Bm*cnt can be seen during the first day of
immersion for 8HQ followed by a slow decrease uatdund 1*18 Ohm*cnt by the end
of immersion (Figure 5.5.3c). Nevertheless, théstasce remains in the range of100°
Ohm*cnt? which is significantly higher than in the caserdfibitor-free solution.

5.5.2 Optical observations

Optical images of the alloy after 2 weeks of imnmrsare shown in Figure 5.5.4.
The sample immersed in pure chloride solution hasmympits on the surface and is
significantly corroded (Figure 5.5.4d). Moreovdugtcorrosion has already started after
only one day of immersion in NaCl containing elebtre. Unlike for pure NaCl solution,
the surface of alloy samples immersed in the @bt doped with inhibitors is much
cleaner showing low visual corrosion attack esplgcia the case of 8HQ where the
surface seems to be intact after the immersion liesiase of QA and Sal inhibitors metal
surface shows some pits. However a zone aroundipésn’t have any significant amount
of the corrosion products of aluminum. Nevertheldbge alloy surface shows slightly
yellowish coloration which can be associated while fpresence of an insoluble layer
containing inhibitor. The coloration is more noabde for QA containing electrolyte
compared to SAL containing electrolyte and almast moticeable for HQ electrolyte.
These results are in close agreement with the ianpze data presented in Figure 5.5.3
where the most defined response from the orgayer laas revealed in the case of 8HQ.

Quinaldic acid, 8Hydroxyquinoline and Salicylaldmeé organic substances
revealed superior corrosion suppression and wéeetsd for additional testing to confirm
their inhibiting action and get understanding &f thechanism of protection.
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a) 8HQ b) QA c) SAL

d) NaCl 0,05M

Figure 5.5.4. Photos of the AA2024 samples immefsetivo weeks in 0.05 M
NaCl with and without inhibitors.

5.5.3DC-polarisation

Potentiodynamic polarization measurements wereethaut in the potential range
of -0.8 V to 0.6 V vs open circuit potential to cheterize the effect of the different
inhibitors on the anodic and cathodic partial efed® reactions. Values of pH measured
for the solutions with or without inhibitors wene the range of 5.7+0.5.

The polarization curves presented in Figure 5.5/&ae recorded after 1 hour
(Figure 5.5.5 a) and 24 hours (Figure 5.5.5 byxahersion at the open circuit potential in
pure 0.05M NaCl or in the same solution doped withibitors. Doping of chloride
electrolyte with the inhibitors leads to decreat¢he cathodic current which can be seen
after one hour of immersion (Figure 5.5.5a). Howetlee decrease is more pronounced in
the more negative potential range where hydrogefugen occurs. Increase of immersion
time prior to polarization increases inhibitingiei#ncy, suppressing the cathodic current
by more than one order of magnitude (Figure 5.5.5bg results show that the interaction
of the inhibitors with the aluminium alloy includinthe cathodic particles is, most
probably, a relatively slow process which takessahvhours.
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Figure 5.5.5. Polarization curves made on AA202@.0%5 M chloride solution with
different inhibitors. The curves were taken aftdralir of immersion a) and 24 hours of
immersion b).

The anodic partial reactions are also influencednbibitors. After one hour there
is almost no difference in the anodic currents doethe addition of inhibitor. The
difference is much more defined after longer imnogrgime. The anodic branch of the
polarization curve on AA2024 has two breakdown ptiéds accompanied with sharp
growth of the current. The first breakdown is duwe the dissolution of S-phase
intermetallics and the second one at more posfiventials is caused by intergranular
attack. Addition of QA decreases the maximal curdensity at high anodic potentials.
However the second breakdown potential is not esthifh this case. SAL and 8HQ act
differently. They decrease the anodic dissolutibrihe S-phase intermetallic inclusions
leading to lower current densities in the potentehge between the two breakdown
potentials. The second breakdown potential is alstied to the more positive direction
demonstrating inhibition of the intergranular aktas well.

The longer immersion time before polarization colddd to formation of denser
protection layer on the metal surface. EIS datapsup this assumption because the
presence of inhibitive layer could not be detedvefbre one day of immersion (Figure
5.5.3). The inhibiting layer decreases the catha@iduction of oxygen and anodic
dissolution of Mg and Al on copper rich intermeataltones. This is in agreement with
results of long-term EIS measurements, which inditiae growth of inhibitive film on the
surface. In case of SAL and QA inhibitive layersrevaoticeable after 1 day of immersion
being in good correlation with polarization measoeats.
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5.5.4 XPS characterisation

The chemical composition of the surface of the dammpmmersed in the blank
NaCl solution or into the same solution with QA, ISAr 8HQ was studied by XPS
analysis. Figure 5.5.6a shows the Al2p ionizatitamed on immersed substrates. The
main Al2p peak, with binding energy of approximgt@l.6 eV can be assigned to Al-O
bonds due to the presence 0f@d/Al(OH)3 constituents [349].

The minor AlI2p peak with binding energy of about8EV is related to the
presence of metallic aluminum and it was detectdgt on the samples immersed in the
inhibitor containing solutions. Such effect can daglained by the inhibiting action of
organic compounds that delay the formation of &idayf corrosion products on the alloy
surface. In the undoped NaCl solution the elecwaubal activity of intermetallics
inclusions is faster, which promotes corrosionwatstiof the whole alloy thus blocking the
surface with a layer of corrosion products.

The presence of organic inhibitors on the surfddb@immersed specimens can be
characterized by the N 1s ionization peaks that pgesented in Figure 5.5.6b. This
ionization is composed by a main peak, at bindimgrgies between 400 and 401 eV that
can be assigned to the C-N bonds present in thigitmhmolecules. In the case of the SAL
a small peak was also detected in the higher bindirergy side of the N1s spectrum and
can be related to the N-OH bonds.

Copper and magnesium were also detected on thacsuof all AA2024 samples.
The Cu 2p ionization for all the samples is demidte Figure 5.5.6¢. The relative atomic
contents of Cu in the samples are presented as Twltotal amount of different forms of
Cuis 1.5 -2.4 times higher for the specimens ins@ein inhibitor free NaCl solution.

The Cu 2p envelope for the sample exposed to &tk presented a Full width at
half maximum of about 6 eV, revealing the contnbutof different forms of copper.
These can be linked to both Cu(l) and Cu(ll), alifio the shake-up satellites above 938.0
eV and characteristic of Cu(ll) could not be detddit350]. Therefore, the composition of
the Cu envelop can be related with Cu (I)-Cl cometeand Cu (1)-O species. The FWHM
of the Cu2p ionization decreased for the samplg®®ed to the solutions of NaCl with
inhibitors and for the QA and 8HQ only one Cu peals observed, which may correspond
to the Cu present in the precipitates.

The Mg 2p ionization showed a very low signal tekzaound ratio. However, two
peaks can be observed. The first one is at bindmgygies of approximately 48.0 eV,
corresponding to metallic Mg and second one isbaut51 eV, traceable to the Mg-O
bonds arising from inhibitor-Mg complexes or Mg oxide/hydroxide [351] (Figure
5.5.6d). The peak obtained in the blank NaCl soluis slightly different and seems to
present only one contribution, at 49.8 eV probahlg to magnesium corrosion products.
Relative atomic percentage of Mg is depicted inRlgure label. The sample immersed in
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the blank NaCl solution presents the lowest amairitlg, which gives an evidence of
more intense corrosion processes.

The trends observed in the Cu2p and Mg2p ionizatieme in a good agreement
with the corrosion mechanism for the AA2024 disedss paragraph 5.1 and supports the
mechanism of localized corrosion that includes neagmm dealloying from the S-phase
intermetallics and copper redeposition. The XP& digo proved the presence of adsorbed
N containing layers and the absence of significamtosion activity on the surface of the
specimens exposed to the solutions containing itanin contrast to features observed in

blank NaCl where corrosion activity is much moreeise.
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Figure 5.5.6 XPS spectra corresponded to ionizatdriAl 2p a), N 1s b), Cu 2p c¢)
and Mg 2p d) obtained on the AA2024 immersed fbpars into pure NaCl solution, or

NaCl with different inhibitors.
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5.5.5 AFM/SKPFM investigation

Figure 5.5.7 presents the topography and VPD eofacross the copper rich
intermetallic inclusions before and after 5 hourgyamersion in 0.05M NacCl solution with
or without different inhibitors. No changes can fmund for topographic profiles
corresponding to for absence of the localized &oro activity on the surface in the
presence of inhibitors (Figure 5.5.7a,b,c). Theeabs of even minor changes at the height
profile testifies the stability of the intermetalliparticles in the solution doped with
inhibitors. On the contrary, evolution of profilésr NaCl solution only shows signs of
pitting on the surface (a hole in the center) a#l a® a layer of corrosion products of
aluminum being noticeable in the left and righttpasf the topographic profile (Figure
5.5.7d).
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Figure 5.5.7 Topography and VPD profiles of thegi@d specimens of AA2024
before and after 5h immersion in 0.05 M NaCl solutivith SAL a), QA b), 8HQ c) and
NacCl solution only d).
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The VPD profiles before immersion (Figure 5.5.7¢pdy well defined peaks
indicating copper rich intermetallic zones. Aftanmersion in NaCl electrolyte with
inhibitors the shape of VPD profiles has not chahgedicating the absence of localized
corrosion attack (Figure 5.5.7a,b,c). However, tiblative position of the profiles after
immersion was changed compared to as polished ratdsst (Figure 5.5.7a,b,c black
profiles). In case of SAL and QA inhibitors thedeoges were about 50mV and 100 mV
respectively in the negative direction (Figure Bab.and Figure 5.5.7b respectively).
Almost no change was observed for 8HQ (Figure 5)5.7he negative offset of the VPD
level for different inhibitors can be attributed @aocharged or polar layer formed on the
surface.

After immersion of the aluminum sample in NaCl $@n only there is a huge
broadening and positive shift of the VPD that isssd by copper redeposition on those
zones (Figure 5.5.7d). The increase of potentiathef matrix can be explained by the
presence of the aluminum corrosion products laydrkay the total increase of Cu content
on the surface of the alloy resulting from redeposi processes around dissolved S-
phases. This is confirmed by data of XPS analysesgnted above, which shows the
increase of copper content on the surface of atfoyiersed in NaCl solution only (Figure
5.5.7c) compared to lower amount of Cu on the serfaf specimens immersed into
inhibitor-containing solutions.

5.5.6 Mechanism of the corrosion inhibition

The effectiveness of corrosion inhibition of AA20&4mainly determined by the
mechanism of action of the studied compounds orattieity of the S-phase inclusions.
One of the possible mechanisms is the formationaoélly soluble chelate compounds on
the alloy surface. The results of the EIS measunésnshowed the presence of a high
frequency time-constant on the impedance spectrsapnfples immersed into inhibitor-
containing solutions. This time constant was atted to the presence of the adsorbed
layer of inhibitor or complexes containing Al Mg** or CU* cations. XPS data
demonstrate the presence of nitrogen on the surdécall specimens immersed into
inhibitor-containing solutions which can be expkdnonly by the presence of inhibitor or
insoluble complexes of inhibitor with metals on theface of the alloy.

Analytical data regarding the conditions of formati composition and properties
of complexes of the investigated inhibitors witHi@as of Mg, Cu and Al occasionally
exist in literature [17,352-354] and are presentedable 5.5.2. The 8HQ forms very
insoluble precipitates with all the componentshef §-phases. Such low values of product
solubility and wide pH range of stability of thensplexes result in the formation of
insoluble AI(GHsON)3;, Mg(CoHesON), and Cu(GHsON), compounds at the very
beginning of the corrosion process when only th&t foroducts of corrosion appeared at
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low concentration. Moreover, the layers of depakitdhelates prevent adsorption of
chloride ions on the surface covered with nativamahum oxide, which remains intact.
Although formation of chelate 8-hydroxyquionolingneplexes on the surface of aluminum
[61] and copper [355] was described, the inhibitaggion of 8HQ on the dissolution of
magnesium from the intermetallic inclusions, whighs presented above has not been
mentioned earlier. SAL and QA have never been ropat before in literature as
inhibitors of copper, magnesium or aluminium coiwasprocess. There is no strict
analytical data on numerical values of solubilitystability constants for complexes of
copper with SAL or Al with SAL except for Cu with AQ(Cu(L), PS = 1.6-18") [17].
However, there is information on gravimetric [35893 and conductimetric [360]
determination of Cu and Al in the form of their @& SAL complexes. Thus, Al and Cu
are able to form insoluble complexes with SAL and & well as 8HQ. Formation of
water insoluble complex layers on the entire metaface and on the active sites of
AA2024 alloy stops the extension of the corrosiod & most probably responsible for the
effective inhibition of the localized corrosion pesses.

The number of investigations aimed at the exploraéind development of effective
substitution of chromates has considerably incika&sece the prohibition of the use of
chromate-containing anticorrosion coatings. Undedlyt the environmental friendliness
of newly-discovered inhibitors is an issue. Accaglio the MSDS (Material Safety Data
Sheet) of ChemExper data base [361] carcinogeniiBHQ, SAL and QA are not listed
by ACGIH, IARC, NIOSH, NTP, OSHA in contrast witlompounds of Cr(VI) which is a
known carcinogen. However, exact toxicological desttould be carried out before wide
industrial use of the investigated inhibitors.

The corrosion inhibitors in the case of the aertinalapplications, where AA2024
is mainly used, can not be added to the corrosmer@ment like in some technological
cases where metallic constructions are employedth&m way is to introduce the organic
inhibitor into the coating system. The main conagfgprospective application of SAL, QA
and 8HQ is their embedding as active componentstimh hybrid organic-inorganic sol-
gel coatings or primer.

Table 5.5.2. The properties of insoluble complexeSu, Mg and Al with 8HQ.

Me pH PS Compound | Reference
Al—8-HQ | 4.2-938 1.03-18° Al(L) 5 [352]
Mg—-8-HQ | 9.4-12.7 6.8-16 Mg(L), [353]
Cu—8-HQ | 5.3-146 4.2-1H Cu(L), [354]

occurs: Ki,An, = mKt + nAn.

*PS=aya,, , Wherea is activity of ion when dissociation of low solebKt,An,
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Summarizing

Three organic inhibitors SAL, 8HQ and QA are praabgor effective corrosion
protection of AA2024.

The results of corrosion tests using EIS, DC pp#ion and localized techniques
(AFM/SKPFM) demonstrate a stable and prolongedosion inhibiting effect of AA2024
conferred by the tested organic compounds.

The presence of inhibitors in the corrosive medlaads to significant decrease of
the corrosion processes as a result of formatiantbfn adsorption protective layer on the
surface of the alloy. However, the formation of tleyer takes time. Impedance
measurements clearly demonstrate the formatioay&frlonly after approximately one day
of immersion. DC polarization measurements alsowshioat the protection is more
efficient after longer immersion time prior to theeasurements. The inhibiting action is
based on the passivation of active intermetallivesopreventing the dissolution of Mg and
Al as well as dissolution and redeposition of Cur&bver, the insoluble layer prevents the
adsorption of aggressive chloride ions on the sertd# the alloy.

The presence of layers of inhibitors on the surfec@roven by XPS and EIS
analysis. Quantitative considerations of resultXBfS and EIS analysis show that 8HQ
forms a thicker layer on the surface compared td. &#d QA. Chemisorption and
precipitation of complexes occur on the surfaceyailhcluding the active S-phase.

The 8HQ and SAL decrease the rate of the anoditiosma The cathodic process
occurring mainly on the intermetallic particleslewed down as well by all inhibitors.

The 8HQ, SAL and QA are promising candidates toadded to the coating

systems as active anti-corrosion components fog-term corrosion protection of 2024
aluminium alloy.
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6 Sol-ge coatings

6.1 Hybrid sol-gel coatings as pretreatmentsfor corrosion protection of AA2024

In conventional coating systems used for diffemaetallic substrates the adhesion
between the metal and organic paints is mainly dase the mechanical interlocking
between the pre-treated metal surface and the iargaating. In the case of sol-gel pre-
treatments mechanical interlocking is difficultaohieve because the surface of the sol-gel
coating is very smooth compared to anodized lageonversion coatings. Nevertheless,
sol-gel systems are chemically reactive and cawmigegachemical bonding to the hydroxide
functionalities existing on the oxide covered metlrface and to the organic
functionalities existing in different polymer caags thus enhancing the adhesion.
Appropriate functionalized groups are necessary tfa@ sol-gel systems to provide
chemically bonded interface between the metal &edarganic paints. Sol-gel systems
stabilize two interfaces. The first one is metdiga interface and the second one sol-
gel/organic paint. The stabilization of the firsttarface is mainly attributed to the
formation of covalent bonds between Si and meteduph the oxygen bridge. Such
bonding is very strong and can provide necessagyegeof adhesion to metallic substrate.
The stabilization of the second interface betwéensbl-gel/organic paints can be achieved
by the introduction of specific functional groupg&el epoxy-, methacryl-, amino- and
others to the sol-gel systems. For example orgpaiats used in aerospace industry
typically contain epoxy and amino based componénterder to provide crosslinking.
Therefore chemical reactivity between the functiagraups of paints and sol-gel confers
effective bonding of the two layers. In addition gqoality of adhesion, pretreatments
should provide necessary degree of barrier prateciihis can be achieved by variation of
the crosslinking and condensation degree of thgalohetwork. Sol-gel pretreatments are
therefore promising candidates for substitution adnventional pretreatments like
conversion coatings or anodized layers in industry.

In this study two hybrid sol-gel systems were sgsthed, optimized and
investigated as pretreatments for corrosion prateaf AA2024. The first system is based
on the combination of Zirconium (IV) propoxide (TRPand organofunctional silane 3-
glycidoxypropyltrimethoxysilane (GPTMS). The secosgistem is a combination of
Titanium (1V) propoxide (TPOT) and GPTMS. The prdaees of the sol-gel synthesis are
described in paragraphs 4.3.1 and 4.3.2. Howewengsobservations and details of the
sol-gel processing will be presented further.
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6.1.1 Sol-gel synthesis

Two main components have been used for the sadygehesis, namely TPOZ or
TPOT (metalorganic compounds) and GPTMS (organdimmal silane). The
metalorganic compounds were employed to build amgemnic network and for in-situ
formation of oxide nanoparticles which normallynfeirce the sol-gel matrix and provide
necessary mechanical strength. However, due to hegictivity of the metalorganic
precursors it is essential to introduce additiar@hplexants that inhibit the hydrolysis of
TPOZ and TPOT. Two different complexing agents sashAcetylacetone (AcAc) and
Ethylacetoacetate (EtAcAc) were used for the prpar of Zr and Ti based sol-gel
systems. The organofunctional silane (GPTMS) prwidequired functionality for the
stabilization of the two interfaces. Hydrolyzedasibl groups can react with the metal
interface forming covalent oxygen bridges and iaoig network. Epoxy functionalized
organic part provides necessary cross linking degvith organic paints ensuring good
adhesion between the two layers. Table 6.1.1 shiogvsomposition and reference number
of different sol-gel systems prepared in this study

Table 6.1.1. Compositions of different sol-gel sys$ and their reference name.

Component/Reference| SgZrll SgZr2 | SgTil | SgTi2
TPOZ + + - -
TPOT - - + +
EtAcAc + - + -
AcAc - + - +
GPTMS + + + +
Reactor 1 Reactor 1 Reactor 3 Reactor 3
Acidic water
addition
—
TPOZ (TOPT)+ Ultrasonic treatment T=22 °C, Stirring . .
EtAcAc (AcAc) 90 (60) min and Ultrasonic Aging for 60 min
T=22 °C, Stirring treatment for 60 min
20 min
Reactor 2
GPTMS+ Sol-gel
. L s Heat treatment
2 I
iPr-OH + acidic water application 120 °C. 80 min

T=22 °C, Stirring 60 min

Figure 6.1.1. Schema of the sol-gel synthesis route
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Sol-gel formulations were prepared in three stepsi@scribed in the synthesis
procedure (paragraphs 4.3.1 4.3.2). The schemgpiesentation of the sol-gel synthesis
route is presented in Figure 6.1.1. The first sikfhe synthesis includes the synthesis of
alkosol 1 based on metalorganic precursors (TPOTR®Z) which is performed in
Reactors 1. The second step includes the preparatialkosol 2 containing GPTMS in
Reactor 2. At the third step the obtained two alk®sre mixed in Reactor 3 giving the
alkosol 3. After ageing the sol-gel is applied lagyasubstrates and then cured in an oven.

Different transformations occur at each step ofgblegel synthesis. The following
observations were made during the synthesis ofiiditeontaining organosiloxane sols
(alkosol 1). The use of TPOT and AcAc as startingypounds in the first sol system
results in the formation of pale yellow suspensfter water addition and about 10 min of
ultrasonic agitation (Figure 6.1.2a). After 35 nof intense ultrasonic treatment, the
yellow suspension gelates. Therefore to avoid mgelathe first sol was ultrasonically
treated for 25-30 min and then only mechanicalilyest for 30-35 min before mixing with
the second alkosol. Combining of this suspensiah trie second organosiloxane alkosol
gives a transparent straw-colour agile sol (Sg&&n after several minutes of ultrasonic
treatment (Figure 6.1.2b). On the contrary theaidetAcAc as a complexant-stabilizer for
TPOT hydrolysis does not lead to formation of apsmsion during the first alkosol
synthesis. The colour of the first alkosol is a ti&e (Figure 6.1.3a) with no visible
turbidity. After mixing the first alkosol with theecond alkosol the resulting colour of the
final sol-gel (SgTil) is yellow (Figure 6.1.3b) aisdvery similar to SgTi2 (Figure 6.1.2b).

By the analogy with the titanium organic precurstine combination of TPOZ and
AcAc with water also gives a suspension after thaking (Figure 6.1.4a). A crystalline
compound was apparently formed as a result of itradietween the two reagents.
Continuous ultrasonication of the suspension fora6i more minutes does not increase
the viscosity of the suspension. After mixing alklos and 2 a transparent light yellow sol
is formed without visible turbidity (SgZr2) (Figur@.1.4b). The alkosol obtained after
mixing of TPOZ and EtAcAc with water is clear witito signs of gelation and turbidity
even after long ultrasonic agitation time. A cleal with brownish colour is formed in this
case (Figure 6.1.5a). The mixing of the first ahd second alkosols gives transparent
almost colourless sol (SgZrl) (Figure 6.1.5Db).
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Figure 6.1.2. Optical photograph of the suspenamed in alkosol 1 with TPOT,
AcAc and water after ultrasonic agitation a), dmel final sol-gel mixture alkosol 3
(SgTi2) b).

a- b-

Figure 6.1.3. Optical photograph of the suspenamed in alkosol 1 with TPOT,
EthAcAc and water after ultrasonic agitation a)l éinal sol-gel mixture alkosol 3
(SgTil) b).

a- b-

Figure 6.1.4. Optical photograph of the suspenamed in alkosol 1 with TPOZ,
AcAc and water after ultrasonic agitation a), aimcifsol-gel mixture alkosol 3 (SgZr2) b).
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Figure 6.1.5. Optical photograph of the suspenfamed in alkosol 1 with TPOZ,
EthAcAc and water after ultrasonic agitation a)] &inal sol-gel mixture alkosol 3 (SgZrl)
b).

The colour alterations suggest that the complexnated interactions occur during
the synthesis of the alkosols. According to thevimesly obtained data on the titanium
alkoxide hydrolysis/condensation reactions [362}3@he formation of metal oxide
nanoparticles in the first sol can proceed withtipgoation of different complexes such as
Ti(OPri)s(acac) and Ti(OPrjacac). Moran et al. found that the clusters
Ti4O,(OPri)o(acac) can be obtained by slow hydrolysis of a mixtureTgfOPri), and
AcAc [366]. Further linking between these organorganic bricks can be accomplished
through the hydrolysis-condensation reactions ptechby residual water and protons.

The appearance of the suspension in the case of AoMplexing agent might be
associated with the formation of oxo-compounds it following formulas TiIO(AcAg)
and [TiO(AcAc)], [367,368]. To support this assumption, we perfai&D analysis of
the powder obtained after centrifugation of thispansion (Figure 6.1.6). Results obtained
show that titanium oxo bis(acetylacetonate) (TiO&8p) is actually a dominant
component of the precipitate. Introduction of thesee-hydrolized acetylacetonate
complexes into the organosiloxane sol gives tramespdnybrid sol under US agitation. The
formation of heterometal Si-O-Ti bonds takes pldoging this stage. Further chemical
transformations occur also during the stage of idyalkosol aging. Colour alternation of
the titania-containing sols from light-yellow tollv support this assumption.
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Figure 6.1.6. XRD spectra of TIO(AcAcgompound obtained after centrifugation
of the alkosol 1 containing TPOT and AcAc.

Less information on the structure of the Zr-contegncomplexes can be found in
the literature. The complex L(OiPr)oAcAc), which is the primary hydrolysis product
of Zr(OPrk(acac) can be obtained in the system with Zr (IV) preomssand AcAc [369].
The composition of a Zr complex depends on the ragitween the ligand and the metal.
When this ratio is low then larger clusters carob&ined. The appearance of crystalline
precipitates when mixing TPOZ and AcAc can be eslato the initial formation of
Zr(OiPr)(AcAc) complexes that are transformed to a more stabten f@ar(AcAc),
[370,371].

6.1.2 TG/DTA characterization of the hybrid sol-gel polgra

To study thermal behavior of the sol-gel materaitained from the prepared sols
and to select proper heat-curing temperature ferpteparation of the films DTA/TGA
analysis was performed on powdered xerogel samplefore these measurements the
xerogels were dried at 60 °C for 7 days to ensespgolymerization. Figure 6.1.7 shows
the DTA/TGA curves for Zirconium and Titanium badegbrid sol-gels. For comparison
reasons, similar experiments were made for xerogetpared from the first Alkosol
solution 1 containing TPOZ, EtAcAc with water aretand Alkosol solution 2 containing
GPTMS, 2-propanol and water (Figure 6.1.7).
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The xerogel prepared from GPTMS (alkosol 2) giviest distinctly steep weight
loss at 170-230°C with a sharp exothermic peak8&°C followed by a second steep
weight loss at 250-450 °C and broad exothermic ghak starts from 250 °C. The first
weight loss may be assigned to the elimination lénasically bound water from the
inorganic network and additional condensation ef $hoxane groups [372,373]. Whereas
the second weight loss is ascribed to the decortipogif organic part [256].

As compared with the xerogel prepared using GPTRI&o&ol 2) (Figure 6.1.7),
the TGA curves for the binary oxide systems (Sgamtl SgTi2) demonstrate very small
weight losses in the temperature range up to 15@itkC small endothermic effects near
100 °C which are characteristic of the desorptibphysically adsorbed water molecules.
There are several steps of a strong weight lossdast 150 and 350 °C, which can be
attributed to the release of chemically bounded ewataround 200 °C) and to
decomposition of the organic components (around°8)0Moderate exothermic effects
accompany this weight loss. Exothermic effects amight loss at temperatures higher
400 °C both for (1) and (2) xerogels can be assediaith an additional decomposition of
the organic matrix as well as structural transfdroms of Zr or Ti oxides. More detailed
analysis of high temperature part of TG and DTAvesrcan be studied for xerogels based
on metal alkoxides in order to clarify existence lwbad exothermic peaks at high
temperatures.

Thermal behavior of metalorganic precursors, asesample for TPOZ based
xerogel (4), shows appearance of the exothermi& pear 440 °C (Figure 6.1.7). Such
increase is associated with the crystallizationcess of a partially hydroxylated
amorphous oxide [374]. For TPOT based xerogel (daganot presented) there is an
exothermic peak at around 500 °C that is similaxemgel (4). Such exothermic peak can
be attributed to the structural transformation aftase to rutile [374]. Therefore the
broadening on DTA curves for the sol-gel system¥ &hd (2) is a mixture of
decomposition of organic matrix and structural desof the metal oxides.

These results indirectly show that the hydrolysisl @ondensation reactions are
more complete in the binary oxide systems as coeaptr single alkosol 1 or 2 systems.
The binary oxide xerogels are more thermo-stalde those containing individual oxides
only. Results of TGA measurements show that solsystems based on Zr- and Ti-
propoxides are relatively stable up to 150°C. Ttoeestemperature of curing of the sol-gel
coatings should not exceed this value.
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Figure 6.1.7. TGA/DTA curves for zirconia - (1) atitdnia - (2) based hybrid
xerogels; for xerogels prepared from alkosol 2 amig GPTMS, 2-propoxide and water
(3); for xerogels from alkosol 1 containing TPOZAEAc and water (4).

6.1.3 Microstructural characterisation of the sol-geltougs

To find more information about the micro- and ndnagure of the sol-gel
coatings, two model systems based on Zr and Tiithydmi-gels were deposited on glass
substrates and studied by AFM. Prior to the defosihe glass was carefully cleaned to
avoid artifacts on the topographic maps. The AFMasueements of the two systems are
presented in the Figure 6.1.8. Well uniform coatiage formed in case of hybrid sol-gel
systems based on Zr and Ti precursors (Figure )6.At8closer observation one can see
that the surface of the coatings is composed obstanmctured particles that are formed
during hydrolysis and condensation of metal orgamid silicon based compounds (Figure
6.1.8 b,d). The average size of nanoparticles th boatings is around 50 nm.

SEM was also used to characterize microscopic ptiegeand thickness of the sol-
gel films after deposition on chemically cleaned 2084 substrates. The deposited sol-gel
films have homogeneous glass-like structure an@aiednd crack free surface (Figure
6.1.9 a,c). Dark spots around 10-20 um on the SEElMyes correspond to the sol-gel filled
voids that were formed in the alloy after chemjmadtreatment of the alloy surface (Figure
6.1.9a,c). At high magnifications SEM shows the astiructured surface which is in
agreement with AFM topographic measurements. Tamelier of the particles is less than
100 nm (Figure 6.1.9b,d). The particles are unifgratistributed in the hybrid matrix
without visible signs of agglomeration. However,atler these particles are composed by
oxides of Zr, Ti or Si is not yet resolved. Anotliportant characteristic of the deposited
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coatings is their thickness. The thickness of thmsfwas estimated by the cross section
SEM analysis presented in Figure 6.1.10. For Zr @ndbased films thickness varies

between about 1.5 to 2 um. Such deviation of treskncan be a result of the nonuniform
alloy surface and dipcoating process in which tha&tiag thickness slightly changes from

the top to bottom of the sample.

e o

e T'..E{IT.[ 3 i-.:'-' :

-.r e

Figure 6.1.8. Topography of hybrid sol-gel coati®grl a), b) and SgTi2 c), d).
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Figure 6.1.9. SEM micrographs of SgZr1 (a,b) and@i&gc,d) sol-gel coatings
deposited on AA20204 substrates.

X153.AK 2.888rm

Figure 6.1.10. SEM cross-section micrographs ofré@J and SgTi2 b) sol-gel
coatings deposited on AA2024 substrates.
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A TEM investigation has been performed in ordegebinformation on micro- and
nanostructural properties of the sol-gel coatingpliad on AA2024 substrate. Figure
6.1.11 presents cross-section images of sol-gelingsa The coatings are dense,
homogeneous and uniformly cover the alloy surf&md-gel penetrates inside the voids in
the metal surface as can be seen as an exampBg#old coating (Figure 6.1.11a). This
indicates good wettability of the alloy by the @l solution. An interface between the
alloy and sol-gel coatings at higher magnificatien presented in Figure 6.1.11b.
Micrographs clearly show the presence of an intdrate layer between the alloy matrix
(bottom) and sol-gel coating (top). The layer hdfeient gray tone compared to alloy and
sol-gel and most probably is composed by aluminuideo Such oxide is naturally formed
after the alloy cleaning procedure. The sol-gekfaiightly adheres to the oxide layer
forming a stable interface (Figure 6.1.11b).

The nanoparticulated structure of the coating mblé at higher magnifications
over 150k times. Figures 6.1.11 present crossesedtimicrographs of the Zr (c) and Ti
(d) sol-gel coatings. Dark spots on the Figurestnposbably indicate the presence of
nanoparticles of Zr@and TiQ. Since Zr and Ti elements have higher moleculaghte
the scattering and absorption of electron beanhbgd atoms is higher when compared to
silicon and TEM image gets darker in the placemetal nanoparticles as can be seen on
Figure 6.1.11c,d. The size distribution of nandpke$ varies between about 10 to 20 nm
for Zr and Ti based systems. However, the preseh&O, nanopatrticles is not possible to
resolve by TEM because silicon is the major elementhe sol-gel and is distributed
homogeneously in the matrix. Nevertheless, AFM iesa(figure 6.1.9) and SEM images
(Figure 6.1.10) clearly show the nanostructuredperties of the coatings which can be
associated with the presence of both silica andalroedide nanoparticles. From another
hand, the higher size of nanoparticles observedBy and SEM (around 50nm) can be
related to the fact that those nanoparticles hakiadof core-shell structure when core is
titania or zirconia and shell is constituted by #ilexane chains. However, neither TEM
nor AFM methods can prove the presence of siliceoparticles.
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6.1.4 Corrosion protection properties of the sol-gel oo

Equivalent circuit modeling and analysis of impeciaspectra

The impedance measurements provide valuable int@ma on the
physicochemical processes that occur in coated Insetaples during immersion in
corrosive electrolytes. Creating an appropriatespta model and using it for fitting of
impedance spectra helps to get information on s@roprotection efficiency and study
the kinetics of corrosion. Figure 6.1.12 presentdgion of impedance spectra after one
hour, one day, two weeks and 1 month of immersiadh5M NaCl electrolyte for Zr-based
sol-gel coating deposited on AA2024 substrate. Tvetl-defined time constants can be
observed on the Bode plots after 1 hour of immaerside high frequency time constant
(around 18 Hz) is associated with capacitance and resistafitke sol-gel layer (Ga).
The second relaxation process observed in the ®Bi2-ftequency range is ascribed to the
presence of intermediate oxide filmy({Cat the metal/coating interface. The spectra show
one clearly visible resistive component neaf-10° Hz which corresponds to a resistance
of the sol-gel film (Roa). A model presented in Figure 3.3.14a can be tmeiitting of the
impedance spectra after short immersion time in INaf@ution. The result of fitting is
shown as a solid line (Figure 6.1.12 1hour). Theease of the immersion time results in
decrease of the (Rcoat) due to the developmentawks and pores in the sol-gel film
(Figure 6.1.12). The capacitance of the coatingeia®es with the immersion time (Figure
6.1.12). Such behavior can correspond to the patmatrof water in the film and partial
hydrolytic destruction of the coating.
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Figure 6.1.12. Impedance spectra of AA2024 coatiétdl Xv based hybrid sol-gel
film taken after 1 hour, 1 day, 2 weeks and 1 maftimmersion in 0.5 M NacCl. Solid
lines present fit using appropriate equivalentutec
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After 1 day of immersion a new resistive comporegears in low frequency part
of the spectra and is ascribed to a resistancehefittermediate oxide layer {R
Corrosive species progress through the coatingdafelcts in the oxide layer forming a
conduction path to the metal substrate thus deiredop resistive behavior in the low
frequency part of the impedance spectra. Oxiderlsgg@stance decreases with immersion
time. The corresponding spectra can be fitted udiiegequivalent circuit presented in
Figure 3.3.14b. Solid line in Figure 6.1.12 preseéhe fitting results.

Signs of a corrosion process can be detected imthedance spectra after several
days of immersion. An additional time constant appeon the spectra in the low
frequency region due to started corrosion attadgufe 6.1.12 2 weeks). Therefore
additional elements associated with double laygpac#iance (&) and polarization
resistance (Ria) should be added to the equivalent circuit moBeyre 3.3.14c). As can
be seen from Figure 6.1.12 the fitting curves adégly describe impedance spectra after 2
weeks and 1 month of immersion.

The presented equivalent circuit models and fitpngcedure are valid and can be
used for fitting of impedance spectra obtainedhandol-gel coated alloy substrates. In the
following paragraph EIS measurements will be penied on several sol-gel coated
samples in order to determine the kinetics of tbating degradation and corrosion
protection efficiency.

Corrosion protection of AA2024 by Zr and Ti basgtrid sol-gel coatings

Four different Zr and Ti based sol-gel coatingsevapplied on the alloy samples
and studied using EIS during 1 month of immersior0i5M NaCl solution. Numerical
fittings of impedance spectra employing appropregaivalent circuits were performed in
order to estimate the evolution of corrosion protec properties of different coatings
under study. These equivalent circuits were sedete fitting the experimental results
basing on the physico-chemical model of the coomgirocess on coated metals. Only
models that obtained high goodness were used &xfierimental results and to extract
parameters of the investigated systems. The ewolutf the parameters of the coated
systems with time was analyzed in order to asdessarrosion protection properties of
different sol-gel pre-treatments.

The evolution of the sol-gel coatings capacitanCg.s) during 1 month of
immersion in chloride-containing solution is presehin Figure 6.1.13a. The initial values
of capacitance of SgZrl and SgZr2 sol-gel filmscualdted form the first recorded
impedance spectra are around 8.20*Edcnt for both coatings. Dielectric permittivity)(
of the Zr based sol-gel coatings can be easilynestid using the thickness measurements.
The results of calculation are presented in Table 6.1.2 for oggatinickness 1.5 and 2 um.
Values of dielectric permittivity of the sol-gelatings are about 13.9-18.5 and higher than
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for organic materials. The presence of inorganiastituents in the sol-gel coatings can
explain the increased dielectric permittivity. Dhgithe 2 days of immersion there is a
rapid increase of capacitance until about 1.Z*Egcnt followed by a linear increase until
the end of immersion (Figure 6.1.13a). The rapaaase of the capacitance of the sol-gel
coating can be explained by a water penetratioildénshe coating. Water uptake is
estimated using the values of the coating capamtat the beginning and in the end of
immersion. Brasher-Kingsbury equation (3.3.22) wssd for calculations and results are
presented in Table 6.1.2. For SgZrl and SgZr2 mgdlie estimated water uptake is 12.5%
and 11.8% respectively after 1 month of immersidowever, the results of water uptake
calculation might include an error because theinbthvalues are relatively high for thin
coatings. This can be associated with the hydwlgstability of the sol-gel coating during
immersion in electrolyte and partial decompositmthe siloxane bonds. The sol-gel
matrix destruction results in additional growthcajpacitance and apparent increase of the
water uptake.

The initial capacitance for Ti-based coatings isdothan for Zr-based ones and is
around 7.58*18 F/cn? and 7.39*10F F/cnf for SgTil and SgTi2 coatings respectively
(Table 6.1.2). The calculated dielectric permittiviis also lower and varies from 12.5 to
17.1 at thickness 1.5 and 2 um respectively. Intresh to Zr based coatings during
immersion there is a difference between the camaoit of SgTil and SgTi2 coatings. For
SgTil sample the capacitance increases until asi®® Ficnf after two days of
immersion. For SgTi2 sample the increase is higinéit about 1.31*18 F/cnf. A longer
immersion time is accompanied by an additional ease of capacitance until
approximately 1.65*18 F/cnf. The calculations show that water uptake for Httws is
higher than for Zr based ones (Table 6.1.2). Howea® was pointed out before, a high
water uptake is rather attributed to the degradatiche sol-gel than to physical ingress of
water in the coating.

The obtained results show that the use of varicusptexants for the sol-gel
preparation results in different properties of thatings especially for Ti based sol-gels. A
variation in capacitance between SgTil and SgTiBpéas can evidence the different
stability of the sol-gel coatings in water solutiém contrast to that, Zr based systems show
very similar behavior.

Table 6.1.2. Numerical data of capacitance (C)edtac permittivitye, and water
uptake for different sol-gel coatings.

SgZrl SgZr2 SgTil SgTi2
C F/cnf initial 8.20*10° | 8.20*10° | 7.58*10° | 7.39*10°
C Flcnf after 1 month | 1.42*1® | 1.38*10° | 1.47*10° | 1.65*10°
g, thickness 1.5 um 13.9 13.9 12.8 12.5
g, thickness 2 um 18.5 18.5 17.1 16.7
Water uptake % 12.5 11.8 15.1 18.3
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The information on the capacitance of coating it sudficient for the analysis of
the corrosion protective properties. Another imaottparameter of the coating is the pore
resistance (Rcoat) that characterizes its barnepgsties. The pore resistance consists of
the resistance of electrolyte in pores, cracks p@itglconnected in parallel to each other.
Figure 6.1.13b shows the evolution of the porestaace of coatings under study during 1
month of immersion in 0.5M NaCl solution. Hybrid attngs demonstrate the highest
resistance at the beginning of immersion with felltg fast decrease during the first 24
hour of contact with electrolyte. Fast penetratddnwvater and ions into the finest pores of
the film is most probably responsible for this séince drop. The initial coating resistance
and the following resistance drop after 1 day omiension are significantly higher for
coatings prepared using AcAc (SgZr2, SgTi2) as amegh with EtAcAc (SgZrl, SgTil)
complexing agents (Table 6.1.3).

After the first minutes of immersion, SgZrl and &)2&ystems have almost two
orders of magnitude difference in the initiaj,R(Table 6.1.3). However, after 100 hours
of immersion, the lowest resistance was revealedHe SgZr2 coating which had the
highest initial resistance (Figure 6.1.13b). Prdpal higher reactivity of the sol-gel
system prepared using AcAc is responsible for sbehavior. During the longer
immersion time a well-defined linear decrease gf./®ccurs for all the coatings (Figure
6.1.13b). However, in spite of high initial resista of SgZr2 coating the better behavior is
attributed to another coating, namely SgZrl. Thistting demonstrates better barrier
protection during longer immersion in corrosivectielyte.

Ti based coatings have opposite tendency compar&d based coatings. Sol-gel
film prepared with AcAc (SgTi2 sample) has highesistance at the beginning of
immersion. However, unlike for sample SgTil, samPti2 shows higher resistance in
the end of immersion as well (Figure 6.1.13). Thesesults demonstrate that the
complexing agents have different influence on taeier properties of Zr and Ti bases sol-
gel coatings.

1.8x10°
1.6x10°® . —u— Zrl (EtAcAc)
o -8 10 —e—Zr2 (AcAc)
g 1.4x10 e Til (EtAcAc)
L 1.2x10° S 10° —v—Ti2 (AcAc)
~ g
3 8
O 1074 —=— 711 (EtAcAQ) Q 10
¢ —e—7r2 (AcAc) g ' I
8x10° Til (EtAcAc) ® 10° e
—v—Ti2 (AcAc) Theet
a) 0 100 200 300 400 500 600 700 |y 0 100 200 300 400 500 600 700
Time/h Time/h

Figure 6.1.13. Evolution of capacitancg4a) and resistance.8:b) for different
hybrid coatings on AA2024 during immersion in 0.5NMCI solution.
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Table 6.1.3. The resistance of different coatingdhe beginning of immersion and
after 24 hours of immersion in 0.5 M NacCl.

Coating | Initial Reoas Ohm cmM | Reoar Ohm cnd Reoat init/ Reoat 24h
reference after 24 h of immersion

Sgzrl 5.0*16+4.8*10° 7.5*10°+7.8*10°F 6.7

SgZr2 3.3*10+2.9*10" 1.0*10'+1.3*10° 330

SgTil 1.6*10+1.5*10° 2.2*10°+4.8*10°F 7.3

SgTi2 4.6*10+4.2*10° 1.4*10'+2.8*10" 32.8

The compactness of the intermediate oxide layendor between the sol-gel film
and the metallic substrate is very important fréwa point of view of corrosion protection.
A breakdown of this oxide layer allows direct inggeof the corrosive agents to the
metallic surface. Figure 6.1.14a presents the ¢weoluof the intermediate oxide layer
resistance (R). Samples SgZr2 and SgTil show fast drop of thdeoxesistance from
approximately 1*18 Ohm+*cn? to about 3*1& Ohm*cn? during the first four days of
immersion. Resistance continues to decrease aeldngnersion time until about 5*10
Ohm*cn? for SgZr2 coating and 8*P@hm*cnt for SgTil coating. An initial resistance
of SgZrl and SgTi2 samples is about *I@hm*cnf which is similar to other sol-gel
systems (Figure 6.1.14a). At longer immersion #gstance of the oxide layer decreases
to about 1*16 Ohm*cn? and 2*16 Ohm*cnf for SgZrl and SgTi2 samples respectively.
The results of evolution of intermediate oxide s&mice are in accordance with the
evolution of sol-gel coating resistance presentelligure 6.1.13b. Sol-gel coatings SgZrl
and SgTi2 demonstrate higher barrier protectionlagter intermediate oxide resistance.
However, the high resistance of intermediate oxides not only depend on the barrier
protective properties of the coating. The stabitifythe interface between the sol-gel and
metal plays an important role as well. The impedamsults show that the initial values of
resistance (R) are similar for all samples. However, at longemmersion there is a
significant difference. When a metal and sol-gel ightly bonded, less corrosion species
can ingress through the sol-gel matrix to thisrfiatee. Therefore oxide layer has higher
stability. Apparently interface formed by SgZrl adgTi2 sol-gel systems is more stable
compared to other sol-gel systems.

The rate of the corrosion processes ongoing omial surface can be estimated
measuring the polarisation resistance of the sbtgated alloy. Figure 6.1.14b presents
evolution of the polarization resistancgq.i calculated from EIS spectra for different
coatings. A time constant associated with corropimtess becomes visible on impedance
spectra only after some days of immersion. SgZd $gZr2 coatings show very similar
behaviour of B, that evenly decreases from around T*0hm*cnt to 2*10° Ohm*cnf
during 1 month of immersion. In contrast to Zr lhsel-gel coatings, behavior ofd; is
different for SgTil and SgTi2 coatings (Figure 64h). SgTi2 sample shows superior
performance over other samples. These results denate that different Zr- and Ti-based
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sol-gel coatings delay starting of the corrosiomcpss, though no decrease of the corrosion
was found during the tests. Therefore the sol-galings provide only passive corrosion
protection to the substrate.

—=—Zrl (Ethacac)

—e—Zr2 (AcAc)
Til (Ethacac)

—v—Ti2 (AcAc)

~e—o

0

100 200 300 400 500 600 700
Time / h

—=—Zrl (Ethacac)

—e—Zr2 (AcAc)
Til (Ethacac)

—v—Ti2 (AcAc)

0

100 200 300 400 500 600 700
Time/h

Figure 6.1.14. Evolution of resistance of the imediate layer i a) and
polarization resistance of corrosion process.fb) for different hybrid coatings deposited
on AA2024 during immersion in 0.5 M NaCl solution.

6.1.5 Optical and microstructural characterization ofgel coatings after corrosion.

Optical microscopy and SEM were used for macro- amcro- visualization of
corrosion impact on sol-gel coated samples. Fighilel5 shows the appearance of
AA2024 samples coated with different sol-gel filmfer 1 month immersion in 0.5 M
NaCl solution. All coatings demonstrate rather ggmatection against corrosion in
chloride solution. Only several corrosion pits daseen on the surface. However, two
samples SgZrl and SgTi2 show less pits and comoproducts compared to other
samples. Low corrosion degradation is in a goo@degent with the results obtained by

EIS measu
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Figure 6.1.15. Optical photographs of AA2024 sampleated with different sol-
gel films SgSgZrl a) and SgZr2 b), SgTil c) andi3gl) after 1 month immersion in
0.5 M NacCl solution.

SEM measurements provide additional informatiortte microstructural changes
of the sol-gel surface after long-term corrosiostite). Inspection of the sample surface
after 1 month immersion in 0.5 M NaCl solution slsomo delamination or significant
deterioration. However, small defects can be seethe surface of the SgZrl and SgTil
coatings (Figure 6.1.16a,b). These defects apmaéicplarly around the big corrosion pits
presented in Figure 6.1.15. Similar defects cao lbésseen on the surface of SgZr2 sample
(not shown). In contrast to that, SgTi2 sample amst much less microstructural defects
except for a couple of them near the pit as inddee of SgTil coating (Figure 6.1.16b).
However, the surface of SgTi2 sample is relatiddan away from the pits as can be seen
in Figure 6.1.16c. The found defects look like telis around 30-50 pum in diameter at
higher magnification (Figure 6.1.16d). The figuteoashows cracks in the sol-gel film near
blisters that could be formed due to mechanicakstof the sol-gel during immersion.
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Figure 6.1.16. SEM micrographs of SgZrl (a), Sgbj)land SgTi2 (c) sol-gel after
1 month immersion in 0.5 M NaCl solution (planewjePicture d) shows blister at higher
magnification.

6.1.6 Salt spray tests

Titania- and zirconia-containing sol-gel coatingattshowed the best performance
in corrosion tests were deposited on large AA20pécsnens (150 x 80 mm) and
investigated using standard accelerated corrogists such as neutral salt spray test (ISO
9227) and paint adhesion test (according to IS®R40

Table 6.1.4 shows the salt spray test results mfncate conversion coating (CCC),
used as a reference, and selected sol-gel coai8ggal and SgTi2 without additional
organic coat) after 168 h and 336 h test durattoscratch with dimensions 1 mm width
and 150um deep was made on all panels prior to testingthlinvestigated samples do
not show creepage from the scratch after 168 h 38&l h of testing. The chromate
conversion coating demonstrates no defects aft8rnlénd only slight coloration of the
surface appears after 336 h testing time. On therdtand the sol-gel coatings show some
pits after 168 h and a stronger corrosion attackr&836 h (Figure 6.1.17b,c). SgTi2
coating shows less pits compared to SgZrl filmraftgh testing periods (Table 6.1.4).
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Although both coating did not fulfill the requiremte according to MIL 5541 E
specification, it's a promising approach towardplaeement of chromate conversion
coatings.

Figure 6.1.18 shows photos of the scratch areheofdst specimens after 168h and
336h of salt spray testing. The chromate conversaating provides good active corrosion
protection due to leaching of chromates. Theretbeescratch remains almost shiny after
the test duration of 336h. The sol-gel coatingsipl® adequate protection of the scratch
until 168h with coloration but no visible pits. Aft336 h, the sol-gel samples offer lower
degree of corrosion protection compared to CCC. &pits with corrosion products are
detectable in the scratch area of the two specimidosvever, SgTi2 coating shows a
slightly lower amount of pits than SgZrl one. Thsults of the accelerated corrosion
testing show the lack of active corrosion protacid the sol-gel coatings.

Table 6.1.4. Results of the salt spray test obd#ifit coatings after 168 h and 336 h.

Coating | Test Creepage from| Evaluation of sample | Evaluation of
reference| duration | scratch surface scratch area
max. [mm]

CCC 168 h 0 no defects no corrosion
SgZrl 168 h 0 8 pits, 30 evolving pitg coloration
SgTi2 168 h 0 6 pits, 20 evolving pits coloration
CCC 336 h 0 slight coloration slight coloration
SgZrl 336 h 0 15 pits, 40 evolving pits  visiblespit
SgTi2 336 h 0 10 pits, 30 evolving pits  visiblespit
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Figure 6.1.17. Photos of AA2024 samples coated ghtlomate conversion coating
(a), Sgzrl (b), SgTi2 (c) after 168 h and 336 henutral salt spray test according to ISO
9227.
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Figure 6.1.18. Photos of the scribe area (1 mnbsanidth) of AA2024 samples
coated with chromate conversion coating (a), SqB),1SgTi2 (c) after 168 h and 336 h in
neutral salt spray test according to ISO 9227.

6.1.7 Paint adhesion tests

Figure 6.1.19 and Table 6.1.5 present results ofntpadhesion test before
immersion and after 14 days of immersion in deiediwater of SgZrl and SgTi2 samples
coated with epoxy based primer and top coat. Bathgsl coatings show excellent
adhesion properties (substrate/sol-gel and sopgell interface). There is no coating
damage or delamination on both test samples foradd/ wet testing conditions (Figure
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6.1.19). Furthermore, no blisters are formed ontés¢ samples during immersion in DI
water proving a very stable sol-gel/paint interface

The results of the adhesion test demonstrate agaag compatibility of the sol-gel
coatings with paint under study. The use of orgapoxy functional groups provides
necessary bonding strength between the sol-geihgoand primer as can be seen from the
Figure 6.1.20. The cross-sectional TEM micrograpbmss excellent interface between the
sol-gel coating (SgZrl as an example) and a pricoating. The development of such
interface is attributed to the chemical bonds fairbetween the functional groups present
in both sol-gel and primer.

Table 6.1.5. Results of the paint adhesion te<D 2809) before and after 14 days
immersion in DI water. The results are classified dlasses, with class 0 (GT 0)
representing no removal of paint and class 5 (GEevkre loss of paint. The number of
blisters (m) is ranked from O (no blisters) to 6Wered with blisters), the size of blisters g
is ranked from O (not visible) to 5 (more than 5mm)

Coating | GT value before immersig GT value after 14d immersion Evaluation of paint surface (after
reference | in DI water in DI water 14d immersion in DI water)
SgZrl GTO GT1 mO0/g0
SgTi2 GTO GT1 mO0/g0

a) Before exposure to DI water b) Before exposure to DI water

a) After 14d exposure to DI water b) After 14d exposure to DI water

Figure 6.1.19. Crosscut adhesion tape test of gizelS(a), SgTi2 (b) sol-gel
coatings on AA2024 samples coated with water bapedy primer and water based
epoxy topcoat before and after 14d immersion invBter.

208



Figure 6.1.20. TEM micrograph shows a cross-sedafanprimer coating and
SgZrl sol-gel coating deposited on AA2024 samplmyAs on the bottom, sol-gel
coating is in the middle and primer is on the tbthe image.

Summarizing

Different sol-gel coating systems were prepared tasted as corrosion protective
pretreatments for AA2024. Stable sol-gel formulasicare obtained when combining Ti
(IV) and Zr (IV) alkoxides with epoxy-organosiloxaalkosol. Such hybrid systems can be
used for deposition of thin pretreatment films footection of aluminum alloy against
corrosion and for increasing a bonding strengthivben the alloy and organic paints. The
obtained films are dense, uniform and crack freé @aithickness around 1.5-2 pm.

The corrosion resistance of the AA2024-T3 coateith \wybrid sol-gel films were
evaluated using EIS. The EIS method can be usedbttel the degradation of the sol-gel
and metal/coating interface during the corrosioposxire.

The nature of metal oxide nanoparticles incorparatéo the hybrid silica sol-gel
network as well as the nature of complexing agasel for hydrolysis strongly influence
the anticorrosive performance of the prepared ngati The best corrosion protective
properties are demonstrated by the hybrid titaiieasfilms prepared using acetylacetone
as complexant. For zirconia-containing films, betteotective properties are showed by
coatings prepared using ethylacetoacetate as alewximyp agent. The developed sol-gel
films have good anticorrosive performance and adhdsoth to the metallic substrate and
to the organic paint. Although the films lack aetieorrosion protection, they can be
promising candidates for replacement of chromatwersion coating.
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6.2 Influence of ageing of Ti-based sol-gel formulation on the corrosion protection
performance

Sol-gel systems applied as pretreatments demoagiad adhesion to the alloy
substrate and organic protective systems. Coatirag® relatively small thickness and
provide significant degree of passive protectionatiby. However, in spite of good
properties of the sol-gel layers there are ceitaportant limitations. The major problem
associated with the use of sol-gel formulationghisir ageing stability. In the case of
industrial application shelf-life of the coatingrfioulation becomes an important factor.
The results presented above were obtained on thgekooatings aged only for one hour
prior application of the coatings. This is cleampt sufficient aiming at industrial
applications. The present chapter will shortly diésc optimization of the ageing
properties of the sol-gel formulations varying sev@rocess parameters.

During the sol-gel synthesis and ageing differdm@naical reactions take place. The
hydrolysis process of alkoxides occurs in the sblsystem in the presence of water. The
formation of partially hydrolyzed precursors anchdensation reactions accompany this
step. However, chemical reactions are not stoppethe system during its ageing and
continue to propagate following a condensation stepwhich partially hydrolyzed
precursors are polymerized. Another important pmecassociated with the chemical
reactivity of hybrid sol-gel system is the stalildaf the organic functional groups. It is
known that the epoxide ring in GPTMS can be opemitia the formation of diol- groups
or polymerization. This process is actually undssie for the adhesion strength between
the metal/sol-gel and sol-gel/organic layers anduces the shelf-live of the sol-gel
systems. In order to better understand issuesé¢date the stability of the sol-gel a more
clear insight should be given on chemical trans&iroms occurring in the sol-gel and
parameters that influence the reactivity of theesys

There are several main factors that can affecthiydrolysis and condensation
processes in the sol-gel systems, namely: temperapH, water to precursor ratio,
concentration of reagents. Optimization of thessois can be helpful to extend the life
time of the sol-gel reducing the condensation degend avoiding undesirable
modification of organo-functional groups in the hgbsol-gel systems. Therefore the idea
of this section is to study the effect of ageingndj temperature and water ratio as
parameters that influence the chemical reactivityth® sol-gel system and corrosion
protective properties of the resulting sol-gel ouogd.

6.2.1Influence of temperature, ageing time and watelkoxides ratio

The Titania based hybrid sol-gel formulation (SQTwias used as a model system
in this study because there is a lot of informatioriterature concerning the hydrolysis
and behavior of the Titania based sol-gel systenfikaufor Zirconia based ones. The sol-
gel synthesis was performed in accordance to theepiure described in paragraph 4.3.2.
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Aluminum alloy samples prior to the coating apii@a were prepared using the chemical
cleaning procedure described in paragraph 4.2.4.

The coatings were applied using sol-gel formulaticaged for different time
periods at different temperatures. After the sdl-ggthesis the final formulation was
divided in two containers. The first one was stoa¢@5 °C and the second one at -6 °C.
After different time of ageing the sols were applie AA2024 substrates. The deposition
was carried out at room temperature. Sol-gel foatrh stored at -6 °C prior to deposition
was held in a water bath for some time at room &atpre. The conditions and reference
names of the prepared samples are presented ie Bahll. Water to OR ratio indicates
the total amount of water with respect to all hygsable alkoxy groups present in the sol-
gel formulation after the synthesis.

Table 6.2.1. Compositions of different sol-gel syss and respective reference
name of the samples.

Reference name| Storage temperature,|°8geing time | HO/(OR)Ratio, r
SgTil A +25 1lhour 0.73
SgTil B +25 1week 0.73
SgTil_C -6 lday 0.73
SgTil D -6 12days 0.73
SgTil_E -6 52days 0.73

The EIS results of the corrosion testing of différsol-gel coatings after two weeks
of immersion in 0.5M NaCl are presented in FigutB. 5 The sample aged at room
temperature during 1 week (SgTil_B) shows the lovpesformance. The impedance
modulus at low frequency for this sample is almose order of magnitude lower
compared to others. Such behaviour is unambiguassgciated with the influence of the
ageing temperature on the barrier properties offitted coating. EIS spectra for samples
after ageing at -6°C are very similar to sampleiSgA obtained directly after the sol-gel
synthesis. More detailed information on the evoltof different parameters of the sol-gel
coated samples can be extracted from the fittinghefspectra using equivalent circuits
presented in Figure 3.3.14. The fitting procedurd eterpretation of impedance spectra
of the sol-gel coated substrates were explainetkiails in paragraph 3.3.5, therefore only
relevant results will be presented in this discussi
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Figure 6.2.1. Bode plots for sol-gel coatings agupkfter different aging time at
25°C and -6°C. EIS spectra correspond to the daegeed AA2024 samples after 14 days
of immersion in 0.5M NaCl. Solid lines present fifsthe spectra using an appropriate
model.

The evolution of the resistance of the sol-gel $ilim presented in Figure 6.2.2a.
The initial values of the resistance are higher dJamples stored at -6°C being 2%10
(SgTil_E), 8*16 (SgTil_D) and 5*19(SgTil_C) Ohm*cr The lowest initial resistance
(around 3*18 Ohm*cnf) is attributed to the sample SgTil_B stored durngeek at
25°C. During the first two days of immersion thatbog resistance of all samples drops
very fast followed by a monotonous decrease (FiguBe2a). The lowest value of the
resistance at the end of immersion is ascribedganaple SgTil_B demonstrating its low
barrier properties. The values of the coating taste at the end of immersion are
decreasing in the following order SgTil_C, SgTildnd SgTil_E. The resistance
decrease is consistent with the increase of thim@dene of the sol-gel formulations prior
to coating deposition. The time of ageing of thegad decreases the barrier protection of
the coatings. The increase of temperature of agasmdecreases the protection as can be
seen when comparing the samples SgTil_B and SgTil_D

The highest value of the initial sol-gel resistanEsample SgTil_E (being around
2.2*10° Ohm.cnf) is consistent with the coating capacitance (Fég6u2.2b). The initial
value of the capacitance for SgTil_E is around #*E@nt. The lower initial capacitance
can be attributed to a thicker sol-gel coating fednm the case of the longest ageing time.
This could happen because of increased crosslindegyee of the sol-gel and, as a
consequence, slightly higher viscosity of the saldprmulation. For other samples the
initial capacitance is around 6*20F/cnf. During the first two days of immersion the
capacitance rapidly grows followed by a small imse until the end of immersion (Figure
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6.2.2b). The increase of capacitance at the beggnisi most probably associated with the
rapid water uptake from electrolyte. At longer imsien time the increase of capacitance
may be attributed to hydrolytic degradation of #wating and/or to additional water

uptake. For SgTil_B the increase of capacitandeigher comparing to other samples
indicating higher deterioration of the coating (g 6.2.2b).

Evolution of the intermediate oxide layer resistmg presented in Figure 6.2.2c.
SgTil_A, SgTil_C and SgTil_D samples have highehkies of oxide resistance during
immersion indicating stability of a metal/coatingearface. Values of the resistancg fr
sample SgTil_E are 3-5 times lower (Figure 6.2.2bg sample SgTil_B shows the worst
behaviour having more than one order of magnitasdest Ry. The trend of polarization
resistance change {&,) for all samples is consistent with the otherrfgtparameters. The
corrosion protection decreases in the line SgTilSQTil A, SgTil D, SgTil _E,
SgTil_B (Figure 6.2.2d).
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Figure 6.2.2. Evolution of the sol-gel coating sémnce a) and capacitance b);
intermediate oxide film resistance c) and polaratesistance d) obtained after fitting of
impedance spectra.
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These results demonstrate the high importance eofstbrage conditions such as
temperature and duration of the sol ageing on theids and corrosion protective
properties of the sol-gel coatings. The decreas¢heftemperature during the ageing
increases the life time of the sol-gel formulati@n the other hand, the increase of ageing
time has negative effect on the sol-gel coatinggmtan efficiency. In the order SgTil_C,
SgTil_D and SgTil_E the corrosion protection isrelasing. Figure 6.2.2 demonstrates
that coating SgTil_C prepared after 1 day of ageings°C is somewhat better than the
coating SgTil_A prepared from the fresh sol-gekttdifference can be attributed to the
change of the rate of the hydrolysis/condensateerctions during the ageing at low
temperature. A sol-gel with higher degree of hygtated species (Si-OH or Ti-OH)
theoretically can form better coating which cartle seen in the case of sample SgTil_C
(Figure 6.2.2).

The previous results have shown that the sol-gelnggat ambient temperature
(25°C) negatively influences the corrosion protatiproperties of the coatings. The ratio
of water to alkoxides is another parameter thduamfces the kinetics of hydrolysis and
condensation reactions occurring in the sol. Thdaatian of this ratio controls the
condensation degree of the final sol-gel formutatmd can reduce the unfavorable effect
of ageing on the properties of the sol-gel coatifdee influence of lower water/OR ratio,
during ageing of the sol-gel on the corrosion ptoe properties of Ti based sol-gel
coatings was also studied.

A standard procedure of the Ti-based sol-gel swmhéparagraph 4.3.2) was
modified in order to reduce rate of reactions dyrageing of the sol-gel. During the sol-
gel synthesis the water to all hydrolysable growgt® H,O/(OR) was 0.073 (Table 6.2.2)
which is 10 times lower compared to the ratio ia thitial synthesis (Table 6.2.1). The
other parameters of the synthesis procedure wepe Wechanged. The obtained sol-gel
was separated in two parts. The first one was dtate25°C and the second one at -6°C
during one month. After ageing the rest of wates\added to achieve a,®/(OR) ratio
0.73 used in the initial sol-gel synthesis proced@paragraph 4.3.2). Sol-gel was
continuously stirred during 2 h after water adaditifollowed by the coating of alloy
samples. Table 6.2.2 shows the reference namemgiles and the conditions of the sol-
gel ageing.

Table 6.2.2. Compositions of different sol-gel syss and respective reference

name.
Reference Storage S H,0/(OR) ratio
o~ | Ageing time - .
name temperature, °C during ageing
SgTil F +25 30days 0.073
SgTil_G -6 30days 0.073
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Figure 6.2.3 presents Bode plots of the sol-geltetbssamples after 14 days
immersion in 0.5M NaCl solution. Impedance speatfathe samples SgTil F and
SgTil_G were compared with samples after 1h andegkwof ageing SgTil_A and
SgTil B respectively. The results do not show aigyificant difference between the
impedance spectra of SgTil_F and SgTil_G samples.cérrosion protective properties
of the coatings are influenced by the water contegardless of the temperature used
during the ageing of the sol-gel formulation. THere stability of the sol-gel system can
be altered changing the water ratio r during thettssis and ageing. More detailed
information on the changes of barrier properties @rrosion protection are obtained after
fitting the impedance spectra.

The evolution of the parameters obtained aftenfjtthe impedance spectra during
immersion in NaCl solution are presented in Figu&4. The barrier protection (Rcoat) of
the two samples (SgTil_F and SgTil_G) is similasample SgTil_A (Figure 6.2.4a).
This indicates that lower amount of water duringiag drastically reduces the negative
effect of ageing even at higher temperatures. bhtad, the temperature of ageing does
not have a significant influence on the barrier pemties. Therefore the degree of
condensation and hydrolysis occurring in the sboldjging the ageing are limited by
amount of available water.

The initial capacitance of the coatings SgTil_F &uyTil_G is around 4.6*1D
F/cnf and is lower compared to sample SgTil_A (5.7*Fdnf). The lower capacitance
of the sol-gel films might be associated with silighhigher thickness of the coating.
During immersion the capacitance increases untir@pmately 1.15*1¢ F/cnf and
9.2*10° F/cnf for SgTil_F and SgTil_G respectively.

The corrosion protective properties of the sol-gehtings after ageing at water
ratio 0.073 are worse than for sample SgTil_A. @baution of oxide layer resistanceR
during immersion time (Figure 6.2.4c) resembles libbavior of sample SgTil_E aged
during 52 days (Figure 6.2.2¢)eRn the end of immersion is around 3*10hm*cnt and
almost one order of magnitude lower compared topéan$gTil A (Figure 6.2.4c).
Polarization resistance g is lower on about 2-3 times compared to samplEiISA
(Figure 6.2.4d). Nevertheless, the protection awateby the sol-gel coatings is enhanced
when lower amount of water is added during thegsblageing in contrast to sample
SgTil_B obtained after 1 week of ageing with normater content.
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6.2.2 Discussion

The results of corrosion tests demonstrate the iitapbinfluence of temperature
and water ratio on the stability of the hybrid sdiging ageing and consecutively on the
corrosion protection of the resulting coatings. Teerease of temperature or water ratio
during ageing positively influences the corrosioatective properties of films. This fact is
unambiguously related to the chemical reactivitytt@ sol-gel system during the ageing.
Both temperature and water ratio influence the oétine chemical reactions that occur in
the sol-gel system containing TPOT and GPTMS. Toeease of temperature leads to a
faster hydrolysis, condensation and other chemieaktions according to Arrhenius
dependence. A low amount of water reduces rategarofysis reaction mainly. In order to
understand the role of temperature and water catithe properties of the sol-gel coatings,
chemical reactivity of the sol-gel must be discdsse more details. Typical chemical
reactions of hydrolysis occurring in the systemtaonng TPOT and GPTMS in the
presence of water are the following:

v
? +H,0H" ?
CiH;—O—Ti-0—CjH, ————= H—O—Ti-O—H
5 -C,H,OH 5
] I
C.H H
Hr (6.2.1)
o,
?

o) + OH
/A +H,OH [ st
H,C—0—Si—(CH;)7 O—C—CH, ————>=  HO—Si—(CH;); O—C—CH,
I H -CH,OH I H
: 8 OH
CH
3 (6.2.2)

The reaction of hydrolysis of metal alkoxides oscrapidly when water is added
and the presence of acid catalyst in this case nmybe necessary. Hydrolysis of Si
alkoxide is slow therefore acid is needed to adbistreaction. Water to alkoxide ratio
plays an important role in the hydrolysis reactidhen the ratio is small a partial
hydrolysis occurs and only one or a couple of aitexgroups are hydroxylated. When the
ratio is high a hydrolysis is complete and all alfkgroups are hydrolyzed according to
reactions 6.2.1 and 6.2.2. The condensation readtotiows the hydrolysis and can
proceed through different ways. A homo-condensatiormally occurs between the same
hydroxylated species according to reactions 6.23@ @.2.4. However, two different
species of metal and silicon hydrolyzed precursoe be combined in hetero-
condensation process (reaction 6.2.5).

i )

0 ?

H=O—Ti~O—H + H-O—TirO—H ———= —0—
0
H

o
I

H (6.2.3)
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The reactivity of alkoxy silane in the presenceaoidified water is very low. The
hydrolysis and condensation reaction can take hbefsre any significant degree of
condensation is achieved. However, in the presehbke alkoxides (Me stands for Sn, Zr,
Al, Ta, Ti etc.) the behavior of the system contegnGPTMS is quite different. The
condensation reactions of alkoxy silane are sigaifily accelerated by Me alkoxides as
discussed before in [185,375,376]. Using NMR teghai the condensation degree of
GPTMS was analyzed in the presence of 10 % moMefalkoxides and water. The
condensation degree of GPTMS in hybrid sols with &ftexides increases according to
the following order: Sn(OB)y < Zr(OBU'), Al(OBU®); < Ta(OEt} < Ti(OEty [376]. In
contrast to that the addition of Si(OEth the mixture of GPTMS and water resulted in
about 5% of the condensation degree of GPTMS camdpan 50-80% increase of
condensation degree when Me alkoxides were usegseTltesults testify for the important
role of Me alkoxides in the reaction of condengatiof alkoxy silanes. However,
condensation is not only the reaction that canffeeted by metal alkoxides.

The experimental results provide evidence that malkoxides catalyze the
epoxide ring opening and polymerization reactionram temperature [185,375]. The
catalytic activity of Zr alkoxide is higher compdrevith Ti alkoxide and moreover the
catalytic action can be promoted by light and terapee [375]. In regard to the chemistry
of the process the following reactions of the edexgroup occur:

T
Si(OCH,);~(CH,); O—C—C—CH,
H, H

2 Me(OR)n o (CH,)5=Si(OCH,),

Si(OCH,);~(CH,); 0O—C—C—CH,
H, H |
T
Fo-c i1
H, H

The nucleophilic and electrophilic attack at theoxage group can lead to the
opening of the ring and the formation of diol greyppper reaction) or poly(ethylenoxide)
chains (bottom reaction) (6.2.6). Furthermore, tuthe presence of acidic water, alcohols
and metal alkoxides there are also possible reactd etherification and esterification of
diol groups that lead to formation of more compkchspecies.

(6.2.6)
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The temperature can significantly affect the raténydrolysis, condensation and
epoxide ring opening reactions. As was shown in38f the increase of temperature by
25°C increases the rate of the hydrolysis readiprlO times. Gelation of mixture of
TEOS in methanol in the presence of HF occurs ma%4°C and in 0.3h at 70°C and this
shows an important influence of temperature ongélkation time [377]. Therefore the
reduction of temperature of ageing plays a sigaifiarole decreasing rate of condensation
and hydrolysis reactions. The results of electrothal measurements presented in Figure
6.2.1 and 6.2.2 demonstrate that the sol-gel agat{8gTil _C and SgTil D) deposited
after 1 and 12 days of ageing of sol at -6°C retha corrosion protective properties
compared to freshly deposited film. A decreaseoofasion protection is noticeable for the
sample SgTil_E deposited after 52 days of ageingu(& 6.2.2), nevertheless the
protection is superior compared to sample (SgTilstBed at 25 °C.

The water/alkoxide ratio significantly influencebet process of epoxide ring
opening [185]. The effect of water ratio was stddier the sol-gel mixtures of Ti
tetraethoxide and GPTMS. Using NMR method the preseof epoxide rings was
determined after 24h of ageing of different salsvds established that at water/OR ratio
less than 0.12 the reaction of epoxide ring operfgngery slow. Only when sufficient
amount of water is added (i.e. at water/OR raticb)ythe reaction of epoxide opening is
accelerated. When low amount of water is presetiénsystem the hydrolysis reactions
(6.2.1 and 6.2.2) are incomplete and the amouft oiko-species is small. Therefore the
epoxy ring opening reaction is retarded. In fa th in accordance with the results of the
corrosion testing of different sol-gel coatingsganeted in Figures 6.2.3 and 6.2.4. At wide
range of temperature conditions of ageing (-6 -C2%f the sol-gels there is almost no
difference between the sol-gel coatings (SgTil d4,i5 G) obtained after the addition of
the remaining water for the hydrolysis of the sel-§prmulations. All electrochemical
parameters related to the coating, intermediateleoXayer and corrosion process are
similar for the two samples. In this case tempeeatines not influence the reactivity of the
sol-gel systems. The rate of hydrolysis, condeosa#ind epoxy opening reactions are
controlled by the concentration of the reagentsvaatgr/OR ratio.

The decrease of water content during the sol-geingghelps to enhance the
corrosion performance of the coatings. Neverthelessorrosion performance of coatings
SgTil_F and SgTil_G is lower compared with the iogat SgTil_C and SgTil_D
prepared with normal amount of water and aged®& {Eigures 6.2.1 and 6.2.3). There is
a significant oxide resistance drop during immergiBigures 6.2.4c). Such drop can be
associated with the low stability of the metal/gel-interface. As well known, covalent
bonding Al-O-Si greatly improves the adhesion atadiity of the metal/sol-gel interface
[218]. The condensation reaction between hydroly3ealkoxide groups (Si-OH) and
hydroxylated metal (Me-OH) produces AI-O-Si bondtowever, when there are not
enough Si-OH groups the bonding strength with ahwm is lower. From another hand,
higher condensation degree of the sol-gel redueesrtobility of Si-OH units and also
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lowers their concentration, which can negativeRuence the bonding between the sol-gel
and metallic substrate.

One of the possible explanations of lower oxidastasce of the sol-gel coated
samples SgTil _F and SgTil_G is the following. A éowvater/OR ratio (0.073) retards
the hydrolysis reaction of both TPOT and GPTMS mlyirihe sol-gel synthesis. This is
especially important since during the TPOT hydrislyghe formation of clusters and
nanoparticles is retarded. The complexant (AcAtgracts stronger with the TPOT in the
absence of water and retards the condensation©HTunits. After 1 month of ageing the
sol-gel synthesis was finalized in the presencedtfitional water. At this stage a fast
hydrolysis reaction of Ti alkoxides occurs and moreOH species are formed.
Hydroxylated Ti species (Ti-OH) promote the condgios reaction of GPTMS. The
results of capacitance calculation presented inr€i@.2.4b support such assumption. The
capacitance of the sol-gel coatings SgTil F andilS@T at the beginning of testing is
lower that might testify for the increased thickhiesused by higher condensation degree
of the sol-gel which is similar to the coating SHTE obtained after 52 days of ageing of
the sol-gel at -6°C (Figure 6.2.2b). The increaseondensation degree leads to decrease
of silanol groups available for the bonding withe timetal surface. In addition, the
condensed species have sterical limitations whnghede the reaction between the silanol
groups and the aluminum surface. Thus the oxiderlagsistance drops very fast and is
lower for samples SgTil_F and SgTil_G (Figure &R.4

Summarizing

The influence of temperature, water content andhggieme of the Ti-based sol-gel
system on the properties of coatings has beenestudsing the EIS technique. The
impedance results demonstrate an important infeieridhe conditions of ageing on the
corrosion protective properties of the obtainedtioga. Ageing of the sol-gel at room
temperature significantly deteriorates corrosiootgetion of the hybrid films. In contrast
to that, low temperature used during ageing ofsthlegels decreases the negative effect of
ageing. The corrosion behavior of the coating olet@diafter 12 days of ageing at -6°C is
comparable to that of the coating deposited fromftesh sol-gel formulation. A longer
ageing time results in increased condensation efsthl-gel and decrease of protection
conferred by the coating.

The water ratio affects the chemical reactivitytioé sol-gel during the ageing.
Coatings obtained after 1 month of ageing with lowater content demonstrate increased
protection performance. In this case the tempesatduring the ageing does not
significantly influence the protection. Neverthaleshe protection properties of such
coatings are less efficient compared to coatingsionkd after aging at low temperature
and nominal water ratio. This discrepancy is dlyeatelated with the chemical
transformations occurring in the sol-gel systemrduthe synthesis and ageing.
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6.3 Influence of alloy surface preparation on the corrosion protection conferred by
sol-gel coatings

Adhesion of organic paints to metallic substrateften poor which results in
rapid delamination of applied paints. Thereforerehes a need of using special
pretreatments which increase adhesion between étal mnd organic paints. Hybrid sol-
gel pretreatments applied on aluminum alloys stabihe interface between the alloy and
organic coatings. The adhesion to metal substsgpeamoted by covalent bonds Me-O-Si
that are formed during the sol-gel coating applkcatand curing. Organic functional
groups of silane derivatives greatly enhance adhesi organic paints. Nevertheless, the
metal surface must be adequately cleaned in oodgravide a good bonding between the
metal and the sol-gel. The cleaning procedure re&sogrease, scale and other
contaminations and makes metal surface more hydi@pin this paragraph two cleaning
procedures applied to AA2024 were investigated ftbepoint of view of microstructure
of the surface and corrosion protection propedigse sol-gel coated alloy.

6.3.1 Characterization of the surface of AA2024 aftefatdnt cleaning procedures

Influence of cleaning procedures of AA2024 on tppemrance and microstructure
of the surface has been studied by SEM. Two clegpiocedures were used. The first one
(alkaline cleaning) is described in paragraph 4.&.Jhas two stages based on alkaline
cleaner and in 20 wt % nitric acid. The schemehefprocess is presented in Figure 6.3.1.
The second procedure (chemical etching) (paragrapht) is different. After the first
cleaning step in alkaline cleaner the alloy samm@es immersed in alkaline etching
solution followed by a treatment in deoxidizingwan (Figure 6.3.1).

SEM micrographs of alloy surface after alkalineadieg are presented in Figure
6.3.2. The surface of alloy after alkaline cleanstypws the presence of small holes
formed due to dissolution of intermetallic inclussoon the surface. The used procedure
does not remove completely all the intermetallied aome of them are still present on the
surface which can be clearly seen in Figure 6.3Th& surface of aluminum matrix has
visible signs of etching as well (Figure 6.3.2c).

Micrographs of the alloy surface after the chemetahing procedure are presented
in Figure 6.3.3. The cleaning procedure signifibamtches aluminum matrix and the
surface has lots of craters and holes (Figure & 3The craters most probably correspond
to places where intermetallics were before theietchThe appearance of pits or holes is
associated with the dissolved intermetallics frova alloy matrix (Figure 6.3.3b). Another
important feature of the aluminum surface aftehietg is the appearance of a nano-sized
network which is visible at higher magnificationigére 6.3.3c). Such network provides
better mechanical interlocking between the solagel metal surface, which improves the
stability of the interface and the corrosion pratat of the coated substrate. Moreover the
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removal of the intermetallics can delay the coonsprogress and decreases the active
sites where localized corrosion starts.

Alkaline cleaning
Tank 1 Tank 2 Tank 3 Tank 4

)

AA2024-T3

Drying in air stream
after etching

Alkaline Cleaning Distillated 20% nitric acid Distillated

Turco 4215 water 20-40°C water rocedure
60-70 °C 25-35 min washing 5-10 min washing p
Chemical etching
Tank 1 Tank 2 Tank 3 Tank 4 Tank 5 Tank 6

.

-
AA2024-T3
Alkaline Cleaning  Distillated Alkaline Etch Distillated Acid Etch Distillated
Metaclean T2001 water Turco Liquid water Turco Liquid water
60-70 °C 15-25 washing Aluminetch Nr.2 washing Smutgo NC washing
min 55-65°C 20-40 °C 5-10
1 min max min

Figure 6.3.1 Schematic representation of AA2024rdley procedures (paragraph
4.2.3,4.2.4).

In the first process the alloy plates are treated\lkaline cleaning solution and
nitric acid solution; the washing in distilled wats used after each cleaning step. The
samples were dried in air flow after etching.

In the second process the alloy plates are treateflkaline cleaning solution,
Alkaline etch solution and Acid etch solution; twashing in distilled water is used after
each cleaning step. The samples were dried inoair dfter etching.
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Figure 6.3.2 SEM micrographs of AA2024 surfaceradtkaline cleaning
procedure (paragraph 4.2.3).
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Figure 6.3.3 SEM micrographs of AA2024 surfacerafteemical etching
procedure (paragraph 4.2.4).

6.3.2 Corrosion protection properties of AA2024 coatedhwZr based sol-gel system.
Influence of the surface preparation.

The influence of surface preparation has been eiudsing the EIS technique on
the sol-gel coated alloys samples during immergiod.5M NaCl solution. SgZrl sol-gel
formulation was used for the coating preparatidgufe 6.3.4 presents Bode plots of the
sol-gel coated AA2024 substrates with different hods of surface preparation.
Difference between the two impedance spectra iarlglevisible even after 1 day of
immersion (Figure 6.3.4). The sample prepared ualkgline cleaning procedure (sample
A) has almost two times lower sol-gel film resistamat middle frequency (3 kHz) part
compared to sample C (Figure 6.3.4). The corropmatective properties of the samples
are presented at lower frequency on the Bode plo¢. impedance spectra of sample A
clearly show the presence of a time constant aswatiwith the corrosion activity at
around 1¢ Hz (Figure 6.3.4). On the other hand, sample Gvshanly a resistive response
of the intermediate oxide layer (Figure 6.3.4). Toerosion protective properties of the
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coatings show high degradation for one month of é@rsion in NaCl solution.
Nevertheless, the difference between the two samiplelear. The sample (A) prepared
using alkaline cleaning definitely shows worst beba

The results of the impedance test of the seconglgacan be explained by a fast
deterioration of the intermediate oxide layer ataitig of the localized corrosion activity
of alloy. The developed corrosion process resuitsappearance of pits that lead to
deterioration of the sol-gel matrix and decreas@sbarrier properties. Optical pictures
taken after one month of testing are presentedignré 6.3.5 and show stronger pitting
activity in the case of sample (A) compared to dam(f). Such different corrosion
performance is associated with the surface prdparadf alloy before the coating
application. A microstructural analysis clearly sisothat some intermetallics were not
removed after alkaline cleaning procedure (FiguB2®). Heterogeneous places may be
potentially a source of the localized corrosion\ist of alloy. A corrosion process starts
faster for the sample (A) compared to the samplasCshown by EIS measurements
(Figure 6.3.4). Apparently, the removal of interaléts delays the corrosion process and
increases the corrosion resistance of the alloyelher, etching of the alloy surface and
intermetallics removal makes the surface roughat thcreases the bonding strength
between the sol-gel coating and the metal.

= Sample C 1 day
e Sample A 1 day

-1 . Sample C 30 days
10°y ", v sample A 30 days .,
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Figure 6.3.4. Bode plots of AA2024 coated with Siggol-gel coatings after 1 day
and 1 month of immersion; alloy substrate was etelseng alkaline cleaning procedure
(sample A) (paragraph 4.2.3) and chemical etchingedlure (sample C) (paragraph
4.2.4).
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A)

Figure 6.3.5. Optical photographs of AA2024 coatéth SGZr1 hybrid sol-gel
coatings after 1 month of immersion; alloy subsisatiere etched using alkaline cleaning
procedure (Sample A) described in paragraph 2aB@,chemical etching procedure
(Sample C) described in paragraph 2.3.4.

Summarizing

The importance of the surface preparation of tHeyals demonstrated using
methods of microstructural and electrochemical ymmsl The use of alkaline cleaning
procedure does not provide adequate removal ointeemetallics from the alloy surface.
Therefore, the presence of intermetallics on thdasa increases susceptibility to the
localized corrosion of the sol-gel coated alloy #mtls to faster corrosion degradation as
was demonstrated by EIS measurements.

Chemical etching procedure removes the majoritghef intermetallics from the
surface, therefore increasing corrosion resistafd¢be sol-gel coated alloy. The increased
roughness provides a good interface and adhesitretsol-gel coating which is of prime
importance for application of the sol-gel pretreairts.
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6.4 Mechanism of corrosion attack on AA2024 coated with sol-gel films
6.4.1 Corrosion activity of the sol-gel coated alloy

The application of the sol-gel coating on the akoypstrate increases its corrosion
protection in aggressive electrolytes. Coating jwles a barrier against corrosion species.
However there is no perfect coating because deértamicropores are always present in
the coating. After some time of immersion the eldgte penetrates through the pores,
micro cracks and other defects. When the corrosmvéronment comes into a contact with
the metal surface it results in corrosion activitie ingress of the corrosion species to the
metal substrate can be visualized using the measnts of the OCP of the sol-gel coated
alloy during immersion in NaCl solution (Figure 83 It can be seen that during some
hours the corrosion potential is in the passivéoreground -0.25 V vs SCE because of the
barrier properties of the intact coating. Howewbe moment when electrolyte comes to
the contact with the metal is accompanied by aedesa of the potential to approximately
(-0.68 V vs SCE). Such decrease usually comes alathghe development of pitting.

The pitting activity is localized and generally rts¢anear the second phase
inclusions. The development of pitting is accompdniby dealloying of active
intermetallics and copper redeposition process thatease the cathodic area and,
therefore, the corrosion impact. During the growtlpit a perforation appears in the sol-
gel layer surrounded by a net of cracks and miefeats as can be seen in Figure 6.4.2.
However, with time the corrosion increases andpitteng expands its area (Figure 6.4.3a).
An EDS analysis made inside the pit shows an ise@aignal of copper compared to the
zone outside of the pit (Figure 6.4.3b). Such magglomeration of copper inside the pit
provides an effective cathode that increases andiisolution of the surrounding
aluminum matrix. The coupled cathodic and anodicasion activity of the pit can be
confirmed by the methods of localized corrosiorestigation.

Afterwards experiments have been performed in ameharacterise the localized
corrosion activity of AA2024. Two artificial micrdefects were made on the sol-gel coated
AA2024 sample as shown in Figure 6.4.4a. Then déingpge was immersed in 0.05M NaCl
solution and maps of ionic currents were acquifdte ionic currents are presented as
profiles (Figure 6.4.4b) obtained at the distanc&d® pm from the surface across the line
indicated in Figure 6.4.4a. Typically positive @nts are associated with the upward flux
of aluminium cations from the place with anodiciatt and negative currents are
associated with the upward flux of anions from daghodic place (Figure 6.4.4b). The
black line presents the profiles of the ionic catrenade in NaCl solution only after
approximately one day of immersion. The right defdtwows an anodic activity (positive
current) whereas the left defect shows a cathaztivity (negative current).
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Figure 6.4.1. Evolution of OCP of AA2024 coatedhndirl sol-gel during
immersion in NaCl solution.
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Figure 6.4.3. SEM Micrograph of pit a) and EDS s$meb) of two different zones.
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Figure 6.4.4. Optical photograph of the micro defenade on the sol-gel coated
AA2024 sample a). Profile of ionic current b) meaaslat 100 um away from the surface
across the line indicated in optical picture.

The results of SVET measurements presented abeeeifiormation only about
the fluxes of cations and anions originated from ¢brrosion processes in defects with no
information about their chemical nature. In order get more information about the
chemical environment in the corroding sites, a doatipn of micro-potentiometry and
micro-amperometry was additionally used to measagal variations of pH and to probe
the dissolved oxygen concentration in solution.

Figure 6.4.5 shows the variation of ionic curresgsdetected by SVET (a), pH (b)
and the reduction current of dissolved oxygen Td¢)e distance to the point at which
detection with the probe was made is 50 um for pHl @ and 100 um for SVET. The
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additional details concerning the preparation et&bdes, calibration and measurements
of pH and oxygen concentration are thoroughly dised in paragraphs 3.4.1 and 3.4.2.
SVET profiles show the negative and positive pesdieve the cathodic and anodic defects
respectively. The values of pH in solution are Bigantly increased close to the cathode
and no variation was detected above the anode.nfdasured oxygen reduction current
was lower in the places with both defects.
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Figure 6.4.5. Line scans of ionic current (SVET)m@) b) and dissolved oxygen c)
obtained at 50 um (100 um for SVET) above the sartd the sol-gel coated alloy with
two artificial defects during immersion in 0.05M Gllesolution.

The presented results open an additional discussmrterning the localized
corrosion behaviour in micro confined defects. Therosion processes that occur at the
anodic place (right place Figure 6.4.5a) can beegdly characterised by the equation
presenting the dissolution of aluminium from thetmxaor magnesium from the S-phase
intermetallics:

M(s) - M_" +ne". (6.4.1)

The upward flux of (A" or Mg?*) cations gives positive current that is detectgd b
SVET.
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In the case of cathodic process (left place Figudeba) two reactions are possible
namely the reduction of water that produces hydnagges and hydroxyl ions and reduction
of the dissolved oxygen that gives hydroxyl ionsarding following the two reactions:

2H,0+2e" — H,(g)+20H,, . (6.4.2)

2H,0+0, +4e” — 40H,, . (6.4.3)

The measurements of pH presented in Figure (6.4rel®ed show the increased
pH over the cathodic defect on the left side. Thiperfectly correlated with the cathodic
nature of the defect. However, when microamperoynesats used to detect a concentration
of the dissolved oxygen it showed significant dadpxygen concentration in the place of
cathodic and anodic defects (Figure 6.4.5). Rea¢bo4.3) seems to be the main cathodic
process that occurs in the defect. The influendbd®fteaction (6.4.2) is not excluded yet is
not supported by visual observations of the gasuéioo during the corrosion. The drop of
oxygen concentration in two defects contradictsiniteal assumption given by SVET of a
sole cathode and a sole anode nature of the def@stsdefect is predominantly cathodic
and the other is predominantly anodic but cathadtovity exists in both.

The results of the localized corrosion analysisaskitat the anodic defect can also
supply the cathodic process. However, a pit thébrisied during corrosion of the sol-gel
coated alloy does not take all anodic and cathadiwity of the sample. There are other
defects that can show localized corrosion behavVibe. appearance of small blisters on the
sol-gel surface is another sign of the localizedrazion activity of the coated alloy.
Blisters have dimensions around 20-50 um in diareatd typically appear on the surface
of sol-gel coatings after corrosion testing in NaGlution (Figure 6.4.6a). The appearance
of blisters (Figure 6.1.14d) can be the resulthef localized cathodic activity of the alloy.
The cathodic activity can be easily supported by diffusion of oxygen which occurs
through the cracks in the sol-gel film and througk sol-gel film (Figure 6.4.6a). The
main cathodic activity of the alloy is the reductiof oxygen taking into the account the
OCP potential of the sol-gel coated alloy and itssaf the polarization measurements
made on bare alloy. The cathodic activity produrgdroxyl ions that increase the pH in
the area inside the defect. Such increase of pHnegatively influence the hydrolytic
stability of the Si-O-Si or Al-O-Si bonds. Durinlge cathodic process there is an ingress of
positively charged species from the electrolytedigm in case of NaCl) to the
metal/coating interface in order to balance theatieg charge due to the excess of OH
ions [378,379]. The appearance of sodium in bkstamn be clearly seen when performing
an EDS analysis on the top of blister and on theysbmatrix nearby (Figure 6.4.6b). As
can be seen from the spectra there is a higheratration of sodium on the blister zone
and no signs of chlorine that supports the abosamption of the cathodic nature of such
blisters. The cathodic process can also occur endéfected sol-gel film in the place of
cracking and delamination (Figure 6.4.7). Such asfdevelop around a big pit during the
corrosion and may assist the cathodic process.
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Figure 6.4.6. SEM image a) and EDS spectra onltseband on the sol-gel
matrix after immersion in NaCl solution.

Figure 6.4.7. SEM image of the delaminated pathefsol-gel coating around a big
corrosion pit after immersion in NaCl solution.

The scheme of the corrosion behaviour of sol-gatexb alloy presented in Figure
6.4.8 generalizes the results of the corrosioninigsand microstructural analysis. The
anodic process of alloy matrix dissolution mainlgcors in the pits developed during
immersion in NaCl solution. On the left part of theture the pitting is schematically
presented as a copper enriched zone in the camdrelissolved aluminium matrix around
it. During the pitting growth the aluminium dissek/from the pit. A low pH is formed
inside the pit due to hydrolysis reactions of alaionin cations in the presence of chloride
ions. A low pH inside the pit prevents the depositof insoluble corrosion products of
aluminium. Therefore soluble aluminium speciesudiff to the bulk solution where pH is
close to neutral and precipitate as hydroxides @ythlorides corrosion products on the
periphery of a pit as schematically shown in thguFeé 6.4.8. When corrosion progresses
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the pit becomes covered by a dome made of corrgeimaucts of aluminium. The copper
enriched zone on the bottom of the pit plays a ofléocal cathode surrounded by alloy
matrix that becomes an anode. Therefore a pit @sdif sustained. However, when
oxygen diffusion to copper rich zone becomes lichiby corrosion products precipitates,
the development of the cathodic activity can saarhe places with other defects in order
to balance the current demand between the anodicahodic processes. Such places are
represented by cracks and blisters schematicaliyvshin Figure 6.4.8. In such places
there is a free access of oxygen from the bulktielgte to support the cathodic activity.
More pitting growth and expansion of the delamidatsone occurs during longer
immersion time.

Corrosion
products Al = AP +3e

1/20, + 2H,0

4e = 404"
o Q\%A 2

Alloy

Figure 6.4.8. Localized corrosion of sol-gel coaa#idy presenting pitting,
cracking and blistering.

Summarizing

Sol-gel coatings provide passive barrier corrogootection to the alloy substrate
and block the ingress of corrosion species to te&ahsurface. However, corrosion starts
when the aggressive environment reaches the metice. Typical corrosion features
present on the sol-gel coated alloy are pits, éatssand cracks. Pits mainly show anodic
activity, however the copper enriched zone insidey rsupport cathodic activity. The
cathodic process of oxygen reduction also occudamaged zones of the coating such as
cracks and blisters.

The results obtained using microelectrode techrsigaeealed dual electrochemical
nature of a local anode. In spite of positive cotseneasured by SVET technique at local
anode there is a noticeable drop in oxygen conagoitr that suggests a cathodic process
of oxygen reduction going also in anodic place.sTikinot revealed by SVET and shows
the limitations of SVET for investigation of thecllized corrosion activity on the sol-gel
coated alloy.
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6.5 Methods of investigation of self-healing effects on the sol-gel coated AA2024

The “self-healing” in corrosion protection can befided as the complete or partial
recovery of the corrosion protective propertieshef coated or uncoated metallic substrate.
For aluminium based alloys the corrosion protecisodirectly related to the presence and
integrity of the intermediate oxide film on the mlesurface. Damaging of this layer leads
to the development of corrosion. Therefore coatiags used for corrosion protection of
aluminium alloys. Normally coatings provide “passivbarrier for alloy against the
corrosive species from the electrolyte. Howeveremhorrosion starts and integrity of the
coating is disturbed the coating can not providas§ive” protection anymore. Therefore
coatings are impregnated with inhibitive additivesorder to reduce the corrosion rate of
metal and provide “active” corrosion protectionatiby.

Corrosion protection efficiency of the coatings che studied by different
electrochemical techniques. EIS and SVET techniqueke available monitoring the
corrosion activity of alloys during immersion inetltorrosive electrolyte. EIS is used to
monitor general corrosion activity of metals. Ore tbther hand SVET is used to
characterize the localized corrosion activity oftal® The increase of impedance of the
coated metallic substrate measured by EIS andebeedse of ionic currents measured by
SVET can be correlated with the “self-healing” effprovided by inhibitor addition in the
coatings. However, such effect can be caused ler ¢dlstors and not only by the inhibitor.
For example the deposition of the corrosion proslgein “close” the pores of the coating
and decrease the penetration of the corrosiverelgiet to the metal surface which can be
interpreted as self-healing. In order to understhiedrole of inhibitive additives in the sol-
gel coatings on the corrosion activity of the cdaadoy some model experiments must be
performed to ensure that the addition of inhibitorthe sol-gel coating can affect the
corrosion process monitored by EIS and SVET.

6.5.1 Application of EIS and SVET technique for studyithg self-healing on the sol-gel
coated alloy

In this work series of model experiments were penfx to correlate the evolution
of impedance spectra of the sol-gel coated alldysisate measured by EIS and local
currents measured by SVET with self-healing actbma corrosion inhibitor added to the
corrosive solution. Figure 6.5.1 presents the eiaiwf impedance spectra for two sol-gel
coated samples. The first one was immersed in INaKal solution before and after defect
formation (Figure 6.5.1a). It can be seen thah#ital period there are two time constants
in EIS spectra. The first one related to the sblegating is at high frequencies {18z)
and the second is at low frequencies (1 Hz) indigathe presence of the intermediate
oxide layer. Spectrum does not show significanhsi@f corrosion which could not
develop during short immersion time. After defeatniation a new low frequency time
constant attributed to the corrosion process agpeathe spectrum near 1 Hz (Figure
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6.5.1a). The formation of defect causes the deeredsthe low frequency part of
impedance during immersion in NaCl solution (Figér&.1a). The decrease of,4 is
caused by the permanent development of the corgsumcesses in the defected zone.
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Figure 6.5.1. Evolution of impedance spectra ofapedl sol-gel coated alloy
during immersion in 0.5M NaCl before and after defermation a) and in undoped 0.5M
NaCl during 1 day after defect formation with fallmg 4 days in electrolyte containing
0.5M NaCl and 0.1mM 8HQ b).

The second sample was initially immersed in 0.5MCNsolution before and after
1h of the defect formation and then 8HQ inhibit@swntroduced at concentration 0.1mM
and measurements were continued at 1 and 4 dagswérsion (Figure 6.5.1b). After 1h
of defect formation the impedance decreased analdditional time constant appeared at
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low frequencies (Figure 6.5.1b). However, the additof inhibitor increased the
impedance and lowered a phase angle of the thrd tionstant at low frequency after 1
day. This effect becomes even more pronounced daftgéays of measurements (Figure
6.5.1b). This experiment undoubtedly confirms ttteg¢ increase of the low frequency
impedance is related to the healing of the defgthé corrosion inhibiting species.

The Scanning Vibrating Electrode Technique was taadilly used to investigate
the self-healing processes on the micro-level pliogi extra information for the EIS
experiments and proving the conclusions made above.

The results presented in Figure 6.5.2 corresporiidga@ase when a sol-gel coated
sample was immersed during one day after the $er@tén an undoped 0.05 M NaCl and
then one day more in the same electrolyte dopdudavi.1 mM 8-hydroxyquinoline. These
measurements correspond to the conditions of ti& dxperiment presented in Figure
6.5.1b. During the first day of immersion once #ueatch is created the anodic corrosion
activity is continuously growing from 16A/cm? after 1 h to about 20A/cm? after one
day of testing (Figure 6.5.2b and c). This corresjsoto the remarkable drop of the
impedance on the Bode plot taken after defect faomgFigure 6.5.1b). The change of the
electrolyte to the doped one leads to a slighteiase of the corrosion activity especially in
the cathodic region (Figure 6.5.2d). This increasa be related to the increased
concentration of oxygen in the fresh electrolyteofing the cathodic reduction of oxygen.
It is also possible that the addition of 8HQ insesa dissolution rate of aluminum from
the anodic zone in the middle of the defect duihéostrong complexing action of 8HQ to
Al** ions. However, one day later the corrosion agtildtvers at least twice showing a
decrease of the activity in the scratched areau(Ei§.5.2e). This reduction of the currents
related to the active anticorrosion effect of thhilitor explains the increase of the low
frequency impedance in the case of Figure 6.5tbhduld be noted that the corrosion
activity is not hindered completely leading to omgdgrtial reduction of the impedance
without reaching the initial values.

The presented SVET results clearly confirm on miexel the conclusions made
from the EIS macro-level tests. It is undoubtedipwn that the decrease of the low
frequency impedance after the defect formatiorlated with the disruption of the coating
and the oxide barrier and the corresponded lochtperosion activity in the defected area.
The addition of the corrosion inhibitor heals thefedtt leading to lower corrosion currents
and the increase of impedance.
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Figure 6.5.2. Optical photo (a) and the SVET maen in the corresponding zone
of AA2024 coated with sol-gel film after 1 hour @)d 1 day (c) of immersion in 0.05M
NacCl electrolyte. The electrolyte was changed &©0®5M NaCl + 0.1mM 8-
hydroxyquinoline and the SVET maps were obtainger df hour (d) and 1 day (e).
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Summarizing

The development of the sol-gel pretreatments wittiva corrosion protection
requires methods to investigate and prove thetwabdi“heal” the corrosion process on the
coated metal. In this study two electrochemicalhods, namely EIS and SVET, have
been used to investigate the self-healing process@f2024 substrate with protective
sol-gel coating in the presence of corrosion irthibi

The particular experimental results show that th@eaase of the low frequency
impedance during immersion can be correlated t@dttige corrosion protection originated
from the self-repairing of the defects in the preseof the corrosion inhibitor. The SVET
results obtained on micro-level are in good acoacdawith the EIS measurements. The
decrease of the low frequency impedance after #fect formation is related to the
disruption of the coating and the oxide barrier dne consequent localized corrosion
activity in the defected area. The addition of¢berosion inhibitor heals the defect leading
to lower corrosion currents and high impedance.

The overall outcome of the obtained results is toatosion investigating methods
such as EIS and SVET can be applied to study tlienaaling processes in the sol-gel
coatings doped with different inhibitors and nangeamers with inhibitors which will be
presented in the following sections.
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7 Sol-gel coatingswith corrosion inhibitors

7.1 Inhibitor-containing hybrid sol-gel coatings

This part of the work presents the results of itigation of hybrid sol-gel coatings
doped with corrosion inhibitors. A certain numbdroorrosion inhibitors for AA2024
studied in section 5 were used as additives tchiieid sol-gel formulations in order to
confer active corrosion protection properties anddamce protection of the sol-gel coated
alloy. Organic inhibitors 8-hydroxyquinolin (8HQRenzotriazole (BTA) and inorganic
cerium nitrate (Ce(Ng)s) were added at different stages of the sol-gell®gis process to
understand the role of possible interaction of bitbr with components of the sol-gel
system. Sol-gel coating without inhibitor additiaras prepared and used as a reference.
The sol-gel coatings were studied using differeleicteochemical and microstructural
techniques.

7.1.1 Synthesis and characterisation of hybrid sol-gatiogs

Hybrid sols were prepared on the basis of the ebfaymulation SgZrl (synthesis
is described in details in paragraph 4.3.1). Organmpounds (BTA, 8HQ) and inorganic
Ce(NQy)s were chosen as effective corrosion inhibitors #2024 based on the
investigations performed in chapter 5 and adddetiddZr-based sol-gel system at different
synthesis steps. Preliminary concentrated solut@inghibitors were made using the
components of the sol-gel system as solvents andssary amount of the concentrated
inhibitor solutions was introduced drop wise in #ilkosols 1, 2 or 3 during the sol-gel
synthesis. The synthesis steps where inhibitore weroduced are shown in Table 7.1.1
and Table 4.3.1. The molar concentration of inbibih the final sol-gel solution was the
same for all inhibitors (0.054 M). The referencextony without any additives was also
prepared for the comparison reason.

The obtained sol-gel coatings were characterizeth®ySEM in order to reveal the
surface microstructure of the sol-gel coatings dopeth different inhibitors after
synthesis. Figure 7.1.1 shows typical plane andszsection views of the sol-gel coating
doped with organic (BTA, 8HQ) and inorganic Ce@¥nhibitors. The stage at which
inhibitor is introduced to the sol-gel does notuehce significantly the appearance of the
coatings surface. Therefore only samples dopedages3 are presented in the Figure. It
can be seen, that deposited sol-gel films are unifalefect- and crack-free. The addition
of inhibitors does not notably change thicknesshefsol-gel films which is around 1.5 —
2 um for all the coatings. Such thickness is essnsimilar to that of undoped sol-gel
films (Figure 6.1.8).
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Table 7.1.1. Addition step of inhibitor during pegption of Zr based sol-gel and
respective reference names of coatings appliedAR0O24 substrates.

Inhibitor | (Alkosol 1) | (Alkosol 2) | (Alkosol 3) Reference name
0.0536 M| TPOZ GPTMS TPOZ+GPTMS i
- - - - SgZzrl

BTA + - - SgZr1BTA1l
BTA - + - SgZr1BTA2
BTA - - + SgZr1BTA3
8HQ + - - SgZriHQ1

8HQ - + - SgZr1HQ2

8HQ - - + SgZr1HQ3
Ce(NGy); | + - - SgZriCel
Ce(NGy)s | - + - SgZriCe2
Ce(NGy)s | - - + SgZri1Ce3
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Figure 7.1.1. Plane and cross-section views oldaayeSEM of the sol-gel
coatings deposited on AA2024 before corrosion exSgZriBTA3 (a,b), SgZr18HQ3
(c,d), SgZriCe3 (e,f).
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7.1.2 Surface characterisation after corrosion

To reveal changes of microstructure of the sol-gmtings after corrosion the
immersed samples were examined by SEM techniqgerd-i7.1.2 presents SEM images
for different samples after 25 days of corrosiopasure in 0.5M NaCl solution. As can be
seen the appearance of surface is changed afteersion in NaCl solution compared to
initial state before immersion (Figure 7.1.1). §el- coatings containing BTA show
dramatic changes of the surface (Figure 7.1.2a)otPof small pits and blisters cover
entirely all the surface. In contrast to BTA therfaoe of samples doped with
8hydroxyquinolin and cerium nitrate shows much lessosion impact (Figure 7.1.2b,c).
The main features associated with the corrosionvigctare small blisters that are
delaminated parts of the sol-gel film caused byltlval corrosion process. Such features
were also found in case of undoped sol-gel coatiBjisters can be found on all the
surface of SgZr1BTA samples. On the other hand affpeearance of blisters on samples
SgZr18HQ3 and SgZrlCe3 is rare and mostly condeti@ound big pits. Most probably,
BTA added to the sol-gel formulations chemicallyenacts with the components of the
sol-gel weakening the coating stability. Such iatdéons negatively influence the
crosslinking degree and adhesion to the metal seurfd/hen stability of the coatings and
metal/coating interface is low corrosion quicklydmps which results in appearance of
many blisters and pits (Figure 7.1.2a).

An additional analysis of the sol-gel surface clasig pit shows some aspects of
the localized corrosion as example for SgZr1BTARisiez. A zone close to the pit (Figure
7.1.3a) shows lower amount of the corrosion pragiugth visible cracking of the sol-gel
film (Figure 7.1.3b). This cracking becomes cleaeen at higher magnification (Figure
7.1.3c). A corrosion activity developed in suchaacan be responsible for the damage of
the coatings. A most plausible explanation of tégel film cracking is due to the
cathodic processes in such place. The reducti@xygen produces hydroxyl ions that can
negatively affect the hydrolytic stability of thelgyel coating which results in appearance
of cracks and significant delamination. In contri@sthe sol-gel films with BTA inhibitor,
the other coatings containing cerium nitrate or 8tH@ not show cracking in the vicinity
of big pits.

The results of microstructural investigation showbkdt the main damaging that
occurs during the corrosion of the sol-gel coatath@es is the formation of blisters,
delamination areas and pits. However, microstrattanalysis can not provide a clear
distinction of the corrosion protection conferrey different sol-gel systems. Therefore
electrochemical techniques such as EIS can betasgthracterize the corrosion protection
efficiency.
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Figure 7.1.2. SEM images of sol-gel coated samgdtes 25 days of immersion in
0.5M NaCl, SgZr1BTA3 a), SgZr18HQ3 b) and SgZr1Ce3
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c)

Figure 7.1.3. SEM images of SgZr1BTA3 sample étedays of immersion in
0.5M NaCl, pit a), zone on the periphery of thegpihigher magnification b), zone of
cracking at higher magnification c).
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7.1.3 Study of the corrosion protection of the sol-gedtings by EIS

Corrosion protection efficiency of the sol-gel dngt was evaluated during 25
days of immersion in 0.5M NaCl solution. Figure .4.5hows Bode plots of the sol-gel
coatings doped by BTA, 8HQ and Ce(©inhibitors after 7 day of immersion in NaCl
solution. The impedance spectra show three typiicaé constants that are usually
observed on the sol-gel coated aluminum alloysragiqusly discussed in paragraph 6.1.
The capacitive response of the sol-gel coating afgpat high frequencies about®14z.
The relaxation process at middle frequencies{10 Hz) is ascribed to the intermediate
oxide layer present on the alloy surface. The timestant at low frequencies <161z is
associated to the developed corrosion activity.
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Figure 7.1.4. EIS spectra of different sol-gel cugd doped with BTA a), 8HQ b)
and Ce(NQ)s c) inhibitors. Spectra were obtained after 7 dafyisnmersion in 0.5M NaCl

solution.
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A rough evaluation of impedance data shows thatatitition of BTA inhibitor to
the sol-gel at any stage of hydrolysis leads tayaificant degradation of the sol-gel film
compared to the undoped one (Figure 7.1.4a). Satagings with 8HQ and Ce(NR
inhibitors have higher values of low frequency imi@ece compared to the undoped film
(Figure 7.1.4b,c). The impedance increase tesfillesnhanced corrosion protection of the
alloy. However, a more detailed analysis of theasion protection properties of different
sol-gel coatings is needed in order to better itifferthe difference in protection
effectiveness. This can be achieved by fitting ith@edance data with the appropriate
equivalent circuits presented in Figure 3.3.14.

Evolution of the sol-gel film

The rate of water uptake and the hydrolytic stgbihf coatings during immersion
in agueous solutions can be determined from thagehaf the capacitance of the sol-gel
films. The results on capacitance evolutiondf for different coatings are presented in
Figure 7.1.5. During first 3 days of immersion tapacitance for BTA-doped samples is
lower compared to undoped sample (Figure 7.1.58)oger immersion there is a linear
increase of capacitance. During immersion the dtgrace for the BTA doped sol-gel
coating changes from around 8.5®16/cnf to 3.6*10° -6.6*10° F/cnt (Figure 7.1.5a).
The calculated water uptake using the Brasher-Kingsequation (3.3.22) is presented in
Table 7.1.2. It can be seen that for BTA dopedgsbleoatings a water uptake reaches
47%. Such huge value is too high for a small ansde&oating. Most likely the increase of
the capacitance can not be related only to therwaitake. Degradation and hydrolytic
decomposition of the sol-gel systems should bentatki® account in this case as well. The
condensation process of the siloxane groups igsile and a hydrolytic reaction can lead
to cleavage of Si-O-Si bonds in alkaline environm@&rhus the change of capacitance
during water absorption can not follow classicab®rer-Kingsbury relation used for
typical organic coatings. This explains the abndrmarease of capacitance for BTA
doped samples. Moreover, the thickness of solilpeldan also be decreased due to partial
removal of the degraded sol-gel layer. This addsadditional error for calculation of
capacitance. Nevertheless, at the beginning of irsiore the capacitance increase can be
attributed to the water absorption. However, thegy immersion time most probably
leads to the hydrolytical decomposition of the oaat

Sol-gel coatings doped with 8HQ do not show sigalffit difference of the
capacitance compared to the undoped films at thmbimg of immersion (Figure 7.1.5b).
During the first two days there is a fast growthtteé capacitance from 1.0*2@F/cnt to
1.6*10° F/cnf. At longer immersion time the capacitance steadywsg until around
1.9*10® F/cnf and is slightly higher than for undoped coatinge Twater uptake of the
sol-gel coatings with 8HQ presented in Table 7sh@ws practically the same values as
for undoped sample (12.5%). The sample SgZr18HQdrevthe additive of inhibitor was
introduced to Zr-propoxide solution (Alkosol 1) thg the sol-gel synthesis shows higher
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values of water uptake (15.6%) (Table 7.1.1). Tigldr water uptake in this case can be
attributed to the interactions of the inhibitor iffPOT or EtAcAc which cause
modification of the sol-gel system.

The evolution of the capacitance of cerium nitrateped sol-gel coatings
demonstrates behavior close to the undoped syskeguré 7.1.5c). A slightly lower
increase of capacitance is notable at the beginafnignmersion compared to undoped
sample (Figure 7.1.5c). However, after few daysttbied becomes similar to the undoped
layer. Capacitance increases from around 1.8#®@nf until 1.9*10° F/cnf. The sample
SgZrlCel shows somewhat low capacitance (§%/@nf) at the beginning of immersion
compared to other samples. This may testify folighter thicker sol-gel film formed in
this case. The calculated water uptake varies ftarb to 15.6 % for different Ce(NR
doped samples (Table 7.1.2). The addition of seldalt to the sol-gel coating might
increase ingress of water into it which explainghler values of water uptake.
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Figure 7.1.5. Evolution of Sol-gel films capacitarfor coatings doped by BTA a),
8HQ b) and Ce(Ng); ¢) during immersion in 0.5M NaCl solution.

247



Table 7.1.2. Numerical data of capacitance and nagitake for different sol-gel
coatings with inhibitors.

Sample Undoped SgZr1BTAl  SgZrlBTA2  SgZriBTA3  SgHCA
C Flcnf initial | 1.01*10° 8.96*10° 9.35*10° 8.17*10° 1.03*10°

C Flcnf end 1.77*16 3.80*10° 5.63*10° 6.64*10° 2.04*10°
Water 12.8 32.9 40.9 47.7 15.6
uptake %

Sample SgZrl8HQ2| SgZr18HQ3 SgZrlCel SgZriCe2 SgB1C
C Flcnf initial | 1.06*10° 1.12*10° 9.01*10° 1.11*10° 1.05*10°

C Flcnf end 1.83*10 1.91*10° 1.78*10° 1.84*10° 1.95*10°
Water 12.5 12.1 15.6 11.6 14.1
uptake %

The addition of inhibitive species during differesteps of synthesis can result in
the specific chemical interaction of inhibitor withe components of the sol-gel system
like GPTMS, Zr(IV) propoxide and others. Conseqlyensuch interaction can cause
notable changes of the hydrolytic stability, barrpoperties and adhesion of sol-gel
coatings. Figure 7.1.6 presents evolution of thegebfilm resistance (Rcoat) doped by
different inhibitors. Sol-gel coatings doped by BTghow very fast decrease of the
resistance during the first two days of immersiompared to the undoped sample. After
three days of immersion resistance decreases ljnedath time and in the end of
immersion the difference of R:between the undoped and BTA doped coatings issdlmo
an order of magnitude (Figure 7.1.6a). The decre&#ige sol-gel film resistance and huge
increase of capacitance provide evidence of a feggni hydrolytic instability of BTA
doped sol-gel systems. In the case of 8HQ and CgiNdwped sol-gel coatings the
evolution of coating resistance is almost the sam&r undoped coating (Figure 7.1.6b,c)
that can account for chemical stability of the gel-systems. It should be noted that
coating SgZrl8HQ2 shows higher resistance whiclprsbably associated with the
influence of 8HQ on he hydrolysis and condensateattions of GPTMS based Alkosol 2.
A lower Rya in the other two cases suggests possible chenmtaactions between
molecules of 8HQ and either TOPZ or EthAcAc thagimiblock the inhibitor.

These results show that addition of 8HQ and CejiN@oes not influence
significantly the hydrolytic stability of sol-gelilins unlike for BTA doped ones. A
chemical interaction of inhibitor with the compotemf the sol-gel system is the most
likely process that results in decrease of theidraproperties of the sol-gel coatings in the
last case.

248



—=— Undoped 10°4 —=— Undoped

—e— SQgZr1BTAL % —e—SgZr18HQ1
w100 SgZriBTA2 4 SgZr18HQ2
g —v—SgZr1BTA3 e —v—SgZr18HQ3
A o
£ £ 10%
6 =
k5 O“
018 Q:§
10°4
a) 0 100 200 300 400 500 600 700 b) O 100 200 300 400 500 600 700
time, hours time, hours
—=— Undoped
—e—SgZriCel
f SgZriCe2
“‘ —v—SgZriCe3
§ 10" T
g
e
e
8
® 10°

C) 0 100 200 300 400 500 600 700
time, hours

Figure 7.1.6. Evolution of sol-gel films resistarioe coatings doped by BTA a),
doped by 8HQ b) and Ce(NJa ¢) during immersion in 0.5M NaCl solution.

Evolution of the intermediate oxide layer

The intermediate oxide layer is the last barriemieen the corrosive species and
the metal surface. Its integrity is very importdram the standpoint of the corrosion
protection since defects in it allow direct ingredsthe corrosive species to the metal.
Therefore the monitoring of the evolution of thedexlayer during corrosion exposure can
give information on the corrosion progress. Evalntof the resistance of oxide layer{R
for different sol-gel coatings during immersion @5M NaCl solution is presented in
Figure 7.1.7. During the first 2 days of immersigg is higher for SgZr1BTA samples.
This effect is most probably provided by the rapitibiting action of BTA. However,
longer immersion results in a failure of oxide sémnce and decrease of corrosion
protection. At the beginning of immersion the iitivalue of Ry is around 1.5*10
Ohm*cn? gradually decreasing during the immersion unF80° Ohm.cn? at the end of
immersion (Figure 7.1.7a).
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Figure 7.1.7. Evolution of intermediate oxide layesistance for sol-gel coatings
doped by BTA a), 8HQ b) and Ce(M)@c) during immersion in 0.5M NaCl solution.

On the contrary to BTA, doping by 8HQ and Ce{@){Qeads to the increase of the
intermediate oxide film resistance compared to pedosample. For instance, initial
values of By for all Ce(NQ)s; doped sol-gel coatings are higher than for undopmeel
(Figure 7.1.7c). The evolution of the oxide regis@shows that the corrosion protection
during first 6 days of immersion remains highertle case of Ce-doped sol-gel films
(Figure 7.1.7c).

In contrast to Ce-containing ones, the sol-gel dasngoped with 8HQ show almost
the same values of,Ras for undoped one at the commencement of imnre(§igure
7.1.7b). This can support the low release of irtbrbduring initial immersion. Although,
the trend of the R change is very similar to undoped sample at thginbeng of
immersion, the difference between thgy Rf inhibited and undoped samples can be
observed at longer immersion time. The best carroprotection was achieved when 8HQ
was introduced to the Alkosol 2 (sample SgZr18H@®) Alkosol 3 (sample SgZr18HQ3)
during the synthesis (Figure 7.1.7b). The addiv6BHQ during hydrolysis of zirconia-
precursor in Alkosol 1 (sample SgZr18HQ1) leadsi¢orease of the intermediate oxide
layer resistance. This can be caused by a strdegaation of the zirconia-precursor with
8-hydroxyquinoline, which is a good complexing ag¢880]. The formation of the
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complexes between the zirconium alkoxide and/opédially hydrolyzed form with 8-
hydroxyquinoline when inhibitor was added in th&k@dol 1 can influence the hydrolysis
and condensation reaction of metalorganic precuasor deactivate inhibiting action of
8HQ that becomes chemically bonded to the precuidus demonstrates the importance
of the sol-gel synthesis stage at which inhibisoadded.

7.1.4 Active corrosion protection of the sol-gel coatin§¥ET study

The undoped sol-gel film confers adequate corropimtection to AA2024 due to
good adhesion and formation of stable barrier afjaaggressive corrosive species.
Addition of cerium nitrate and 8HQ to the sol-gehwposition has no significant influence
on the barrier properties of the coatings. Howewergeneral corrosion protection is
improved demonstrating that another factor thah passive protection is responsible for
this. The main plausible explanation of this effiscactive corrosion protection conferred
by the corrosion inhibitor released from the sdl-geating. To confirm the active
corrosion protection effect and the ability to h#a defects in the coating the Scanning
Vibrating Electrode Technique (SVET) was employ&de SVET method is a powerful
tool to measure the local ionic currents originaftesn the active surface. In the case of
localized corrosion processes the flows of ionseappn the active zone being directly
related to the local cathodic and anodic corrosictivities.

To investigate the self-healing ability of diffetesol-gel coatings two equal
artificial defects were made on the surface of eddéht sol-gel films. After defect
formation, a local distribution of currents was m@&d during immersion in 0.05M NaCl
solution for 4 days.

The results of SVET measurements are presenteyime=7.1.8. After 4 hours of
defect formation both cathodic and anodic actisitean be seen on the surface of all
samples (Figure 7.1.8a,c,e). Following one dayrohersion all samples show increase of
activity. Nevertheless, the longer immersion cauEsease of activity for inhibitor-doped
samples, whereas for the undoped one corrosionnescaather high. After 4 days of
immersion such a difference can be clearly seegu(Ei7.1.8b,d,f). Anodic and cathodic
currents measured on the undoped sample (Figui&bJ .dre higher compared to the Ce or
8HQ doped samples. The results show that coatiogedd by 8HQ and cerium nitrate
decrease corrosion activity in the zones of loededs demonstrating well-defined signs
of self-healing ability.
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Figure 7.1.8. SVET maps of the local current fluaéier 4h and 4 days of
immersion in 0.05M NacCl for undoped sample (aSgZr18HQ3 sample (c, d) and
SgZrlCe3 sample (e, f). Scale unijté cm™.

7.1.5Mechanism of the corrosion attack on AA2024 coatétl sol-gel films containing
inhibitors

Pits, blisters and cracks are formed in the coatingng immersion of the alloy
coated by sol-gel coatings containing inhibitoree Torrosion develops in similar fashion
as in the case of undoped sol-gel coatings. In pglaee of defects an aggressive
environment penetrates the sol-gel film until thetafic substrate and activates the
corrosion process. However, the presence of irdrbitn the coating can decrease the
started corrosion activity. Figure 7.1.9 schemdicaresents the corrosion inhibition
process in a micro defect. When cracks appearersdih-gel coating they become flooded
with the electrolyte that induces corrosion at thetal surface. On the other hand,
electrolyte also provides a pathway for inhibitbattleaches out from the sol-gel coating
close to the defect as shown by the blue arrovidgare 7.1.9. When inhibitor reaches the
metal surface it reduces the corrosion proces<ctaite either the cathodic or anodic
activity (Figure 7.1.9).
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Figure 7.1.9. Localized corrosion inhibition in tha&-gel coating with micro
defect.

The addition of 8HQ and cerium nitrate to the sall-gpating results in a decrease
of the corrosion activity as was demonstrated b$ Eigure 7.1.4) and SVET (Figure
7.1.8) measurements. In particular the increasesi$tance of the intermediate oxide layer
was found in the case of sol-gel coatings dopedhhipitors (Figure 7.1.7). The higher
stability of the intermediate oxide layer testifiésr enhanced corrosion protection
conferred by the inhibitive additives. The corrasfarocess is also diminished during the
initial immersion time as was demonstrated by SVE€&asurements. The corrosion
inhibition mainly occurs in the places with cathodctivity such as cracks and blisters due
to cathodic inhibitive nature of 8HQ and cerium doHowever, as was discussed in
paragraph 5.5, 8HQ can provide in some extent adianinhibition as well. Such
inhibition mechanism is based on the formation @drty soluble chelates complexes with
copper or aluminum in neutral media which can Ipeegented by the following reactions:

Cu* +2(8-HQ) = CuB-Q), +2H", (7.1.1)
Al* +38-HQ) = AI(8-Q), +3H". (7.1.2)

In acidic solution with pH~3 the equilibrium of theactions (7.1.1) and (7.1.2) is
shifted to the left, and the stability of the prmaited form of 8-hydroxyquinoline and
positively charged complexes is higher than ofitls®luble products. Therefore, 8HQ can
not inhibit the corrosion in developed deep pitsduse of the low pH that favors
dissolution of chelates with copper and aluminuil[382]. However, the localized attack
at the cathodic intermetallics and aluminum madiixing initial stage of corrosion can be
significantly suppressed.

253



Inhibition nature of cerium nitrate is attributedthe formation of highly insoluble
hydroxides with solubility constants less than I*4,avhich can be formed in places with
cathodic process of oxygen reduction needed foptbduction of hydroxyl ions:

e + = ! A
Ce* +30H™ = CeOH), (7.1.3)

Such limitation does not allow cerium to inhibietkorrosion process in pits with
acidic environment inside. Therefore, when thammttorrosion has started, the inhibition
of the cathodic process in micro defects is the ady to decrease the corrosion activity.
The corrosion will be reduced since the inhibitiohthe cathodic process affects the
anodic process as well.

7.1.6 Limitations and perspectives of direct inhibitotroduction in the sol-gel coatings

In spite of the increased corrosion protection emeid by inhibitor containing sol-
gel coatings there are certain drawbacks that kctive corrosion protection properties of
such systems. The first disadvantage is the chémmtzxactions that can occur between
the inhibitive compound and components of the sblgystems. The addition of BTA
inhibitor is evident example of such issue. AlthbTA is a good cathodic inhibitor for
copper corrosion, the addition of BTA to the sol-geatings significantly decreases their
barrier properties. The decrease of the barrieteption tremendously increases the
corrosion degradation of the sol-gel coated sampittsadditives of BTA.

The second drawback is associated with the limat@dunt of inhibitor in the sol-
gel coating. For low (safe) concentration of intobs there is no decrease of the barrier
properties of the sol-gel coatings. When excidimg toncentration the barrier properties
of the coatings are significantly reduced. Therefibre maximal concentration of inhibitor
in sol-gel systems is limited by the chemical digbiof the sol-gel components with
inhibitor. For example the acceptable concentratibeerium nitrate inhibitor in the sol-
gel formulation is 0.034 mol/L. In the sol-gel cogt the concentration of inhibitor is
higher because of the drying of the sol-gel anar@aind 0.1 mol/L. The concentration per
unit of volume is relatively high. However, duethe small thickness of the sol-gel coating
the total inhibitor content is very low. Such a l@encentration in the coating cannot
confer long term protection to the underlying alkybstrate. Nevertheless, the corrosion
protection can be effective in micro defects at ithiBal stages of the corrosion process.
When the micro defect appears it can be healedlupitor that diffuses from the nearest
matrix. However, at longer immersion time the caomcaion of inhibitor in the
surrounding matrix may be insufficient for effeaivnhibition, which leads to the
corrosion progress.

When the concentration of inhibitor in the coatisdow another issue appears to
be significant. The increased release of inhibitom the undamaged sol-gel coating can
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extensively decrease the positive effect of thebitihg compound in the coating. During
few hours of immersion the concentration of intobitan be reduced below the effective
limit therefore making the substrate susceptibleedorosion attack. The results of EIS
measurements show that cerium nitrate incorporattm the sol-gel films affects the
intermediate oxide resistance more efficientlyhatbeginning of immersion as can be seen
in Figure 7.1.7c. This implies fast release of lmior from the coating. On another hand
the intermediate oxide resistance in case of 8Hf}iad in the sol-gel coating is not much
higher compared to undoped coating at the beginafnignmersion Figure 7.1.7b. Such
effects are more likely associated with the releafs@hibitors from the sol-gel coatings.
For cerium ions the release might be faster tharBHQ as follows from the values of
oxide layer resistance at the beginning of immersio

It is important to consider such limitations andfpen a more complete study of
particular inhibiting compounds as additives to sbh&gel coatings in order to create more
efficient corrosion protection of alloys. Takingonaccount such disadvantages a possible
way to avoid the interaction of inhibitor with thle®l-gel and restrict the release is the
incorporation of inhibitor in nanocontainers. Thantainers have to be small enough to not
decrease the sol-gel matrix barrier properties arttie same time to provide a controlled
release of inhibitor. Some examples of such apemavill be addressed in the next
chapter.

Summarizing

The addition of corrosion inhibitors to the hybsiol-gel coatings confers additional
corrosion protection when an appropriate inhibiisr used. Cerium salts and 8-
hydroxyquinoline are demonstrated here as possiititives which can provide some
self-healing ability in supplement to the good l&rproperties of the sol-gel films. These
two dopants, being added at different stages ofgsblsynthesis, do not influence
sufficiently the barrier properties of the filmsowWever, the overall corrosion protection
can be affected depending on the stage where tohivas added.

The addition of 8HQ during hydrolysis of zirconieepursor leads to a decrease of
corrosion protection properties in particular tavlgalues of the intermediate oxide layer
resistance. This effect can be caused by the titeraof the zirconium alkoxides or their
partially hydrolyzed form with 8HQ and formation a@omplexes that in turn can
negatively influence the hydrolysis and condensatéactions during the sol-gel synthesis
and film formation. Addition of cerium-based inHim at any hydrolyzing step improves
the corrosion protective properties of the coatings

In contrast to 8HQ and cerium nitrate inhibitorsABadded to the sol-gel film
significantly decreases its barrier properties aesllts in fast corrosion activity. The
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inhibiting action of BTA is outweighed by the faitgradation of the coating thus reducing
corrosion protection of the sol-gel system with itit@bitor.

The mechanism of the corrosion protection of AA2@34the inhibitor doped sol-
gel coatings is related to the inhibition of therosion process in the micro defects. After
corrosion started the leached inhibitor diffuseshi® place where corrosion appears and
slows down or stops the activity in that place thueviding protection of the alloy.
However, there are certain limitations associatath uhe chemical nature, maximal
concentration and release rate of inhibitors fromdol-gel coating.
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7.2 Hybrid sol-gel coatings with nanostructured reservoirs of inhibitors

The investigation carried out in previous chapterveed that the sol-gel coatings
with directly introduced inhibitors possess certdmawbacks like decrease of hydrolytic
stability, slow release or fast leaching of inlob& Therefore, a successful incorporation
of inhibiting compounds in the sol-gel coatings uiegs additional strategies. In this
chapter several new approaches will be presentadiritend to eliminate the drawbacks
associated with direct inhibitor addition to thé-gel systems.

In the first approach an inhibitor was introducednano-porous Titania based
(TiOx) intermediate layer coated by a hybrid sdl-ijen. The use of TiOx nano-porous
layer for storage and release of corrosion inhibiteliminates the negative effect of
inhibitors on the stability of the hybrid sol-geltnix. The corrosion protective properties
and self-healing abilities of such “sandwich”-likgstem were investigated in comparison
to single layered Zr-containing hybrid sol-gel ¢ogs.

A new method of corrosion inhibitor delivery on dmmd is proposed conferring
“intelligent” self-healing ability to the hybrid &gel protective films. Controllable
delivery is achieved by incorporating nanocontanef benzotriazole inhibitor in the
hybrid sol-gel pre-treatments. The nanocontaineeseviormed using silica nanoparticles
layer-by-layer coated with different shells of pallctrolyte molecules acting as
nanocontainers of corrosion inhibitor. The imprdagmaof the hybrid sol-gel films with
nanocontainers increases their long-term corroprotection performance. Moreover the
introduction of the inhibitor in the form of nanotainers instead of the direct addition to
the sol-gel matrix prevents the interaction of lm#nazole with components of the coating,
which can negatively influence barrier propertidstiee hybrid film and lead to the
deactivation of the corrosion inhibitor.

Another type of nanocontainers that can be usedhfobitor storage and release is
a naturally formed mineral, namely, halloysitesigle elements of this mineral have shape
of hollow cylinder that allows incorporation of neatls inside for storage and release
purpose. Mercaptobenzothiazole was tried as armitohifor incorporation in halloysites
nanocontainers. To achieve the prolonged and igeell release of inhibitor from
nanocontainers, halloysites were coated by difteneolyelectrolyte shells and then
incorporated in the sol-gel system.

The use of soluble compounds as inhibitors hasligadvantages such as fast
delivery to the place of localized corrosion andnlegeneous distribution in the coating.
However, coatings with soluble inhibitors show #igant blistering and delamination
when performing corrosion tests. Such negativecefie caused by high solubility of
inhibitors. In contrast to that, coatings with ety soluble compounds passed corrosion
tests with good results. Therefore the idea of lagroapproach is to use partially soluble
environmentally acceptable inhibitive compound msdditive to the sol-gel formulations.
In this study a nanoparticulated compound basedroarphous cerium molybdate was
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used as an inhibitive additive to the sol-gel. Trifeience of the addition step in the sol-gel
formulations and concentration of inhibitor on tteerosion protective properties and self-
healing abilities of the coatings have been studisidg corrosion investigation methods
and methods of microstructural analysis.

7.2.1 Nanoporous titania based interlayer with inhibfimr enhanced corrosion protective
properties of the sol-gel coatings

A novel approach is proposed that aims at deveippimanostructured porous
reservoir that stores a corrosion inhibitor at thetal/hybrid sol-gel film interface. The
template based reaction of controlled hydrolysisitahium alkoxides was used to create
self-assembled porous nets composed by TiOx natidpar SEM and AFM techniques
were used to characterize the structure of the édrmanoreservoirs. EIS and SVET were
employed to study the evolution of the corrosioat@ction performance of different pre-
treatments and to reveal their self-healing progert

7.2.1.1 Preparation and characterisation of nanostructitada layer on AA2024

Aluminum alloy 2024 samples were etched accordmmgrocedure described in
paragraph 4.2.3 using alkaline cleaning and acstindéting steps prior to the deposition of
the oxide layer. The procedure of synthesis anghdtion of TiOx nanoporous layer on the
AA2024 is described in details in paragraph 4.33nthesis includes controllable
hydrolysis of TPOT in the presence of a templataggnt (Puronic F127). Additional
aspects of the TiOx synthesis and preparation rsepted below.

Chemical evolution of titanium precursors duringe teol-gel process can be
described in following way. Common reactions of iojgsis, alcohol and water
condensation with titanium precursor take placeainreaction system inasmuch as
condensation process starts before the endingediyttirolysis:

CaHQ /OC3H7+5H20 CHQ ,OCH, HQ OH CHQ o  ,OH

? /Ti\ ~5C4H,0H /Ti\ /TI\ - C;H,0H /Ti\ /Ti\

CH,O  OC;H; HO OH OH OCH, -Ho HO O OCgH,
(7.2.1)

The formation of other products of polycondensatismch as partly hydrolyzed
titanium oxo-propoxide as presented in equatio8.2§, with coordination number of Ti
more than its valence is a likely event [363] doehe fact that the titanium alkoxides are
Lewis acids and can interact with the compoundsivhiave unshared electron pairs with
the formation of Lewis acid-based complexes. Howekie hydrolysis and condensation
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reactions of the titanium alkoxides are usuallyvast and must be controlled by the use
of inhibitors. Differentp-diketones,B-ketoesters, diethylene-glycol, carboxylic acids or
other complexing agents, which inhibit the condénsareaction, are commonly used.

Changing the concentration of water and the conipdeagent leads to modification of the

sol-gel systems structure, and consequently, tagrgs properties.

OH_ i 7 \I OC3H;
C3H;0 \\ /TI\OH

HO~_ | ~_OCgH;
/TI\
C3H;0 OH (7.2.2)

The addition of a templating agent to the soluttam control the hydrolysis of
titanium propoxide and play two important roles.pAme function of block-copolymer
molecules is the formation of micelles with titamitalkoxide. Moreover an inhibition of
the hydrolysis/condensation reaction can occur igdnog the controllable synthesis. The
templating and inhibition effects can be originateain the formation of the complexes
between template agent block-copolymer type anthaium oxide based complex as was

described in [383]. In the case of Pluronic F 3% structure can be present as following:

CgH7O / \

T
HO/ T' ™ OH

%N

Chemical transformations such as hydrolysis andhalccondensation that occur
during mixing of the reagents can be uncovered leyama of FTIR spectroscopy. FTIR
spectra of initial substances (Ti(ORyiPluronic F 127 and CHgused as a solvent) are
shown in Figure 7.2.1. In the high wave number eatiggre can be noticed some peaks at
3010, 2972 2870ch which correspond to symmetric and antisymmetriwation modes
of -CH,- and -CH groups coming from either pluronic or alkoxide843 At the middle
wave numbers there are bands around 1450 and 1879 @ssociated with C-H
asymmetric deformation and -GHscissors vibration and a characteristic doubfethe
gem-dimethyl structure of isopropoxides [385]. Wafined absorbance peaks are also
observed at 1120, 1001, 948, 852, 62Tchefore the hydrolysis of Ti(OPsi) The very
strong band in the 1000 chregion is a common feature of transition metapispoxides
and was assigned to C-O stretch vibration [386 Band at 852 crhwas also related to
the vibration of the C---C skeleton coming frompgsapoxy group [385].

OC3H7

(7.2.3)
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Figure 7.2.1. FTIR spectra of individual componeartd model reactive mixture of
semihydrolyzed Ti(OPri)with Pluronic F127 as well as transmittance speatrthe
aluminium alloy substrate covered with TiOx layéieaheat treatment.

After interaction of Ti(OPri with Pluronic F 127 and water hydrolysis, mostre
changes occurred in the 550-1200tnegion due to the partial opening of (R-O)-Ti bsnd
and the formation of new Ti-O-Ti bridges. Thus #imsorbance of the most intensive peak
in this group at 1120 crit was essentially decreased and a wide peak froBO-C
vibration of Pluronic located at 1160 - 1060 ¢rhecame more pronounced again. Weaker
peaks located at 1001, 852 and 621 taimost disappeared which suggests that TPOT
has reacted already. The peak at 948'amas doubled. Moreover, a rise of the absorbance
at 817 and 948 cthcan be explained by liberation of free iso-propancthe reaction
solution [384]. Peaks at 820 and 948 ¢nare the most intensive in its spectrum. Both
processes Ti-O-Ti bonds formation and 2-propanolwgion are likely to contribute in the
appearance of these peaks, since they run in téetion of Ti(OPri) polycondensation.

Analysis of the position alteration of the diaghogieaks in 1200 — 550 cih
region allows to conclude that the solution of thhianium sol, deposited on aluminium
substrates, contains the products of the titaniatraisopropoxide hydrolysis and
polycondensation and likely some amount of unhyamdl Ti(OPri). The formation of
complexes of Pluronic with semi-hydrolyzed Ti(ORti§ accompanied by appearance of
hydrogen bonds between OH groups of hydrolyzed Hi{(@ and oxygen of Pluronic.
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Based on the presented spectra, which reflectdhetive mixture where O-H stretching
can correspond to TiOH, PrOH groups as well a®,Hliscussion about formation of
hydrogen bonds seems not appropriate. Nevertheédssg interaction under similar
conditions between the titania sub-units and thigrper has been reported in literature
[387-389].

Although characteristic peaks of pure FiWide intensive peaks for anatase at 650
and rutile at 660 crif) were not exhibited in the spectra of model sohsj its presence
became evident on the aluminum substrate after sitepp TiOx film on aluminum
substrate (Figure 7.2.1). A wide peak at 600 - @d0" can be explained by overlapping of
the stretching mode of vibration frequencies ofA\at 750-850 crit with those of Ti-O at
750-650 cm’ [390]. Template signals of CH at 2923 and 2870 cthand ofs CH at 1470
— 1230 cmi' and a wide intensive C-O-C peak at 1096 cihare also presented on the
surface of aluminum substrate after heat treatment.

In order to reveal the micro- and nano-structuretlid TiOx layer titanium
isopropoxide was hydrolysed in the presence of latimg agent and deposited onto
polished AA2024 substrate prepared according togmtore (paragraph 4.2.1). AFM maps
(Figure 7.2.2) present the topography of the pelishlloy surface and the alloy surface
after TiQ, layer deposition. The titania-based nanoparticlesipletely cover the alloy
surface with the uniform layer. The average diameteéhe formed nanoparticles is about
30 nm demonstrating a narrow size distribution. &lwlefined nanoparticulated structure
shown in Figure 7.2.2 is most probably conferred tbg effect of block-copolymer
molecules of the Pluronic F 127 templating agent.

38.76 nm

0.00 nm b)

Figure 7.2.2. AFM images of the surface morpholfogypolished aluminium
AA2024 a) and for polished aluminium AA2024 treateith TiOy layer b).
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Significantly different structures are formed oe surface when the etched alloy is
used as a substrate. The alkaline etching followéd nitric acid desmuting leads to
partial dissolution of alloy forming a porous stiwre on the substrate as shown in Figure
7.2.3a. The Ti@based layer in the case of etched alloy formdiketstructure with wires
on the edges of pores in the alloy matrix. The cTi@t completely replicate the native
porous aluminium alloy structure as demonstratedS&M image depicted in Figure
7.2.3b. The EDS analysis confirms the presenc&asfiim-containing film on the top of
aluminum alloy (Figure 7.2.3c). It seems that teatipty agent can play an important role
in the formation of the net-like oxide replica dfetetched aluminum alloy surface. The
formation of a net-like oxide-based structure witigh developed surface area on the
metallic substrates open a great opportunity fadieg of this layer with active substances.

T 2s. ek
400 Al + TiO
2 Cu
——— Al untreated
(2]
£ 300 A
o |
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Q
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100 l
4 5 8 71 8 9
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Figure 7.2.3. SEM micrographs for AA2024 etchecklmarbstrate a), etched alloy
coated with TiOx film b) and fragment of the EDQsfpa of the materials presented in a)
and b) pictures c).
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7.2.1.2 Corrosion protection

For corrosion characterisation different samplegewprepared. The first one
includes TiOx networks as an intermediate layethwiicorporated BTA inhibitor and
standard hybrid sol-gel coating was used as adger|(Table 7.2.1). The samples with
single sol-gel coating and sol-gel coating dopethvBTA inhibitor were made for
comparison purpose (Table 7.2.1). Sol-gel coatiwgse prepared according to SgZrl
formulation described in paragraph 4.3.1.

Table 7.2.1. Composition of different coatings édsbn AA2024

Reference name| TiOx BTA SGZrl sol-gel | BTAin
layer | in TiOx | coating sol-gel
TiOXBTSGZrl + + + -
SgZzrl - - + -
SgZr1BT1 - - + +

The electrochemical impedance spectroscopy was tasedaluate the corrosion
protection performance conferred by the differamt-fpeatments on AA2024. Figure 7.2.4
depicts the Bode plots for the different sol-geatongs after 14 days of immersion in
chloride-containing electrolyte. The alloy sampleated with TiQ porous layer doped
with BTA shows high corrosion protection with impedte value about 4*$@hm*cnt at
0.01 Hz. The low frequency impedance in the casegafrl sol-gel film deposited directly
on the alloy surface is about one order of magseitogver in comparison with the previous
sample. The weakest corrosion protection is redeafeen the aluminium alloy was pre-
treated with the hybrid film containing BTA inhibit (SgZr1BT1) showing the impedance
values only 10 Ohm*cnt at low frequencies in spite of lower electroly@ncentration
(0.005M NaCl) used for immersion in this case.

Tree time constants are disclosed in the Bode plbtsgh frequencies and at low
frequencies for the most stable sample TiOXBTSgZtlese relaxation processes can be
assigned to the sol-gel film capacitance (arourtHK), oxide layer capacitance (around
10 Hz) and starting corrosion process (around @)L Al resistive plateau appears at about
100 Hz related with pore resistance of the solfg@l. The sample treated with undoped
sol-gel film without TiOx layer shows similar behar The resistance of the sol-gel film
for both samples is close after 14 days of immersiemonstrating that the barrier
properties of sol-gel coatings in cases of undagmejel sample and TiOx treated are the
same. Moreover a first sign of another time cortstalated with mass transfer limitations
appears at 0.01 Hz for SgZriBT1 sample. The presenavell-defined low-frequency
relaxation process ascribed to the diffusion litiotas on the spectra of sample directly
doped with BTA confirms its poorer corrosion prdies compared to other samples.
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Figure 7.2.4. Bode plots of AA2024 substrates cedavith different sol-gel
pretreatments after 14 days of immersion in 0.0H&CI solution. Sample coated with
benzotriazole doped sol-gel was immersed in 0.06&I@| solution.

A fitting of the experimental spectra was madergkilifferent equivalent circuits
presented in Figure 3.3.14 in order to separaferdiit elements attributed to the physico-
chemical processes occurring at the metal/coatitegface and in the coating. Figure 7.2.5
shows evolution of the resistance of the sol-gehdifor different samples in NacCl
solution. The fast decrease of the film resistaaicthe beginning of immersion is related
with penetration of the electrolyte into micro- maino-pores of sol-gel film. The further
slower decrease of the hybrid film resistance issed by the hydrolytical degradation of
the coating. The hydrolytical cleavage of Si-O-8nbs can be accelerated due to change
of solution pH leading to faster degradation as waggested in paragraph 6.4.1. Local
change of pH always takes place when the corrogionesses are started on the metal
causing the corrosion induced degradation of tlaiieg. Almost equal stability of the film
resistance was revealed in the case of pure sdilgeland sol-gel deposited on TiOx
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reservoir layer doped with benzotriazole. The hybroating impregnated with
benzotriazole during sol-gel synthesis shows gefiity higher porosity and faster
degradation of the matrix (Figure 7.2.5).

The low-frequency impedance originated from resistaof the mixed oxide layer
is directly related with corrosion protection camésl by the coating system since
formation of defects in this layer opens the immaggliaccess of corrosive medium to the
alloy surface leading to fast development of theragion activity. Figure 7.2.6 shows
evolution of the intermediate oxide layer resistafur the different samples. The lowest
resistance of the oxide layer around 4*@hm*cnt after corrosion tests was revealed in
the case of sol-gel film directly impregnated whiknzotriazole (SgZrlBT1). The low
resistance confirms high density of defects indubgdcorrosion on the alloy surface
during immersion in NaCl solution. The AA2024 cahteith undoped hybrid film (SgZrl)
has sufficiently higher and more stable resistasfcthe mixed oxide film around 1*£0
Ohm*cnt at the end of immersion. The resistance of oxaer in the case of pre-
treatment with TiQ self-assembled layer (TIOXBTSgZrl) can not be meskprecisely at
the beginning of the immersion due to purely capé#ige behavior originated from intact
character of the oxide layer. Only after about h@Qirs of immersion a change of the
phase angle occurs, allowing calculation of thedexresistance. The value of the
intermediate layer resistance during 300 hoursmohérsion in this case is sufficiently
higher around 1*100hm*cn? than in both previous cases (Figure 7.2.6). Howelter
330 hours immersion the first breakdown of the exidm occurs. Nevertheless the
resistance increases almost immediately again @olgiehe values before breakdown.
Breakdown of the oxide layer happens several timi#ls consequent recovering of the
impedance.

The Complex plane plots presented in Figure 7.Zléarly demonstrate the
periodic decrease and increase of the complex iammedoriginated from the breakdown
of the intermediate layer followed by recoveringimpedance for sample TiOXBTSgZrl.
The increase of the impedance can be explainedrimst of self-healing originated from
the inhibiting effect of BTA released from the Tita network as schematically shown in
Figure 7.2.8. When a defect is formed in the caggtine resistance of the oxide layer drops
as was shown in Figures 7.2.6. However, the intriibitcorporated in the intermediate
TiOx network heals the started corrosion process laads to partial recovering of the
oxide resistance. The results obtained for undageeyel film are opposite showing a
continuous decrease of the impedance during themalersion time (Figure 7.2.7b).
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Figure 7.2.5. Evolution of the sol-gel coating s¢since during the immersion.
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Figure 7.2.6. Evolution of the oxide layer resis&during the immersion.
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a) b)

Figure 7.2.7. Evolution of the Complex plane pldising immersion in 0.05 M
NaCl obtained for the aluminium AA2024-T3 treateithwormulation TIOXBTSgZr1 a)
and undoped sol-gel coating SgZrl b).

Defect
Sol-Gel
L Coating
Inhibitor
TiOx layer

Figure 7.2.8. Schematic view of the self-healinggesss when defect is formed on
sol-gel coated alloy with TiOx network loaded wiitiibitor.

SVET technique was then employed to confirm thélsedling effect of the pre-
treatment with TiOx nanoreservoir layer. The disition of local currents along the alloy
surface was measured. The AA2024 coated with urdigodgel film was used as a
reference sample. No local current activity waseded during the 24 hours of immersion
in the 0.05M NacCl solution on both samples (Figdr2.9 a,e) revealing the absence of

267



corrosion activity. Then defects were made in tyiaria films as shown in Figure 7.2.9 b,f.

Almost immediately, well-defined cathodic activijue to active corrosion processes
appears at the defect formed on the surface oA&2924 treated with undoped sol-gel. At

the same time no corrosion activity appeared ooyatire-treated with TiOx net layer

(Figure 7.2.9 c, g), although a larger defect waméd in this case when compared with
previous sample. Even after 3 hours of immersi@deéfect is almost inactive while the
cathodic current density increased in the casefefence sample (Figure 7.2.9 d,h).

Figure 7.2.9. SVET maps of the ionic currents mess@00 pm above the surface
of the AA2024 coated with SgZrl hybrid film (a,d),and with TIiOXBTSgZr1 coating (e,
g ,h) exposed to 0.05M NacCl; for 1 day (a,e). Taiedts were made after 1 day (b, f).
SVET scans were taken in 5min after defect fornmaogg) and 3h after defect formation
(d,h). Scale unitqtA cm™. Scanned area: 2 mm x 2 mm.
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Summarizing

A new approach for creation of anticorrosion pestments with self-healing
ability is proposed. A TiOx nanostructured reservalyer for storage and release of
corrosion inhibitor is suggested to impart selfaiegproperties to the hybrid sol-gel pre-
treatments deposited on 2024 aluminium alloy.

The nanostructured porous reservoir layer was wbtaiby the controllable
hydrolysis of titanium alkoxide in the presenceadkemplating agent leading to formation
of TiOx self-assembled nets replicating the striectnf the etched alloy. The formation of
the self-assembled nanostructured oxide net ogemgdssibility of loading such layer
with corrosion inhibitors.

The novel pre-treatment based on TiOx layer dopiga BTA and sol-gel coating
on the top shows enhanced long-term corrosion gtiote and well-defined self-healing
effects confirmed by EIS and SVET measurements. ihberporation of BTA in the
nanoreservoir layer eliminates the negative eftécthe inhibitor on the stability of the
hybrid sol-gel matrix.
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7.2.2 Anticorrosion sol-gel coatings loaded with LbL naantainers with inhibitor

In this paragraph the possibility to employ Si@anoparticles coated with
polyelectrolyte shells (poly(ethylene imine)/polyfene sulfonate) (PEI/PSS) layers) is
demonstrated as promising nanocontainers embeduelybrid epoxy-functionalized
hybrid sol-gel coatings. The inhibitor (BTA) was tepped within polyelectrolyte
multilayers on the assembly step as shown in Figu2el0. The nanocomposite coatings
were investigated using methods of surface andsimm analysis.

Nanocontainer

900 o9,
o 09 0
Q 0 O O o
S m

Figure 7.2.10. Schematic view of the nanocompasiteyel coating with inhibitor.

7.2.2.1 Preparation and characterization of nanocontainers

A more detailed procedure of nanoparticles prepmards described in paragraph
4.3.4. However certain aspects of the process ydrlassembling merit an additional
discussion. When performing electrophoretic measargs after deposition of a single
polyelectrolyte layer the charge of nanoparticles whanged. Figure 7.2.11a represents a
drastic increase of the surface charge after deposof the first PEI layer (65 mV)
followed by a similar (68 mV) decrease after PSSogotion in the next stage.
Benzotriazole deposition leads to a less pronoumcectase of thé&-potential without
complete recharging of the surface. This is causgdhe different molecular weight,
charge and size of the layer components. Largeichalged chains of PEI or PSS have
stronger electrostatic forces and can be adsomeguantities sufficient to completely
recharge the surface while small molecules of mbamged benzotriazole only
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compensate the excess of negative charge resuitirg PSS/benzotriazole complexes
insoluble in slightly acidic and neutral water s@uos.
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Figure 7.2.11. Electrophoretic mobility measurersaitnanocontainers a) and
diameter of the nanocontainers vs. LbL assemblfys}e(0 layer - initial Si@particles), 1
layer - SIQ/PEI, 2 layer - SIQPEI/PSS, 3 layer - SUIPEI/PSS/BTA, 4 layer -
SiO,/PEI/PSS/BTA/PSS, 5 layer - SUPEI/PSS/BTA/PSS/BTA.).

The average diameter of the nanoreservoirs obtaifnech light scattering
measurements increases with the layer number @igwr.11b), which clearly indicates
the LbL assembly of polyelectrolytes and inhibitoolecules. For the first PEI and PSS
monolayers the size increment is about 8 nm pearlayhe benzotriazole layers increase
the size of nanoreservoirs by a smaller about 4step confirming the electrophoretic
mobility data on a lower amount of deposited benaoble as compared to the
polyelectrolytes. The optimal number of the PSSZbémazole bilayers deposited onto
silica nanopatrticles is two. One bilayer is notfisignt for the self-healing effect of the
final protective coating while three or more bilegdrastically increase the aggregation of
nanocontainers during assembly and coating depositvhich affects the integrity of the
protective coating and nanocontainers distribuitnotihhe coating matrix adversely.

7.2.2.2 Preparation and characterization of sol-gel coatingded with nanocontainers

AA2024 panels cleaned according to the proceduaeafpaph 4.2.3) were used as
substrate for sol-gel coating deposition. A staddar based sol-gel system (SgZrl) was
used as a hybrid matrix. Different sol-gel coatimgse prepared including BTA inhibitor

271



directly incorporated in the sol-gel matrix (SgZrBTand nanoreservoirs of BTA
incorporated in the sol-gel matrix (SgZriINCBT1)passented in Table 7.2.2.

Typical SEM micrographs in plane and cross-secti@w of the sol-gel coating
doped with BTA nanocontainers are presented in rBigd.2.12. The coating is
homogeneous and free of defects. The thicknedseo$al-gel layer is around 1.5 um that
is comparable with the undoped coatings (Figurel6)1

Table 7.2.2. Composition and name of different iogatapplied on AA2024

Zr based sol-gel BTA In BTA
Name X .
coating sol-gel nanocontainers
SGZrl + -
SGZriBT1 + + -
SGZriNCBT1 + - +
SGZrINCBT1x2 + . .
2x concentration

A AFM scan taken before immersion of the coatedyalh NaCl solution reveals
the topography of the hybrid film doped with nanat@oners (Figure 7.2.13a). Only a few
round shaped features with a diameter about 100cambe seen on the surface. This
evidences the occlusion of the majority of the mambainers inside the film volume
confirming good affinity of Si@based nanocontainers to sol-gel film. The samepkam
was also examined by AFM after 2 weeks of immeramNaCl solution. Figure 7.2.13b,c
demonstrates the topography of the composite fiter &reatment in aggressive media. A
high population of nanoparticles is present on shdface. The image (Figure 7.2.13c)
acquired at higher magnification shows that thesgigles are 70-100 nm in diameter,
which is close to the diameter of the nanocontairmfore loading in the coating. The
increased number of nanocontainers visible in taRAmage upon NaCl treatment can be
caused by the modification of the top layer of #wd-gel film revealing the embedded
nanocontainers. These nanocontainers are unifatisigibuted in the sol-gel film showing
low degree of aggregation.
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25.8kV X300 188rm

Figure 7.2.12. Plane a) and cross-sectional bjreleenicrographs of the sol-gel
film loaded with BTA nanocontainers and depositadd\2024 substrate.

c)

Figure 7.2.13. Topography of the hybrid film SgZQBIT1x2 obtained by AFM
before a) and after 14 days b,c) of immersion iN=olution.
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7.2.2.3 Corrosion protection conferred by nanocontaineasléal sol-gel coatings

Electrochemical impedance spectroscopy was empltyepuantify the corrosion
protection obtained by the different composite @ under study. The dependence of
the complex impedance of the coated aluminium @ applied frequency permits the
separation of the response of the different compisnef the system such as capacitance
and resistance of the protective layers, polaomatresistance and double layer
capacitance. The evolution of such parameters simglish passive and active corrosion
protection of the coatings. Figure 7.2.14 depibtsitnpedance spectra of the different sol-
gel coated samples after 190 hours of immersio.095M NaCl. The undoped hybrid
film (SgZrl) and the coatings doped with differesincentrations of nanocontainers
(SgZr1INCBT1) show very similar behaviour at freqeies higher than 0.1 Hz revealing
the same barrier properties. The capacitance afxtue layer is also comparable for those
samples. A significant difference appears onlyoat frequencies, which is related to the
open defects in the intermediate oxide layer amhsequently, corrosion activity. The
sample with highest concentration of nanoreservimiréshe matrix shows almost pure
capacitative behaviour at low frequencies demotistyaexcellent protective properties
even after long immersion time. This confirms thsence of large defects. The sample
with lower concentration of nanocontainers also destrates a good corrosion protection
performance. However, the resistive part appeansvatfrequencies demonstrating the
formation of active defects in the oxide film (Figu7.2.14). The AA2024 coated with
undoped film shows lower corrosion resistance timboth previous cases. The results
clearly illustrate the positive effect of the naontainers loaded with benzotriazole on the
corrosion protection performance of the sol-gehéil The positive effect increases with
the increase of the loading degree of the nanotw s

Direct doping of BTA in the sol-gel matrix doesmi#veal any good corrosion
protective properties as was shown before. The Earf§gZrlBT1) has one order of
magnitude lower resistance demonstrating defeatharacter of the film compared to
other coating systems (Figure 7.2.14).

A low concentration of NaCl was used in this stidyprder to decrease the rate of
the corrosion processes in the case of the sampids weak corrosion protection
performance. The decrease of the salt concentra@mneases the rate of the corrosion
processes and allows the estimation of its kinetics
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Figure 7.2.14. Impedance spectra of different sblfigms after 190 hours of
immersion in 0.005 M NacCl.

The time-dependent evolution of the resistancehef domposite sol-gel films is
depicted in Figure 7.2.15a. At the beginning thieged films have similar resistance about
1*10° Ohm*cnt. However, a fast decrease occurs during theHoats of immersion. This
drop is caused by the filling of the pores of then fwith electrolyte. The undoped sol-gel
film and the coatings doped with different amouatshanocontainers demonstrate very
close values of pore resistance confirming thatitkreduction of the nanoreservoirs does
not influence the porosity and density of the cosifgomatrix. On the contrary the direct
doping of sol-gel coating by BTA leads to the walbwn deterioration of barrier
properties (Figure 7.2.15a).

The role of the nanocontainers is not only to disfinthe negative effect of the
inhibitor on the polymer film but also to provideltvery of inhibitor on demand and to
ensure the active corrosion protection when defects formed in the coating. The
resistance of the oxide layer can be a parametachwpermits monitoring the corrosion
protection, because it is proportional to the metaiface area in contact with the
electrolyte. Figure 7.2.15b demonstrates the emolutf the oxide layer resistance for all
samples during immersion in the chloride-basedtelte. The highest values of the
oxide resistance were found for samples doped w#hocontainers. This superior
corrosion protection performance evidently origasafrom the inhibiting effect of the
BTA released from the nanocontainers. However, rédsestance of sample loaded with
lower content of nanocontainers (SgZrlNCBT1) desgedy one order of magnitude after
about 150 hours due to the release and consumgitithre inhibitor while the coating with
higher loading (SgZrINCBT1x2) has very stable loexgn behavior (Figure 7.2.15b). This
difference remains even after 300 hours of immarsiemonstrating effective long-term
corrosion protection of nanocontainers impregnatedple.
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The self-healing ability is the most important iatite of the effective pre-
treatment. Therefore, the self-healing efficiendytlte sol-gel films impregnated with
inhibitor-loaded nanocontainers was investigatedSMET. Figure 7.2.16 presents the
local current maps over the AA2024 alloy surfaceeted with both the undoped sol-gel
film and the sol-gel film loaded with the maximahaunt of nanocontainers. A typical
current map along the intact sol-gel film is depittin Figure 7.2.16a illustrating the
absence of local corrosion processes for bothrgstiArtificial defects (around 200 pum in
diameter) were formed on the surface of both cgatafter 24 hours of immersion in 0.05
M NaCl as shown in Figure 7.2.16b,f. Well definedhodic activity appears in the place
of the induced defect on the alloy coated with @heloped hybrid film (Figure 7.2.16c).
This activity becomes even more intense with thenarsion time (Figure 7.2.16d,e).
Sufficiently different behavior was revealed aftixfect formation on the substrate coated
with sol-gel film doped with nanocontainers. No rosion activity appears in this case
after 4 hours following the defect formation (Figut.2.16g). Only after about 24 hours the
well defined cathodic activity appears in the zofehe induced defect (Figure 7.2.16h).
The rest of the surface generates an anodic flaawever, the defect becomes passivated
again two hours later and remains healed even 48téours (Figure 7.2.16i).
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Figure 7.2.15. Evolution of the sol-gel film resiste a) and resistance of the
intermediate oxide layer b) during immersion inBM NaCl electrolyte for AA2024
coated with different hybrid films.
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Figure 7.2.16. SVET maps of the ionic currents mestsabove the surface of the
AA2024 coated with undoped sol-gel film (SgZrl)x(d,e) and with film doped by
nanocontainers (SgZriINCBT1x2) (g,h,i). The mapsvadrtained before defect formation

a) after defect formation for 4h (c,g), 24h (d,hji@8h (e,i). Scale unitgA cm™.
Scanned area: 2 mm x 2 mm.

7.2.2.4 Mechanism of corrosion protection

The started local corrosion activity in the defeetiarea of nanocomposite
containing sol-gel coating (Figure 7.2.16) hindafter longer immersion time. Such “self-
healing” effect can be originated from the actieedback between the coating and the
localized corrosion processes. The most probabharmesm is based on the local change
of pH in the damaged area due to the corrosionegssms. The permeability of the
polyelectrolyte shells strongly depends on pH [392]. In acidic or alkali conditions the
polyelectrolyte shell increases its permittivity eduo the charge redistribution in
polyelectrolyte layers which can lead to electrbstaepulsion between the layers and
swelling. Swelling of the polyelectrolyte shell neases its permeability to ions and
molecules from its interior to the bulk solutiorwd@ling is a reversible process and when
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pH restores to neutral polyelectrolyte shell closdss property of polyelectrolyte layers
can be used to control the release of the encapdulzhemical. When the corrosion
process starts, the local pH value is changed dleet cathodic or anodic activity, which
opens the polyelectrolyte shell of the nanocontaine a local area followed by release of
BTA (Figure 7.2.17). Then, the released inhibitopgresses the corrosion activity. As a
result, the pH value recovers closing the polyetégte shell of the nanocontainers and
terminating further release of the inhibitor. The i3 not only one factor that controls the
permeability of the polyelectrolyte layers. Thergmse of ionic strength of the solution can
increase the permeability of polyelectrolyte layéke PSS/PAH [395]. When sol-gel
coating is penetrated by corrosive electrolytehie places of defects the increased ionic
strength can affect the polyelectrolyte nanocomti@rand increase the permeability. The
released BTA inhibitor will migrate to the defeaatleasing the corrosion activity of the
alloy. Thus the introduction of nanocontainershe $ol-gel film leads to active corrosion
protection originating from “smart” self-healingibly as schematically demonstrated in
Figure 7.2.17.

nanocontainer

Figure 7.2.17. Scheme of the controllable reledsehibitor from the
nanocontainers and the “smart self-healing” pracess
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Summarizing

A new method of corrosion inhibitor delivery on dmmd is proposed conferring
“intelligent” self-healing ability to the hybrid &gel protective films. Controllable
delivery is achieved incorporating nanocontaindrbemzotriazole inhibitor in the hybrid
pre-treatments. The nanocontainers were formedyuslita nanoparticles layer-by-layer
coated with polyelectrolyte molecules acting asaneservoirs of corrosion inhibitor.

The impregnation of the hybrid sol-gel films incsea their long-term corrosion
protection performance for metallic substrates. ddwer the introduction of the inhibitor
in the form of nanocontainers instead of the digadition to the sol-gel matrix prevents
the interaction of the benzotriazole with compogsesftthe coating, which can negatively
influence the barrier properties of the hybrid fikamd lead to the deactivation of the
corrosion inhibitor. The resulting hybrid films r@ypronounced protective efficiency and
possess self-healing ability. Intelligent corrosfmotection was achieved by the inherited
property of the polyelectrolyte layers that ares#re to pH and ionic strength changes.
Thus when there is a change of pH in defectivesaaga there is ingress of the aggressive
electrolyte during corrosion of AA2024 polyeleciria layers open and provide release of
incorporated inhibitor which heals the corrosiongass.

The use of the nanocontainers approach createw apgortunity to substitute the
carcinogenic chromates allowing the developmerdg néw generation of active corrosion
protective systems possessing effective self-refgpaapacity of the corrosion defects.
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7.2.3 Anticorrosion sol-gel coatings loaded with Halldgsi nanocontainers of inhibitor

The large-scale implementation of the nanocontdased coatings is limited by
the nanocontainer price, which is too high to mak#-healing coatings commercially
competitive. This calls for finding low-cost nanotainers, which can be successfully
employed in self-healing coatings. One of the psrSpe future containers can be
industrially mined halloysite nanotubes.

The possibility to employ halloysite nanotubes asspective nanocontainers for
anticorrosion coatings with corrosion protection demonstrated in this paragraph.
Halloysite nanotubes were loaded with the corrosidnbitor 2-mercaptobenzothiazole
(MBT), which is poorly soluble in water, howeverusll-soluble in ethanol or acetone,
and then incorporated into hybrid sol-gel coatiifg. prevent undesirable leakage of the
loaded inhibitor from the halloysite interior, theuter surface of the MBT-loaded
halloysite nanotubes was modified by depositionse¥eral alternating polyelectrolyte
multilayers poly(allylamine) hydrochloride (PAH) @rpoly(styrene sulfonate) PSS. The
halloysite nanocontainers and sol-gel coatings whegacterised from the point of view of
corrosion protection and microstructure.

7.2.3.1 Preparation and characterization of nanocontainers

Halloysite is defined as a two-layered aluminoati®; chemically similar to kaolin,
which has predominantly hollow tubular structurehia submicron range. The neighboring
alumina and silica layers create a packing disoodeising them to curve. As for most
natural materials, the size of halloysite particlasies within 1-15 um of length and 10-
150 nm of inner diameter depending on the depoBite-potential of halloysite particles
is negative at pH 6-7 and similar to the surfaceepital of SiQ with a small contribution
from the positive AlO; inner surface [396]. At pH 8.5 the tube lumen bapositive
surface promoting loading by negatively charged noraolecules and preventing their
adsorption on the negatively charged outer surface.

The initial appearance of the nanocarriers beforeading with 2-
mercaptobenzothiazole is presented in Figure 7.EiRire 7.2.18a shows a SEM image
of the separated halloysite nanotubes. Initialdyaite material consists of well-defined
nanotubes with size varying between 1-15 um. Thkowolumen of the halloysite
nanotubes before loading is clearly visible in Fegd.2.18b and can be estimated as 15-40
nm in diameter. The calculated inner space prouvidesbility of loading 12 % of the total
volume of the halloysite.

Embedding of the MBT inside the inner volume of tradloysite nanotubes (see
overall scheme of nanocontainer fabrication in Fegr.2.19) was performed adapting the
procedure described by Prieeal.[397]. Dispersed halloysite powder was mixed wli¢h
mg/ml solution of MBT in ethanol. A vial containinpe mixture was transferred to a
vacuum jar and then evacuated using a vacuum péfight fizzing of the suspension
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indicates the air being removed from the halloysiterior. After the fizzing was stopped,
the vial was sealed for 30 min to reach equilibritmMBT distribution. The halloysite
suspension was centrifuged to remove excess dafisselved MBT, cleaned in water three
times, and dried. This process was repeated fogstito ensure the saturation of the inner
halloysite cavity with precipitated MBT. During thiest three cycles the loading of MBT
into halloysites was gradually increased with therément of 25 mg of MBT per 1 g of
the halloysite. The saturation loading level walsiemed after the fourth loading step. The
maximum MBT quantity loaded into halloysite tube$i% wt.

Figure 7.2.18. SEM a) and TEM b) images of thedyalte nanocontainers.
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Figure 7.2.19. Left: schematic illustration of flaérication of MBT-loaded
halloysite/polyelectrolyte nanocontainers. Rigletazpotential data for sequential
deposition of PAH and PSS polyelectrolytes on lysile nanotubes, pH 7.5.
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Figure 7.2.19 shows a drastic increase of the seirtharge after deposition of the
first PAH layer (+70 mV) followed by a similar (-88V) decrease after PSS adsorption on
the next stage. The final nanocontainers have itohiballoysite/PAH/PSS/PAH/PSS
layer structure. The SEM image of halloysites dopeith MBT and coated with
polyelectrolyte layers, the final product which wadded into the sol-gel coating, is
presented in Figure 7.2.20. Polyelectrolyte-codtalibysites material composed of well-
defined single tubes 0.2-1.5 pm long and 100-300timick as well as fractured small
pieces of nanotubes. The polyelectrolyte shell &mmprovides controlled release
properties to the halloysite nanotubes.

Figure 7.2.20. SEM image of halloysites doped &itmercaptobenzothiazole and
coated with PAH/PSS/PAH/PSS polyelectrolyte layers.

7.2.3.2 Preparation and characterization of sol-gel dopithl malloysite nanocontainers

Zr based sol-gel formulation (SgZrl) has been dsedhe preparation of the sol-
gel (paragraph 4.3.1). Necessary amount of hatleys{0.04g) was introduced in the
alkosol 3 during the sol-gel synthesis procedurabl@ 7.2.3). Two sol-gels have been
prepared using halloysite nanocontainers with dhevit MBT inhibitor. The respective
reference names are shown in Table 7.2.3. Fig@.@T presents an optical photograph of
the sol-gel formulation doped with halloysites. Aan be seen the halloysites are
homogeneously dispersed in the sol-gel. The sugpengas stable for at least 5 hours
after preparation.

SEM image (Figure 7.2.22) shows plane view of dolyaite-doped sol-gel film
applied on AA2024. Neither cracks nor other defeatiiced by addition of halloysites
were visualized on the surface of the coating. ¢$EM it was difficult to find any
features related to the halloysite presence onstivéace. Just single fragments of the
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halloysites can be seen on the surface at highgnifiwtion (Figure 7.2.22b). The
observed feature is a halloysite tube about 1.9l and 0.2-0.4 pum thick. The SEM
image of the halloysite is blurred and not cleaiclwhndicates that the tube is under the

sol-gel layer.

Table 7.2.3. Compositions of different sol-gel syss and respective reference
name.

TPOZ/GPTMS Reference
(alkosol 3) name
0.04g Halloysites with MBT + SgZrHSMBT
0.04g Halloysites empty + SgZrHS

Figure 7.2.21. Optical photograph of the sol-geffolation doped with halloysites.

Figure 7.2.22. SEM images of AA2024 specimen cobiethe sol-gel film doped
with halloysites.
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7.2.3.3 Corrosion protection performance

The main idea of introduction of halloysites intml-gel coating is the
reinforcement of anticorrosion protection. The BI& used in this work for quantification
of corrosion protection of different sol-gel filmBigure 7.2.23 presents impedance spectra
of the AA2024 samples coated with sol-gel films teaomng two halloysites additives
(Table 7.2.3). The spectra were taken after 21 dayscelerated immersion test in 0.5M
NaCl solution. Three well-defined time-constantspear in the spectra. The high-
frequency time constant at about 100 kHz is relédedapacitance of the sol-gel coating.
The second one at 1 Hz is ascribed to the presshicéermediate oxide layer. The third
time-constant at around 0.01 Hz is related to itpessof corrosion process. Although both
coatings provide effective corrosion protection ayobd barrier properties, the one with
halloysites containing MBT demonstrates higher limaquency impedance that reflects
better corrosion protection performance (Figure2ZBR The low-frequency time constant
in the case of SQZrHSMBT sample is less distinchgared to the one of sample SgZrHS.
This testifies that the coating impregnated by dyalites with inhibitor has better
anticorrosion protection due to the presence of Miibitor. More detailed analysis and
the results of fitting of impedance data are presghbelow.

Figure 7.2.24 shows the evolution of the resistgdRggy) and capacitance (G, of
different sol-gel films. The initial resistance thie coatings is around 6*1@hm*cnf. It
rapidly decreases during the first days of immerdmlowed by a continuous decrease
until around 1*18 Ohm*cnf (Figure 7.2.24a). The capacitance rapidly incredsem
1*10°® F/ent during the first day of immersion and then monotgsly grows until about
1.5*10® Flcnf (Figure 7.2.24b). In both cases the evolution e parameters of the
coatings is almost identical indicating similar ioi@r protective properties of both coatings.

In spite of the similarities of barrier propertie$ the coatings the corrosion
protection of alloy is different. Figure 7.2.25a08fs the evolution of the intermediate
oxide layer resistance { calculated after fitting of the impedance speciize initial Ry
of both samples is practically the same. Howevesrd is a difference after two days of
immersion. The resistance of sample SgZrHSMBT ghéi by about 2-3 times compared
to sample SgZrHS indicating higher stability of al&toating interface (Figure 7.2.25a). A
similar trend can be seen for polarisation rest@aiff,oia). The initial Rylar is comparable
between the two samples. However, after 350h of ensman there is a noticeable
difference. After about 400h of immersion of samBgZrHSMBT there is a breakdown
and decrease of impedance at low frequency. Ther Ras decreased to around 6*10
Ohm*cnt. However, impedance was recovered after thateotad*10° Ohm*cnf (Figure
7.2.25b). Similar breakdown is present ag 8urve. Such behaviour can be an indication
of the corrosion development and subsequent heaynthe released MBT inhibitor. In
contrast to that, Rjar of sample SgZrHS is constantly decreasing dunmmersion. The
polarisation resistance decreases in this casaibead stable corrosion activity developed
on the alloy since there is no inhibitor in the-gel coating.
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Figure 7.2.23. Bode plots for Sol-gel films dopethvihalloysites with or without
MBT after 21 days of immersion in 0.5M NaCl solutio
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Figure 7.2.24. Evolution of sol-gel films resistarand capacitance for coatings
doped with halloysites with or without MBT duringuimersion in 0.5M NaCl solution.
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Figure 7.2.25. Evolution of intermediate oxide lagesistance a) and polarization
resistance b) for coatings doped with halloysitéh wr without MBT during immersion in

0.5M NacCl solution.
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The higher corrosion protection of sol-gel coatbmgtaining halloysites with MBT
can be explained by the inhibiting action of MBT i@ is an effective inhibitor of
corrosion of AA2024. The function of inhibitor-dapéalloysites is to store and provide
slow release of inhibitor, blocking initial corrosi processes and healing micro defects in
the coating. The halloysite-based nanocontainezgent interaction of the inhibitor with
components of the sol-gel matrix during the synthasd thereby deactivation of inhibitor.

Summarizing

Halloysites nanotubes can be used for developmdénnew generation of
anticorrosion coatings based on inhibitor-loadedocantainers. Halloysite nanotubes act
as a reservoir for inhibitor molecules preventitg direct interaction with the coating
matrix and undesirable leakage. Polyelectrolyte tilaykrs around the halloysite
nanotubes provide effective storage and prolongkzhse of MBT inhibitor “on demand”
in the damaged zones conferring an active corroprotection and self-healing ability.
Application of the cheap halloysite nanotubes wihsiderably reduce the costs of such
coatings opening perspectives to exploit them coroiziéy.
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7.2.4 Sol-gel coatings loaded with cerium molybdate nanesv

The use of inhibiting compounds with low solubility another possible way to
provide prolonged release of inhibitor and actieerasion protection. Cerium molybdate
compound is one of the potential candidates for rile of inhibitor. The proposed
compound has low solubility in water and is compgbsé two ions namely cerium and
molybdate that are known corrosion inhibitors. ©@emn protection performance of
cerium molybdate has been studied in section 58 fesults showed an improved
corrosion protection of AA2024 in NaCl solution the presence of cerium molybdate
nanowires. Inhibitive ions being released from tt@mpound effectively block the
cathodic process on copper rich intermetallicsliofyaand reduce the corrosion impact. In
addition to corrosion protective properties the poomd is synthesised in the form of
nanowires with width around 50 nm and length mdrant some microns. However,
according to light scattering measurements the nseamof nanoparticles is less than 400
nm (Figure 5.3.1b). The addition of nanoparticleshe sol-gel can prevent formation of
defects in the sol-gel coatings, which can occuemimcorporating large particles.

In this study a nanoparticulated inhibitive compdurased on cerium molybdate
was directly introduced in the sol-gel to impartiae corrosion protection properties of
coatings applied on AA2024. The additives wereoidticed in different sol-gel solutions
in order to test the compatibility with the compotee of the sol-gel system. Sol-gel
coatings with additives of inhibitor were charaiged from the point of view of corrosion
protection and microstructure.

7.2.4.1 Preparation of the sol-gel coatings doped withurermolybdate compound

Zr based sol-gel formulation was prepared accorttinthe procedure (paragraph
4.3.1). Necessary amount of ethanol stabilizedglof cerium molybdate was introduced
at different steps of the sol-gel synthesis prooedither in the alkosol 1 of TPOZ with
EthAcAc or in the alkosol 3 with mixture of TPOZ &GPTMS (Table 4.3.1). Figure
7.2.26 demonstrates that the powder is finely dgguk in the sol-gel matrix with no
agglomeration. The suspension is stable during sdewys of ageing which demonstrates
high stability of the obtained sol-gel. The respecteference names and synthesis step of
inhibitor addition are shown in Table 7.2.4. Th@oentration of inhibitor in the final sol-
gel solution was 0.3 wt.% and 0.6 wt.% respectivdliie reference undoped coating
(SgZrl) was also prepared for comparison.
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Figure 7.2.26. Optical photograph of the sol-gehfolation doped with cerium
molybdate nanopatrticles.

Table 7.2.4. Compositions of different sol-gel syss and respective reference

name.

TPOZ GPTMS TPOZ Reference
EthAcAc 2propanol GPTMS name
(1 alkosol) (2 alkosol) (3 alkosol)

- - - - Sgzrl

0.3 wt.% cerium molybdate| + - - SgZrMol

0.3 wt.% cerium molybdate| - - + SgZrSiMo3

0.6 wt.% cerium molybdate| - - + SgZrSiMo3x2

7.2.4.2 Microstructural characterisation of doped sol-getings

The microstructure of the sol-gel coatings depdstte AA2024 before immersion
was studied by TEM. Figure 7.2.27 shows typicaksfsection view of cerium molybdate
doped sol-gel coating. It can be seen that syrebdsol-gel films are uniform, defect- and
crack-free. The estimated thickness of the solfijal is around 1-1.5 pm. The section
(Figure 7.2.27a) shows the presence of round shé&mdres ascribed to the zirconia
nanoparticles obtained in-situ during the sol-ggttisesis route. A cerium molybdate
compound has irregular shape and dark color onT&®! photograph because of the
presence of heavy elements compared to elementglamition of the sol-gel matrix. The
compound is homogeneously distributed in the sblrgatrix, which can be seen from
TEM images (Figure 7.2.27a,b). EDS spectra madéhendark black inclusions with a
diameter around 20-60nm shows the clear signafs ffe, whereas the signal from Mo is
overlapped by the signal of Zr from the sol-gel mxat{Figure 7.2.27b,c). The obtained
TEM images do not show large particles or agglomesrgaround 300 nm) which were
shown previously by light scattering measuremefigufe 5.3.1). The formation of a
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suspension with smaller particles could be becatiige action of ultrasonic agitation that

was used during the synthesis of the sol-gel swiuthpparently the larger particles were
successfully dispersed in the sol-gel solution.
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Figure 7.2.27. TEM micrograph of cross-sectionadgel coatings doped with
cerium molybdate inhibitor and EDS analysis perfednon the dark black inclusions.
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7.2.4.3 Corrosion protection of the sol-gel coatings: Ei&ly

Corrosion protection efficiency of the sol-gel dngt was evaluated during 28
days of immersion in 0.5M NaCl solution. Figure.28 shows Bode plots of the sol-gel
coatings doped by cerium molybdate nanowires &ftedays of immersion in 0.5M NacCl
solution. The impedance spectra show three typiitaé constants that are usually
observed in the impedance spectra of the sol-gaiedoaluminum alloy (Figure 6.1.12).
The capacitive response of the sol-gel coating afgpat high frequencies about®14z.
The relaxation process at middle frequencies'{10 Hz) is ascribed to the intermediate
oxide layer. The appearance of the time constalawafrequencies <I®Hz is ascribed to
the corrosion activity of the substrate and casd®n only at longer immersion time.

A rough evaluation of the impedance spectra shouwngnovement of the corrosion
protective properties of the sol-gel coatings dopét cerium molybdate. The addition of
the compound to the sol-gel in mixed Alkosol 3 siolu (SgZrMo0.3) during the synthesis
leads to improvement of the barrier propertieshefdol-gel film compared to the undoped
coating (Figure 7.2.28). There is no significangmelation of the barrier properties of the
coatings due to addition of inhibitor to the sol-ge

A more detailed analysis of the corrosion proteciwoperties of different sol-gel
coatings is achieved by fitting the impedance daidn appropriate equivalent circuit
models. At the beginning of immersion impedancecspeare adequately fitted by the
equivalent circuit that includes only two time ctargs representing sol-gel coating.df¢
and Roa) and intermediate oxide layer {&(Figure 3.3.14a). A resistive partfRappears
in the spectra when electrolyte penetrates thrahghcoating and oxide layer (Figure
3.3.14b). Longer immersion time results in appeagaof a time constant related to the
corrosion activity (G and Roa) (Figure 3.3.14c) that was also taken into theoant
when making fitting of spectra.

Figure 7.2.29a presents evolution of the resistaifte,) of the undoped and
inhibitor doped sol-gel coatings during immersiar0i5M NacCl solution. The sol-gel film
resistance is almost equal for all coating systatnthe beginning. A fast drop of the
resistance occurs after 1 day of immersion and moooas decrease at longer immersion
time. The samples SgZrSiMo3 and SgZrSiMo3x2 shoghéi sol-gel coating resistance
during the all immersion time. The addition of npadiculated inhibitor can reinforce the
sol-gel matrix therefore increasing its barrier gadies. On the contrary, SGZrMol
sample shows lower resistance compared to undagpegle during immersion time. The
hydrolysis reaction of Zr propoxide can be affecbgdthe addition of cerium molybdate
compound that negatively influences the barriepprbes of the final sol-gel films.

Initial capacitance of the sol-gel films for sangpkegZrSiMo3 and SgZrSiMo3x2 is
slightly lower compared to sample SgZrMo1l and lsample SgZrl. Such behavior might
be attributed to slightly thicker sol-gel coatirfgsmed when cerium molybdate is added to
the alkosol 3. The increase of the capacitancengummersion is most probably caused
by the penetration of water in pores of the coating
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Figure 7.2.28. Bode plots for Sol-gel films undoped doped with cerium
molybdate after 21 days of immersion in 0.5M Na@lugon.
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Figure 7.2.29. Evolution of sol-gel films resistarand capacitance for coatings
doped with cerium molybdate during immersion inNd §aCl solution.

Evolution of the resistance of the intermediatedexiayer Ry is presented in
Figure 7.2.30a for different sol-gel coatings. Ad@erformance was demonstrated by the
SgZrSiMo3 sample that shows the highest initialstaace. After one day of immersion
the resistance was around 9*(0hm*cn?. During the first 200h of immersion there is a
slow decrease of & until 3.5*1F Ohm*cnt, followed by a second drop until 5410
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Ohm*cn? (Figure 7.2.30a). On the contrary, samples SgZoS#2 and SgZrMol1 initially
show low resistance 3.8*10and 2*10 Ohm*cnf respectively compared to undoped
coating 5*10 Ohm*cnt. However, during the first 100 — 200 h of immensinoticeable
increase of B occurs approximately until 810and 7*16 Ohm*cnf for SgZrSiMo3x2
and SgZrMol samples respectively (Figure 7.2.30afger immersion caused a drop of
resistance to about 9*@hm*cnt.

The evolution of the oxide resistance demonstrétes there is an enhanced
corrosion protection during the first 200h of imien in NaCl electrolyte. Such active
protection is clearly conferred by the cerium maolgte additive. In the case of
SgZrSiMo3x2 and SgZrMol sol-gel coatings there ireeovering of the resistance of
intermediate oxide layer, which can be a resukaif-healing of defects by the inhibitive
species.

For undoped coating the corrosion process beconsmglishable from the
intermediate oxide film after several days of imsi@n. The polarization resistance,¢g)
for SgZrl during immersion varies around 7*10hm*cnf. For inhibitor doped sol-gel
coatings polarization resistance becomes possiliesblve only after much longer time of
immersion. For SgZrMol, SgZrSiMo3 and SgZrSiMo3)datings a corrosion response
was revealed after 250, 320 and 150h of immersespactively (Figure 7.2.30b). At
longer immersion time the overall values ofR are higher than for undoped coating
indicating the higher protection (Figure 7.2.30b)e experimental results testify that the
addition of cerium molybdate imparts active coroosprotective properties to the coating
system reducing the corrosion impact during imnoerém NaCl solution.
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Figure 7.2.30. Evolution of intermediate oxide laggsistance £ a) and
polarization resistanceyR, b) for coatings doped with cerium molybdate during
immersion in 0.5M NacCl solution.
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7.2.4.4 Self-healing properties of the sol-gel coatings

The results of impedance measurements show enhaoncexsion behavior of the
sol-gel coatings doped with inhibitor. Values ofid layer resistance were essentially
higher than that for undoped sol-gel coatings dyfirst 4-7 days of immersion in NaCl
solution (Figure 7.2.30a). Moreover, the appearafcine time constant associated with
the corrosion process was delayed in this casei(&ig.2.30b). Such performance can be
attributed to the self-healing effect provided b faddition of cerium molybdate into the
sol-gel formulation. The self healing is clearlymtnstrated when comparing the evolution
of impedance represented as a Complex plane ploiagdimmersion (Figure 7.2.31).
During 7 days of immersion there is a significamtrease of low frequency impedance
part. However, at longer immersion time the inliigteffect was suppressed followed by
a continuous decrease of impedance. The developofenbrrosion is most probably
attributed to a lack of release of inhibitive sgscirom the coating.

Corrosion activity of alloy and signs of self-hegi due to action of cerium
molybdate additive were revealed using microstmattuanalysis. SEM micrograph
obtained after corrosion testing of sample SgZrNwpresented in Figure 7.2.32a. The
picture shows the presence of a pit formed durimgosion of alloy. The EDS analysis
performed in the place of the pit shows increasguaiass of Ce and Mo associated with the
formation of precipitates in the place of corrosiactivity (Figure 7.2.32b). The EDS
spectrum made on uncorroded surface does not shpwignificant signals of Ce or Mo
(Figure 7.2.32b).
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Figure 7.2.31. Increase of impedance during 7 daysmersion of sample
SgZrMol.
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Figure 7.2.32. SEM micrograph made on sample SGZrkfter some days of
corrosion testing in 0.5M NacCl solution a) and E§fectrum taken at the place of the pit
and at the sol-gel matrix b).

The presented results allow speculating on the amasin of the corrosion
protection by sol-gel coatings doped with ceriumlybdate inhibitor. The impedance
results obtained during initial immersion of thd-gel coated samples in NaCl solution
demonstrate low resistance of thg Rwyer for samples SgZrMol and SgZrSiMo3x2. This
effect can be associated with the action of cenmatybdate compound on the hydrolysis
and condensation reactions of the sol-gel and Iognsirength to the metallic substrate.
However, the B increases during the first 100-200 days of imnoergiFigure 7.2.30).
Such increase is related to the action of incomedranhibitor that releases during the
immersion and blocks the corrosion process. Thepgar8gZrSiMo3 demonstrates an
enhanced corrosion protection at the beginning nmeérsion compared to samples
SgZrMol and SgZrSiMo3x2 (Figure 7.2.30). This carrddated to better properties of the
sol-gel coating formed case of sample SgZrSiMo8eéims that interface between the sol-
gel and metal is better stabilized in this case the resistance of the oxide layer is higher
at the initial immersion. During immersion the ibior can leach out in the places of
microdefects and suppress the corrosion activityhef metal. When a pit is initiated it
supports the cathodic and anodic activities as wdiagsussed in paragraph 6.4. The
corrosion process is accompanied by the increapéldt the cathodic site or decrease of
pH at the anodic site of a pit. The changes of pHha corrosion sites can increase
dissolution of the incorporated inhibitor and aecate its release from the coatings. The
results obtained by SEM/EDS (Figure 7.2.32) confihat in the place of a pit there are
signals from Ce and Mo which testifies the accuitrahaof inhibitor at the place of defect.
As the result of inhibitor release the corrosiorogess becomes suppressed. The
impedance results showing,/ncrease during initial immersion prove the intirg effect
of cerium molybdate additive (Figure 7.2.30).
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Summarizing

The addition of cerium molybdate nanoparticles samising way to impart active
corrosion protection properties to the sol-gel n@&iment. The prepared coatings are
uniform, defect and crack free and have fine distion of the cerium molybdate
nanoparticles inside the sol-gel coating.

Nanoparticles addition in the sol-gel matrix makesadverse effect on the barrier
properties of the sol-gel coatings. The additionntiibitor at the third step of hydrolysis
(in the zirconia-silica hybrid matrix) increasegriex properties of coating. Such increase
of barrier protection can be associated with tloeease of the sol-gel coating thickness or
reinforcement of the coating by cerium molybdateaparticles.

Corrosion protection efficiency of sol-gel coatings enhanced when cerium
molybdate was added. During the first 200h of aare¢ééd immersion test there is an active
corrosion protection and self-healing of the defaxtinferred by the release of Ce and Mo
species from the cerium molybdate nanoparticles.
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CONCLUSIONS

8 General conclusions and futurework

8.1 General conclusions of thework

The main work performed in the frame of the PhDjgmbwas focused on the
achievement of a strategic objective namely theeldpment and deep investigation of
alternative to chromates pre-treatments for coorosprotection of AA2024. To
successfully achieve the goal novel pre-treatmeated on hybrid sol-gel films doped
with different corrosion inhibitors were developéthe created protection systems can be
used as candidates for substitution of toxic chtencantaining pre-treatments in industry.
To achieve the main objective the following tasksvén been addressed during the
fulfilment of the work:

1. Deep study of corrosion mechanisms of 2024 alumiralloy;

2. Investigation of new effective corrosion inhibitote be used in pre-
treatments;

3. Development and optimization of new hybrid sol-ged-treatments applied
on AA2024;

4. Doping of hybrid sol-gel pre-treatments with the shefficient corrosion
inhibitors analysed in task 2.

5. Development of a new approach on immobilization tbé corrosion
inhibitors in form of nanocontainers in the casdwere direct addition of
inhibitor is problematic;

6. Detailed investigation of the corrosion protectedficiency and self-healing
mechanisms of the developed coatings

The particular progress beyond the state of theemthed during the presented
work is summarized below.

The corrosion mechanism of AA2024 in chloride solutions was studied inaikst
This task was extremely important in order to des&ffective strategies for active
corrosion protection of the alloy giving a basis fmding new efficient inhibitors. The
corrosion activity of alloy was studied using lazatl techniques like AFM, SKPFM,
SEM/EDS and integral electrochemical techniquesE#s and DC-polarization. The
SKPFM is demonstrated to be a very valuable teclnihat can be effectively used for
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the investigation of the localized corrosion adgivand inhibition of AA2024. Results

obtained with the help of SKPFM are conclusive aad be used for the analysis of the
corrosion susceptibility and inhibiting performanckdifferent chemicals. The obtained
results clearly demonstrate the role of alloy nstmacture on the corrosion initiation and
propagation [i,ii]. The model of the localized amsion activity of AA2024 was proposed
and supported by thermodynamic analysis and expetah results. The most relevant
findings related to the localized corrosion actiwf the alloy are:

» Copper rich intermetallics (S-phase) play the mrala in the localized corrosion
activity of AA2024. Initially active elements nargeMg and Al are dissolved
from S-phase leaving copper rich remnant. The difson can occur due to
chemical reaction of Al and Mg with water or elecinemical process involving
copper as cathode and Al and Mg as anode.

* Rate of the S-phase dissolution increases whersgélnier, that is in agreement
with the thermodynamic analysis.

* The copper rich inclusions have more noble poterdrad initiate localized
corrosion attack involving the surrounding aluminumatrix. The process of
copper re-deposition plays an important role irthfer development of the local
corrosion attack. The re-deposited copper incretisegffective surface area of
the cathodic zone and, therefore, acceleratessionof the alloy making it self-
catalytic.

The obtained findings demonstrate the importadtuanfce of copper, magnesium
and aluminium in localized corrosion initiation aadtivity of intermetallics. Therefore, in
order to prevent localized corrosion, different gmunds were selected from the point of
view of their ability to form insoluble compoundstiwalloying elements of S-phase and
their ability to block electrochemical process &t tintermetallic inclusions. The
appropriatecorrosion inhibitors are essential to provide active anti-corrosioeffo the
developed pre-treatments. The selected inhibitogscarium nitrate, cerium molybdate,
benzotriazole, mercaptobenzothiazole, salicylaloh@i quinaldic acid and 8-
hydroxyquinoline [iii,iv]. The mechanism of the iibiting action was presented and
discussed with respect to corrosion activity of AR2. Nonetheless the results can also be
used for the effective corrosion protection of otledloys that resemble corrosion
behaviour similar to AA2024. The most relevant fimgs related to the inhibitor action are
the following:

Corrosion inhibition by inorganic inhibitors

* Ce or La salts form insoluble precipitates at titermetallic inclusions hindering
cathodic and anodic process. The formation of hyides occurs due to increase
of pH at locations of intermetallics that are elechemically active and support
ORR cathodic processes.
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* The deposition does not occur immediately uponainwith inhibitive solution.
Initial development of the corrosion process isdeekin order to generate
enough hydroxyl ions. The growth of hydroxide defsostudied in-situ by AFM
technique exhibits linear time dependence indigativat the corrosion processes
are progressing in stationary state that resutisifa balance between diffusion
and electrochemical reaction. The chloride ionamgly influence the rate of the
corrosion processes and in turn the rate of thedxyde deposits formation. The
formation of the hydroxide deposits deceleratesréhideposition of copper and
the broadening of cathodic zones as shown by SKPFM.

» Cerium nitrate possess superior inhibition propsrtin comparison with
lanthanum nitrate. Such assumption has been \kribg the performed
thermodynamical analysis. The efficiency of cerinmtnate is due to formation of
extremely insoluble cerium (IV) hydroxide on theiae intermetallics surface.

* The inhibition performance of cerium molybdate vadtsibuted to the formation
of precipitates of Mo oxide or hydroxide-speciegpathe S-phase. The formation
of precipitates is thermodynamically possible vige treduction reaction of
molybdate anion to insoluble Mo (1V) oxide.

 The EIS measurements demonstrate that the efficiehprotection by cerium
molybdate is much higher compared to 0.05 or 0.MD%olutions of sodium
molybdate in 0.05 M NaCl. This behaviour is expéalrby the synergistic action
between the cerium and molybdate ions.

Corrosion inhibition by organic inhibitors

» Triazole and thiazole derivatives reduce corrosaotivity of copper containing
intermetallics in NaCl solution by forming a praige film on copper surface.
The formation of the protective film is most probabccurs via reaction of BTA
and MBT with cuprous species. In the case of MBPpographic maps indicate
the formation of precipitates on the copper-rideimetallics.

* The presence of SAL, 8HQ and QA inhibitors in tleerasive medium leads to
significant weakening of the corrosion processéd® ihhibiting action is based
on the formation of insoluble complexes both onyathatrix and on intermetallic
zones that prevents the dissolution of Mg, Al and The presence of layers of
inhibitors on the surface is proven by XPS and &t8lysis. The results of XPS
and EIS analysis show that 8HQ forms a thickerrayethe surface than SAL
and QA.

As result of the study of inhibition mechanisms toenpounds were selected to be
added to the hybrid sol-gel pre-treatments.
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The development ohybrid sol-gel film with adequate barrier properties and
enhanced adhesion to the metal is a key for effiqgee-treatments. In this work two types
of sol-gel pre-treatments have been developed hachcterized [v]. The first type is based
on the combination of TPOT and GPTMS and the sedgpd is based on TPOZ and
GPTMS. Investigation of ageing of the sol-gel fofation has been additionally
performed for titania-containing sol-gel in orderfind ways to prolong self-life of the sol-
gel formulation. The obtained results show thatweation of temperature and water ratio
can increase the stability of the sol-gels duriggig, which is important for industrial
applications where long shelf-life is requestedadidition the coatings were characterized
using industrial tests. Both sol-gel coatings destiate good adhesion to metal substrate
and to the paint and are promising candidateshiersubstitution of chromate based pre-
treatments. The cleaning of the alloy before soleggposition is important for the sol-gel
adhesion and corrosion susceptibility of the allblye most important findings are:

* The obtained sol-gel films are dense, uniform aratlc free with a thickness
around 1.5 um. The hybrid films are nanostructuaedl composed by the
siloxane matrix with dispersed zirconia or titananoparticles.

» The best corrosion protective properties show laybtania-silica films prepared
using titanium (IV) propoxide and acetylacetone ss&rting compounds. For
zirconia-containing films, better protective prajes were found when using
ethylacetoacetate as a complexing agent.

* Additional stability of the sol-gel formulation cdre achieved when using low
temperature during ageing. The corrosion protecpiveperties of the final
coatings made after ageing of the sol-gel show lamprotection efficiency
compared with the coatings prepared from the feed$

* The use of lower water/(OR) ratio for the synthexfishe sol-gel improves the
characteristics of the coatings obtained after httm@f ageing. No significant
influence of temperature during the ageing was down the corrosion
performance of the obtained coatings.

» Three steps cleaning process including alkalinéhiegc removes almost all
intermetallic inclusions from the alloy surface.dase of cleaning process using
two steps some intermetallic inclusions stay ongin¢ace and induce corrosion
of the coated alloy during immersion in NaCl sauti

The developed coatings were studied using microstral and electrochemical
technigues. Thenechanism of the corrosion activity of the sol-gel coated alloy was
proposed based on the results of electrochemichh@aarostructural analysis. It describes
the origins of the localized corrosion attack ahd tlevelopment and progress of pitting
corrosion activity. SVET and the combination of mpgotentiometry and
microamperometry were demonstrated as valuable adsththat give important
information on the mechanism of corrosion in midedects [vi]. The testing of the sol-gel
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coatings demonstrates their high stability and oeabkle barrier properties. However the
hybrid pre-treatments are lacking the active coorogrotection.

An additional study has been performed due to dlok bf experimental protocols
to investigate self-healing properties of the augdi using EIS and SVET techniques.
Therefore the validity of the main electrochemitathniques has been investigated with
respect to the ability to monitor active corrosjamotection and self-healing on AA2024
substrate [vii]. EIS was demonstrated as a valuable-destructive method that allows
monitoring the evolution of parameters of coatingd anetal/coating interface during
immersion in corrosive electrolyte. The increasehaf low frequency impedance during
immersion of a corroding sample can be correlatét the active corrosion protection
originating from the self-repairing of the defeciough, the self healing can not be
predicted and the impedance measurement must be nmachn appropriate time.
Nevertheless, EIS is a powerful technique for thalysis of the corrosion protection
ability of sol-gel coatings. SVET can be used ttedethe localized corrosion activity in
microdefects and change of the activity with tirmdormation obtained by SVET can be
used to follow the kinetics of the localized coromsprocess and corrosion inhibition.

* Sol-gel coatings delay the corrosion of metallibsttate. However, corrosion
starts when the aggressive environment reachesmisal surface. Typical
corrosion features present on the sol-gel coateg ale pits, blisters and cracks.
Pits mainly show anodic activity, however the capgeriched zone inside may
support cathodic activity. The cathodic proces®xfgen reduction also occurs
in damaged zones of the coating such as crackblesteks.

e The results obtained using microelectrode techsiqueevealed dual
electrochemical nature of a local anode. In spiteositive currents measured by
SVET technique at local anode there is a noticedtup in oxygen concentration
that suggests a cathodic process of oxygen reaugtng also in anodic place.
This is not revealed by SVET and shows the linotai of SVET for
investigation of the localized corrosion activity the sol-gel coated alloy.

* The low frequency impedance during immersion carcdreelated to the active
corrosion protection originated from the self-rejmgy of the defects in the
presence of the corrosion inhibitor. The SVET rissabtained on micro-level are
in good accordance with the EIS measurements. Tdéwedse of the low
frequency impedance after the defect formatioreligted to the disruption of the
coating and the oxide barrier and the consequeraliz®d corrosion activity in
the defected area. The addition of the corrositibitor heals the defect leading
to lower corrosion currents and high impedance.

The sol-gels were doped with cerium nitrate, 8hygquinoline (8HQ) and
benzotriazole corrosion inhibitors to achieve addal active corrosion protection effect
andself-healing ability [viii]. Unlike for benzotriazole, the corrosiongiective properties
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of the sol-gel coatings are better when ceriumatetand 8HQ inhibitors are added. The
positive effect of cerium nitrate addition on th@rosion protective effectiveness has been
demonstrated before for zirconia-silica hybrid gels [ix] and silane based systems [x].
The incorporated cerium nitrate and 8HQ inhibitaxd mainly as cathodic inhibitors
decreasing the rate of cathodic process. Althougfdi®xyquinoline provides an anodic
protection of aluminum, the polarization measuremerf AA2024 in solution with 8HQ
show that the open circuit potential becomes ghiftethe cathodic potentials and there is
no any shift of the pitting potential of the alloowever, the decrease of the anodic
current on the polarization curve might be relatthe partial inhibition of the localized
dissolution of intermetallics. Nevertheless, cerigih) inhibitor is ineffective and the
protection efficiency of 8HQ is lower in acidic atibn. The acidic conditions are usually
formed in corrosion pits. Such behavior of inhibstds related to the mechanism of
inhibition of cerium nitrate and 8HQ. Therefore wheorrosion pit is developed on the
sol-gel coated alloy the incorporated cerium nétraain inhibit only cathodic process
whereas the incorporated 8HQ can reduce the catlaodi partially the anodic processes.

A direct introduction of inhibitor into the sol-gebating can increase the overall
corrosion protection properties. However, there seeeral disadvantages that limit the
applicability of such approach. The first issuethe interaction between inhibitor and
components of the sol-gel coating resulting in icgadegradation and deactivation of
inhibitor therefore playing negative role. The setm@ne is the low effective loading of
inhibitors in the coating. Since an inhibitor irgets with the sol-gel components it results
in degradation of the barrier protective properidéshe coatings and such degradation
becomes much more significant when exciding a wertatical concentration of the
inhibitor. The critical concentration can be arousmme weight percents or less with
respect to the sol-gel and such a low concentratight not allow providing active
corrosion protection. The third issue is the unculatble release or leachability of
inhibitor from the sol-gel matrix. In some circummstes the release is very low because of
strong interaction of inhibitor and matrix or tomih when interactions are weak. Thus the
active corrosion protection will be either impededvery short. It is important to take into
account such limitations and perform a study ofaatipular inhibiting compound for
doping the sol-gel formulations in order to get e@fficient corrosion protection. The
relevant findings concerning the inhibitor loadettgel coatings are presented below:

e Cerium salt and 8-hydroxyquinoline at low concetmdra do not influence
sufficiently the barrier properties of the films &rhadded at different stages of
the sol-gel synthesis. However, the overall comogrotection can be affected
depending on the stage where inhibitor was added.

* The addition of 8HQ during hydrolysis of zirconieepursor leads to decrease of
corrosion protection properties and in particutalow values of the intermediate
oxide layer resistance. This effect can be causedhk interaction of the
zirconium alkoxides or partially hydrolyzed speciweish 8HQ and formation of
complexes that in turn can negatively influence higdrolysis and condensation
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reactions during the sol-gel synthesis and filnmfation. The addition of cerium-
based inhibitor at any hydrolyzing step improveg tborrosion protective
properties of the coatings.

 BTA added to the sol-gel film significantly decreasits barrier properties and
results in fast corrosion activity of alloy. Thenhihiting action of BTA becomes
superimposed by the fast degradation of the codhing reducing the corrosion
protection by the sol-gel coatings.

* The mechanism of the corrosion protection by irtbibdloped sol-gel coatings is
related to the inhibition of the corrosion procasshe micro defects. After the
corrosion started the leached inhibitor diffusestiie place where corrosion
appeared and slows down or stops the activity at fhlace thus providing a
protection of the alloy.

The adverse effects of corrosion inhibitors on phatective properties require the
development of new strategies of incorporation had tnhibiting species in the hybrid
films. Novel approaches ofnhibitor storage and delivery in nanoporous titania
networks, silica nanocontainers, nanoclays and bitdri nanoparticles have been
developed to impart active corrosion protection ttee sol-gel coatings without
compromising their stability and barrier propertieshe pre-treatment based on
combination of TiOx nanoporous layer doped withilitor and hybrid sol-gel coating was
studied [xi]. Another method of corrosion inhibitoelivery on demand employs the
incorporation of nanocontainers with benzotriazolebitor in the hybrid pre-treatments
[xii,xiii]. The nanocontainers were formed usingicsi nanoparticles layer-by-layer coated
with polyelectrolyte shells acting as nanoreses/a@f corrosion inhibitor. Novel sol-gel
coatings with nanocontainers of inhibitor were tedausing natural clay nanotubes called
halloysite [xiv]. Hollow structure of this materiallows incorporation and storage of
inhibitor. In addition halloysites were coated bylyelectrolyte layers in order to control
release of inhibitor. The use of the nanopartiadsinhibitive compounds with low
solubility is an alternative approach to providéiac corrosion protection of the sol-gels.
Cerium molybdate nanoparticulated compound was as&ml as a promising inhibiting
additive to the sol-gel coatings in order to impadtive corrosion protection. These
approaches can be successfully used to augment amirrosion protection of coating
systems for different metallic substrates. For exanthe incorporation of Ceria and
Zirconia nanopatrticles in silane coatings appliadite galvanized steel substrates plays a
beneficial role for the corrosion protection of thetallic substrate [xv]. The main findings
related to the use of active protective system#\&2024 are the following:

» The incorporation of BTA in the TiOx nanoporousee®ir layer eliminates the
negative effect of the inhibitor on the stabilitiytbe hybrid sol-gel matrix. The
formation of the self-assembled nanostructured exiet opens the possibility of
high loading of such layer with corrosion inhibadherefore extending the active
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corrosion protective properties of the coating.-&all coating shows enhanced
long-term corrosion protection and well-defined$aaling effects confirmed by
EIS and SVET measurements

The hybrid films with nanocontainers of BTA haveopounced protective
efficiency and possess self-healing ability. Ingglht corrosion protection is
achieved by the inherited property of the polyetdgte layers that are sensitive
to pH changes. When there is a change of pH inne zd localized corrosion
activity, polyelectrolyte layers open and providdease of the incorporated
inhibitor which heals the started corrosion process

Sol-gel systems with incorporated halloysites nabes loaded with inhibitor can
be used for development of new generation of amtston coatings based on
inhibitor-loaded nanocontainers. Addition of haBdgs in the sol-gel coating
does not deteriorate its barrier properties. Halk@ynanotubes act as a reservoir
for inhibitor molecules preventing its direct irdetion with the coating matrix
and undesirable leakage. The obtained coatingercawnfive corrosion protection
with signs of self-healing ability.

The use of ultrasound during the sol-gel synthdw#ps to deagglomerate
nanoparticles of cerium molybdate and increasedhepatibility with the sol-gel
matrix. The addition of inhibitor in the sol-gel kes no adverse effect on the
barrier properties of the sol-gel coatings. Durithg first 200h of corrosion
testing inhibitor doped sol-gel coatings offer aetcorrosion protection and well
defined self-healing ability.

In summary the study of the corrosion mechanismPA2024 clarified additional

aspects of the localized corrosion activity of plising SKPFM and AFM techniques. The
obtained information on localized corrosion actiwtas used for finding novel inhibitive
compounds which were added to the sol-gel systenmpart active corrosion protection.
A study of the corrosion protection properties loé tsol-gel coatings with and without
inhibitors revealed corrosion mechanisms and draldaassociated with the direct
inhibitor incorporation. Based on this knowledgevelo pre-treatments with active
corrosion protection properties have been creasednaalternative to the toxic chromate
based pretreatments. The presented results andaapgs can be used for analysis and
study of the corrosion susceptibility and corrosiomibition of other aluminum alloys and
for the development of the protection systems wadtive corrosion protection.
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Original contributions and key publications:

Mechanism of the localized corrosion and corrosidnbition of AA2024
in chloride containing environment with or withotgrium and lanthanum
salts were investigated [i,ii].

Corrosion inhibition of AA2024 by cerium molybdateanowires was
studied.

Mechanisms for corrosion inhibition of AA2024 byffdrent organic
inhibitors were proposed [iii,iv].

Hybrid sol-gel systems based on zirconium andititan(1VV) propoxide and
3-glycidoxypropyltrimethoxysilane as pretreatmentfr corrosion
protection of AA2024 were developed and charaaterix].

Mechanism of corrosion of the sol-gel coated AA2@24nicrodefects was
proposed based on the microstructural, corrosiahlagalized analysis by
SVET and microelectrode techniques [vi].

The possibility to employ EIS and SVET techniquassthe analysis of self-
healing effects on the sol-gel coated AA2024 wititrodefects has been
demonstrated [vii].

Influence of inhibitors addition in the sol-gel &8s on the corrosion
protection and microstructure of the sol-gel coaaidy was investigated
[viii].

Application of titania self-assembled nanoporougetawas proposed as

nanostructured reservoirs for self-healing sol{g@treatments applied on
AA2024 [xi].

Silica-core layer-by-layer coated nanocontainercafosion inhibitor for
anticorrosion sol-gel coatings were developedXpi,

Layer-by-layer coated halloysites nanocontainerth wihibitor for active
corrosion protective coatings were created [xiv].

Use of cerium molybdate nanowires as inhibitiveitaeel for self-healing
sol-gel coatings was proposed.
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8.2 Recommendationsfor futurework

The obtained results demonstrate the applicabiitythe sol-gel coatings as
pretreatments for corrosion protection of 2024 atwm alloy. Active corrosion protective
properties of the sol-gel coatings can be enhamdezh adding different nanocontainers
with inhibitors. Electrochemical studies clearlyosh the positive effect of inhibitors
addition on the corrosion protection conferred bg tol-gel coatings. Nevertheless, the
obtained results still on lab-scale with technologsdiness level (TRL) of 3 and there are
some questions that remain unanswered. The purpbseis section is to give some
recommendations for future work. These recommeodstcan be separated in two major
parts:

1. Performing an additional study of the sol-gel systeand inhibitive additives

2. Upscailing of the sol-gel coating process for irtdaklevel (TRL6) and testing of
full protection system containing active corrosjmotective pretreatments coated
by primer and top coating.

The following important points should be addressedhe first part. The barrier
protection properties of the proposed sol-gel pedtnents can be further improved.
Different crosslinking additives and silane dernvas such as epoxy oligomers, amines,
amino silanes, tetraethoxysilane, tris(trimethyljihosphate, Methyltriethoxysilane,
Phenyl trimethoxysilane, Vinyltrimethoxysilane, KBercaptopropyl)trimethoxysilane and
others may be used to manipulate the crosslinkiegree, thickness and adhesion
properties of the sol-gel systems. Microstructuchkmical and corrosion characterization
methods can be used for analyzing the obtainedngsat

The experiments showed that the incorporation bibitors in the sol-gel systems
increases their active corrosion protection pertoroe, though such effect does not last for
a long time. The lack of inhibitor in the sol-gelatings can be a major reason for a short
active protection. Therefore there is a need toegme the inhibitor loading degree in the
sol-gel without deterioration of the barrier prdten of the coatings. Compounds with
anion or cation exchange properties such as Laydmdble hydroxides (LDH) like
Hydrotalcite and Wyoming Bentonite can be used astainers of inhibitor and
incorporated in the sol-gel systems. The inhibitos@s containing in LDH or bentonite can
be exchanged with ionic species present in theosie environment thus releasing an
inhibitive agent into the solution. The other pedpre approach is the synthesis and use
of nanoparticulated inhibitive compounds in ordeavoid the presence of bulk containers
in the coatings. Halloysites nanocontainers mustdditionally studied as perspective
containers for different inhibitors loading and tofled delivery. A study of inhibitor
release properties should be also made for diffedeped sol-gel coatings in order to
characterize the efficiency of inhibitor delivery.
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The second part of the study addresses the prepaeatd testing of full protection
systems containing pretreatments coated by primeértep coating. The sol-gel coatings
are applied by a conventional dipcoating methothlooratory scale. However in industry
such method can not be applied due to great expeassociated with the use of huge
amount of reagents. To solve such problem anotbatirg method namely spray coating
can be used. The preliminary experiments show ttiatformed film is relatively thick
what causes the appearance of defects and craeksrtNeless, the proper adjustment of
the working parameters of the spray coating maclikeeair flow, nozzle width, spraying
speed and others can actually help to overcomelitaglvantages. A complete protection
system based on pretreatments obtained by a speting method must be analyzed in
details from the point of view of corrosion proieat microstructure and adhesion.

One of the important properties of full protectisgstem is active corrosion
protection. Therefore the main direction of thedgtean be addressed to finding corrosion
protective pigments for incorporation in the conleoating system. A good candidate as
a corrosion protective pigment can be LDH whichpmeliminary experiments showed a
positive effect on the corrosion protective projesrtof the complete coating system.
Different inorganic or organic inhibitive anionsnche loaded into LDH and tested as
corrosion pigments in full protection systems. Newments based on low soluble
magnesium, strontium and zinc vanadates can becalssidered as perspective corrosion
protection additives due to good corrosion inhdritiproperties of vanadate anions. The
proposed pigments are less toxic compared to chiesraand can be promising substitutes
of chromate based pigments in industry. The prejoaraf micro capsules loaded with a
“healing” agent has been described in differeneptst and articles. A healing agent inside
the capsule can be different organic inhibitor otymerizing agents. The use of such
capsules with inhibitor in protective coatings &ry attractive because of high inhibitor
loading which will be beneficial for self-healindpities. The capsules may be prepared
with a size around some microns which is enouglnforrporation in the primer coating.

A corrosion protection system containing inhibisad-gel pretreatment and primer
with top coating can be tested using acceleratetbsion tests such as salt spray test,
filiform corrosion test, adhesion tests and oth€aventional corrosion testing techniques
like EIS, DC polarization can be used to monita tkegradation of the coating system in
time. The localized method of corrosion analysishsas SVET has advantage to study
self-healing processes in defects compared to cdioveal corrosion techniques. The
studies performed by SVET give additional inforraation active corrosion protective
properties of the coatings. The obtained resultghinbe of great importance for the
industry to substitute the present protection syste
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