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Summary

Aluminum alloys are widely employed in several applications and industrial sec-
tors: automotive industry, aircraft industry, food industry, package industry and
construction industry are the most common fields where aluminum and its alloys
are employed. The property which provides the added value to aluminum alloys
is the advantageous strength-to-weight ratio. The mechanical properties of alu-
minum alloys can be improved by the precipitation of nanometric second-phase
particles which are able to strengthen the aluminum microstructure. Large inter-
metallic particles generate a microstructure very susceptible to localized corrosion
attack due to localized galvanic coupling with the aluminum matrix. Aluminum
alloys are usually protected with a paint system consisting of conversion layers,
primers and top coats. Chromium-based pre-treatments are extensively employed
as conversion coatings because they provide very good adhesion for primers and
top coats associated with good barrier properties. Chromate conversion coatings
also exhibit self-healing abilities. Since Cr%* is dangerous and not environmental
friendly, the use of chromate conversion coatings is strongly restricted and alter-
native pre-treatments should be employed for the protection of aluminum alloys.
The sol-gel technology enables to obtain inorganic or hybrid inorganic-organic
systems at low temperatures. Sol-gel films are usually able to provide good adhe-
sion and barrier properties improving the corrosion behaviour of metal substrates.
Metal corrosion rates can be further decreased by the use of inhibitors.

The aim of this thesis is to develop ZrO, sol-gel coatings for the corrosion
protection of aluminum substrates. Thin ZrO, films have been deposited from
both organic and inorganic sols. By controlling the sol synthesis, sol-gel coatings
containing inhibitor species were also produced. The investigation of the corro-
sion protection and the inhibition properties of ZrO, sol-gel films were carried
out by means of electrochemical techniques. The study of the electrochemical

behaviour was dealt with in two different approaches: the macro and the micro
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investigations. The macro-electrochemical investigation employed open circuit
potential and polarization measurements among the DC techniques. FElectro-
chemical Impedance Spectroscopy was employed for the AC characterization.
The micro-electrochemical investigation was performed by using the micro-cell
technique as localized investigation tool.

ZrQOy sol-gel coatings produced in this work were very thin. The strategy used
was to deposit systems with an overall thickness of less than 200 nm. Systems
thicker than 200 nm tend to crack and be widely defected. On the other hand,
ZrQOy sol-gel coatings with a thickness lower than 200 nm are able to provide
an adequate protection due to their homogeneous structure. The thin ZrO,
films are well adherent to the aluminum alloy substrates. The irregular surface
shape produced by the etching of the aluminum surface is well covered even if
the bottom of the surface cavities can be critical for sol-gel deposition.

ZrQOsq sol-gel coatings are not able to provide self-healing ability. The addition
of inhibitor species into the starting sol is one of the possible routes to follow
in order to supply self-healing ability to ZrO, sol-gel coatings. Inorganic and
organic inhibitors have been added to the sol-gel protection systems. The macro-
electrochemical evaluation of the corrosion inhibition provided by cerium nitrate
salts in solution was carried out. The cerium compounds precipitate on the
aluminum substrates following deposition mechanisms which are controlled by
the chemical composition of the metal surfaces. The cerium precipitation occurs
in a wide range of pHs limiting the corrosion activity of very reactive aluminum
alloys like AA2024-T3.

The microstructure affects the corrosion behaviour of all types of alloys. It
also influences the behaviour of inhibitor species. The second phase particles
present in the AA2024-T3 microstructure were therefore investigated by means
of the micro-cell technique. The investigation of the microstructure focused on
two types of intermetallics containing aluminum-copper-magnesium or aluminum-
copper-iron-manganese. The regions containing intermetallics with a high amount
of magnesium are very reactive and their electrochemical behaviour is not stable.
Localized corrosion attacks are generated by the galvanic coupling between the
matrix and the intermetallics. The cerium salts are able to reduce the activity
of the entire AA2024-T3 surface. The cerium inhibition action is evidenced by
the shift to more noble values of the open circuit potential. The anodic and the

cathodic behaviour are strongly affected by the cerium inhibition which is able to
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homogenize the heterogeneous electrochemical behaviour of AA2024-T3. The re-
gions containing magnesium-rich intermetallics are subjected to major alteration:
they are the preferential sites for cerium deposition. This behaviour is most likely
due to the magnesium dissolution which is as intense as the correlated reduction
reactions.

In order to produce the inhibited ZrQOs sol-gel coatings, the sol synthesis
was modified taking into account the stability of the precursors. The amount
of chelating ligands added to the sol was increased maintaining the viscosity in
a good range for the sol-gel deposition by dipping or spraying techniques. The
ZrQOsq sol-gel coatings inhibited with cerium nitrate salts exhibit the self-healing
ability that non-inhibited ZrQO, sol-gel systems are not able to provide.

The electrochemical characterization of thin sol-gel films is often problematic
due to the difficulty to reach a steady state condition. The Electrochemical
Impedance Spectroscopy is often employed for the coating characterization as a
function of immersion time. The impedance measurements can be carried out
under voltage and current controls. Measurements carried out under voltage
control are not able to provide reliable results in the case of unstable systems.
Measurements performed under current control are instead able to guarantee
reliable results avoiding the sample damage due to the system polarization that
might occur when the open circuit potential is not stable.

The demonstrators coated with ZrO, sol-gel coatings applied by means of a
controlled air pressure industrial robot exhibit very good corrosion properties.
The ZrOs sol-gel layers promote paint adhesion, limiting creepage and blister
formation in the scratch area in industrial tests. ZrOs sol-gel coatings can be
considered as an alternative to chromate-based pre-treatments for aluminum al-

loys.
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Sommario

L’alluminio e le sue leghe sono notevolmente impiegati in molte applicazioni e
settori industriali: I'industria automobilistica, 'industria aerospaziale, 'industria
dell’imballaggio e I'industria delle costruzioni rappresentano i pitt comuni campi
di impiego delle leghe di alluminio. Il loro ampio utilizzo ¢ dovuto al favorevole
rapporto tra la bassa densita dell’alluminio e le proprieta meccaniche ottenibili.
Le caratteristiche meccaniche delle leghe di alluminio possono essere migliorate
favorendo la precipitazione di particelle nanometriche in grado di rafforzare la
matrice. I composti intermetallici sono i responsabili dello sviluppo degli attac-
chi localizzati a causa del loro diverso comportamento elettrochimico rispetto
alla matrice. A causa di cio, le leghe di alluminio sono generalmente protette da
un sistema composto da diversi strati di conversione e da piu layers di rivesti-
menti organici. I pre-trattamenti a base cromo sono molto utilizzati come strati
di conversione perche sono in grado di promuovere una buona adesione tra il
substrato metallico e gli strati polimerici piu esterni. Inoltre, le conversioni su-
perficiali a base cromo sono in grado di ripristinare le proprieta barriera (effetto
self-healing) che gradualmente tendono a diminuire. Purtroppo, il cromo esava-
lente (Cr%") ¢ pericoloso e poco compatibile con molti degli aspetti ambientali.
I rivestimenti a base cromo devono essere sostituiti da sistemi alternativi a basso
impatto ambientale. La tecnologia sol-gel permette di ottenere a bassa temper-
atura sistemi inorganici o sistmi ibridi organici-inorganici. I rivestimenti prodotti
con tecnologia sol-gel sono in grado di migliorare il comportamento a corrosione
dei substrati metallici poiche garantiscono delle buone proprieta barriera pro-
muovendo una migliore adesione dei rivestimenti organici. Il comportamento dei
substrati metallici puo essere anche migliorato utilizzando sostanze inibitrici della
corrosione.

L’obbiettivo diquesta tesi ¢ quello di sviluppare sistemi sol-gel a base ZrQO,

per la protezione delle leghe di alluminio contro la corrosione. Films sottili a
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base Zr(O, sono stati depositati partendo da sol inorganici e da sol organici. Il
controllo della sintesi del sol permette di introdurre all’interno del rivestimento
specie chimiche con proprieta inibitrici. In questa tesi, la caratterizzazione del
comportamento a corrosione dei sistemi sol-gel a base ZrO, e la valutazione
dell’effetto inibitore sono stati realizzati utilizzando alcune delle techniche elet-
trochimiche normalmente impiegate per questo scopo. Lo studio elettrochimico
e stato suddiviso in due fasi comprendenti una macro analisi e una micro analisi.
Per I'indagine su macro-scala sono state impiegate techniche elettrochimiche in
corrente continua come la misura del potenziale di libera corrosione e le curve di
polarizzazione potenziodinamiche. La spettroscopia di impedenza elettrochimica
¢ stata utilizzata per la valutazione del comportamento relativo a lunghi tempi di
immersione. Le misure localizzate di corrosione sono state eseguite impiegando
la tecnica micro-cell che basa il suo principio di funzionamento sulla riduzione
dell’area esposta all’elettrolita durante la misura.

I sistemi sol-gel a base ZrO, prodotti durante 'attivita svolta sono molto
sottili. L’obbiettivo di partenza consisteva nella produzione di rivestimenti con
spessore non superiore ai 200 nm.Infatti, sistemi sol-gel con spessore superiore
a 200 nm tendono a contenere un maggior numero di difetti mentre sistemi piu
sottili sono in grado di fornire una buona protezione dovuta alla loro struttura
omogenea. I sistemi sol-gel a base ZrO, prodotti sono molto aderenti al substrato
metallico. La superficie € ricoperta omogeneamente anche se la deposizione del
rivestimento appare critica nelle regioni piu irregolari che sono state prodotte dal
processo di decapaggio.

I sistemi a base ZrOy non sono caratterizzati da capacita di autoriparazione
(self-healing). L’introduzione di inibitori all’interno della soluzione di partenza
puo consentire di incorporare tale proprieta all’interno dei sistemi a base ZrQO,.
In quest’ottica sono stati aggiunti inibitori organici ed inorganici concentrando lo
studio del comportamento elettrochimico su sistemi inibiti con nitrato di cerio.
Il meccansimo di protezione legato al cerio e dovuto alla precipitazione di com-
posti contenenti cerio sulle aree attive del substrato. La precipitazione del cerio
avviene in un ampio intervallo di pH limitando ’attivita elettrochimica di leghe
di alluminio molto reattive come la lega AA2024-T3.

La microstruttura di tutte le leghe metalliche, oltre ad influire notevolmente
sul comportamento a corrosione, determina anche il modo in cui gli inibitori

sono in grado di rallentare i processi elettrochimici. Il comportamento degli in-
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termetallici presenti nella lega AA2024-T3 ¢ stato investigato tramite la tecnica
micro-cell. Le regioni contenenti intermetallici ricchi in magnesio sono molto
reattive ed il loro comportamento elettrochimico € molto instabile. Morfologie di
corrosione localizzata sono state identificate all’interfaccia tra la matrice e gli in-
termetallici esposti alla soluzione elettrolitica. L’introduzione del nitrato di cerio
all’interno della soluzione aggressiva tende a ridurre ’attivita elettrochimica della
lega. L’azione inibitrice del cerio e evidenziata dalla variazione del potenziale di
libera corrosione della lega AA2024-T3 che assume valori piu nobili. I comporta-
menti anodico e catodico della lega AA2024-T3 sono fortemente influenzati dalla
precipitazione di composti contenenti cerio che avviene in seguito all’interazione
tra il metallo e I'inibitore. Le regioni contenenti una elevata quantita di inter-
metallici ricchi in magnesio rappresentano le zone in cui la precipitazione di cerio
e piu intensa. Tale evidenza e probabilmente correlata alla rapida dissoluzione
del magnesio associata alle intense reazioni di riduzione che avvengono contem-
poraneamnte.

La sintesi del sol contenente come inibitore il nitrato di cerio e stata op-
portunamente modificata in modo tale da poter depositare rivestimenti sol-gel
a base Zr(O, altamente omogenei. Le quantita di inibitore e di agenti comp-
lessanti introdotti nel sol sono state modificate in modo tale da ottenere un sol
con una viscosita compatibile con il processo di deposizione per immersione o per
spruzzatura. I rivestimenti sol-gel a base ZrO, inibiti con nitrato di cerio hanno
evidenziato proprieta autoriparatrici che i sistemi senza l'inibitore non sono stati
in grado di offrire.

La caratterizzazione elettrochimica di film sottili prodotti con tecnica sol-gel
e molto spesso problematica a causa dello sviluppo di condizioni fortemente non
stazionarie (corrosione localizzata). La spettroscopia d'impedenza elettrochimica
e spesso utilizzata per la valutazione del comportamento dei sistemi protettivi.
Le misure d’ impedenza possono essere realizzate applicando un seganle di in-
gresso in tensione o in corrente. Le misure d’ impedenza effettuate utilizzando
il controllo in tensione non sono in grado di fornire risultati attendibili quando
il sitema elettrochimico ¢ instabile. Le misure realizzate con il controllo in cor-
rente sono invece in grado di garantire risultati piu attendibili senza provocare il
danneggiamento del sistema dovuto alla sua polarizzazione durante la misura.

Il comportamento a corrosione di substrati rivestiti con sistemi sol-gel a base

ZrQOq ed applicati tramite un processo di spruzzatura industriale ¢ stato molto



simile a quello esibito da sistemi contenenti conversioni superficiali a base cromo.
Il sistema sol-gel a base ZrOy promuove una buona adesione dei rivestimenti
organici applicati su prototipi industriali. Lo sviluppo di blisters e di fenomeni
di perdita di adesione osservati durante le prove industriali di corrosione e stato
limitato. I sistemi sol-gel a base Zr(O, possono essere quindi considerati come
una possibile alternativa ai sistemi di conversione a base cromati impiegati nel

campo della protezione delle leghe di alluminio contro la corrosione.
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Chapter 1
Layout of the thesis

Corrosion science and engineering base one of their principles on the correct choice
of the material to use by evaluating its electrochemical behaviour in each of the
possible environments of employment. The choice of the material also depends on
many other factors like the appearance, the fabricability, the cost, the mechanical
and the physical properties. The corrosion rate of aluminum and its alloys can
be reduced or sped down by applying a protective system. Protective coatings
should guarantee three fundamental abilities. They should be able to provide
a physical barrier against aggressive species. They should be able to improve
the adhesion of organic primers and top coats. They should be able to provide
self-healing ability when corrosion phenomena take place at the metal substrate.

This thesis seeks to investigate the behaviour of thin ZrO, sol-gel films as a
replacement of chromium-based coatings for the corrosion protection of aluminum
alloys. The synthesis and the deposition of the sol-gel coatings followed a route
based on the production of active protective systems able to work and to evolve as
a function of the corrosion step involved. The electrochemical techniques used for
the coating characterization have been employed to obtain the feedbacks for the
improvement of the entire production process. The thesis emphasizes practical
fundamentals that make it possible to determine whether electrochemical tech-
niques are useful for the sol-gel study, choose the correct electrochemical method
and interpret the results.

Chapter 2 provides a general introduction to some corrosion aspects and the
possible alternatives to improve the electrochemical behaviour of aluminum al-
loys. It also underlines some concepts of the sol-gel process including the synthesis

and the characterization of sols. An overview on the electrochemical techniques



is presented at the end of the chapter. In Chapter 3, the materials and the exper-
imental procedures have been generally described including the section relative
to the instrumentations employed.

The section about results and discussion is divided in different parts. Chap-
ter 4 and Chapter 5 report the electrochemical results of ZrOs sol-gel coatings
produced from metal-organic and inorganic precursors. Chapter 6 includes the
discussion on the macro-electrochemical behaviour of aluminum alloys immersed
in aggressive solutions containing cerium nitrate species. Chapter 7 treats in de-
tail the micro-electrochemical behaviour of the AA2024-T3 microstructure. This
chapter focuses on the evaluation of the influence of the microstructure on the
cerium precipitation mechanisms.

Chapter 8 presents the ability to recover and inhibit the electrochemical behaviour
of ZrOs sol-gel films containing cerium nitrate as inhibitor species. Chapter
9 summarizes the critical aspects regarding the performing of correct electro-
chemical impedance measurements. In this chapter, an alternative experimental
method based on current control is proposed. In Chapter 10, the results of indus-
trial tests performed on ZrQO; sol-gel coated aluminum alloys are finally reported.
The conclusions of the PhD thesis are reported in Chapter 11, which summarizes
the electrochemical behaviour of ZrOs sol-gel films developed for the replacement

of chromium based conversion coatings.



Chapter 2

Introduction

The sol-gel process can be considered one of the most interesting technologies in
the field of innovative pre-treatments for corrosion protection. The sol-gel tech-
nology enables to produce glass or ceramic materials at lower temperatures than
those usually employed for the ordinary production process. This feature is a
very important advantage because the deposition of ceramic or inorganic-organic
hybrid films can be performed on metallic substrates susceptible to overaging.
Aluminum alloys are considered as metallic substrates which can not undergo
severe thermal treatments and are therefore excellent substrates for sol-gel film
deposition. The corrosion behaviour of aluminum alloys coated with sol-gel films
can be evaluated by means of several electrochemical techniques. In many cases,
sol-gel films deposited on reactive substrates are characterized by a strong in-
stability and it is very complex to perform the electrochemical investigation on
these systems. For the characterization of pre-treated systems, Electrochemical
Impedance Spectroscopy is often used as well as Potentiodynamic Polarization
Measurements. The evaluation of the behaviour of macroscopic areas gives in-
formation about the overall electrochemical reactions occurring at the electrode
while this approach is not able to give direct feedback to the microstructure of
the alloys. In the cases where information on the microscopic electrochemical
behaviour is needed, localized techniques have to be used. Micro-electrochemical
techniques can be divided into two groups based on their operation mode: tech-
niques based on the reduction of the electrochemical cell size and techniques based

on the use of a scanning micro-electrode.



2.1 Aluminum alloys: corrosion and protection

Aluminum alloys are widely employed in many applications and industrial sec-
tors: automotive industry, aircraft industry, food industry, package industry and
construction industry are the most common fields where aluminum and its alloys
are employed. The physical property which provides the added value to aluminum
alloys is the low weight. Indeed, the aluminum density is only 2.7K gdm = which
corresponds to % of steel density, for instance. Moreover, aluminum alloys can
be employed in contact with a wide range of foods because their resistance to
several environment is rather good. Aluminum conducts electricity and heat eas-
ily, almost in the same way as copper [31]. Only a limited number of alloying
elements can be added to aluminum to modify its property; they are chromium,
copper, iron, magnesium, manganese, silicon, titanium and zinc. The solubility of
these elements in aluminum is described by binary-diagrams and varies element

by element.

2.1.1 Designation

Designation and compositions of aluminum alloys are defined by the American
National Standards Institute (ANSI) and wrought products are identified by a
four digit code with the first digit indicating the main alloying element. Table
2.1 shows the aluminum alloy groups defined by the ANSI designation.

Alloy series | Main alloying element
1xxx aluminum greater than 99%
2xxx copper
3XXX manganese
4AxxX silicon
XXX magnesium
6xxx magnesium and silicon
TXXX zinc and magnesium
8xxx silicon and iron

Table 2.1: Aluminum alloys designation

The second digit indicates some control of the impurities for 1xxx series while

it is related to some alloy modification for the other series. The last two digits for
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1xxx series indicate the minimum aluminum percentage considering the decimal
part (1xxx series contains an aluminum amount grater than 99%). For the other
series, the last two digits are employed for the identification of different alloys in

the same group.

2.1.2 Corrosion of aluminum alloys

Corrosion is a phenomenon involving electrons transfer between metals and the
surrounding environment. Metals start to corrode because they tend to elec-
trochemically react involving oxygen, hydrogen or other environmental chemical
species. The oxidation reaction identifies metal dissolution which is balanced by
reduction reactions occurring at the cathodic sites. Typical examples of reactions

occurring on aluminum surface are the aluminum dissolution reactions:

Al — APt + 3e” (2.1)

the oxygen reduction reaction in acid and base solution:

Oy +4H™ + 4e~ — 2H,0 (2.2)
Oy +2H50 +4e” — 40H™ (2.3)

the hydrogen evolution:
2H" +2e~ — H, (2.4)

Since electrochemical reactions occur, thermodynamic and kinetic conditions
have to be satisfied. Indeed, an electrochemical reaction occurs when the Gibbs
free energy is negative and the kinetics of the reaction is fast enough to promote
an evolution of the system. One example of an electrochemical reaction satisfying
the first condition (thermodynamic) but not the second one (kinetic) is consti-
tuted by the platinum oxidation reaction in Harrison solution (sodium chloride
and ammonium sulfate). In that case, the kinetic is so slow that platinum can
be considered inert in that environment. In certain environmental conditions,
on several metals a natural oxide film able to increase the corrosion behaviour
can grow. This phenomenon, known as metal passivity, is typical of aluminum

alloys. Aluminum can react with oxygen forming Al,O3 which can be hydrated.



Although the natural oxide is very thin, ranging around 10 nm, it is however able
to act as a physical barrier between the metal substrate and the environment.
Despite the fact that natural oxide is stable under a wide range of conditions, it
is possible that alumina film can dissolve becoming less protective. The stability
range of aluminum oxide starts from pH 3 to pH 9. For pHs lower than 3 and
higher than 9, the aluminum oxide is not stable and it is not able to protect the

metal substrate.

Corrosion types of aluminum alloys

Aluminum alloys are mainly corroded by localized attack forms while uniform
corrosion proceeds over a large area. Localized corrosion is due to some weak
points of the metal microstructure where the electrochemical reactions can be
sparked more easily than in other regions. Weak points consist in grains exposed
on the metal surface, dislocation outcroppings and other types of local defects.
By considering the previous definition, it is possible to identify the different forms

of localized corrosion.

Pitting corrosion Metals corroded by pitting develop a corrosion morphology
that looks like deep cavities with a circular shape. Pitting is one of the most
destructive and insidious corrosion types because it grows in depth and for this
reason it is very difficult to identify. It is very difficult to measure and compare
different pits taking into account both depth and size. Moreover, pitting can
not be predicted even at laboratory scale. The mechanism and the kinetic of
pitting corrosion is based on the auto-catalytic nature of oxidation reactions which
promotes the growth of the phenomenon in depth. Solutions responsible of pitting
corrosion mainly contain chlorides or chlorine ions. Marine environments are

practical examples.

Crevice corrosion Crevice corrosion is a form of attack occurring within fis-
sures, cracks and other regions of metals surface particularly shielded. This attack
is related to a stagnant volume of solution generated by holes, rubber gaskets,
mechanical joints like rivets and screw heads, surface dirt, corrosion products,
sand grains and so on. The mechanism and the growth of corrosion attack is
related to the different concentration of species between anodic and cathodic re-

gions. As in the case of pitting corrosion, corrosion reactions are auto-promoted



by the local chemical conditions which are worsened by chlorides.

Galvanic and Intergranular corrosion These kinds of corrosion attack are
due to a different electrochemical potential between materials, phases or struc-
tures. Galvanic corrosion occurs between two metals immersed in an electrolytic
solution having different electrochemical potentials. The less noble metal will
tend to dissolve. The more noble metal acts as a cathode whereas the less no-
ble acts as an anode. Intergranular corrosion is originated by the difference in
the electrochemical potential between the grain boundaries and the center of the
grain. This difference is due to the different energy and chemical stability of
the grain and its boundary. Indeed, impurities or second phase particles can be

present at the grain boundary, making the region more active and less stable

2.1.3 Chemical modification of the metal surface

The corrosion protection of components made of aluminum alloys is usually guar-
anteed by several coatings deposited layer by layer on the metal substrates. The
chemical modification of the metal surface should be able to guarantee both, the
corrosion protection and the improvement of the adhesion between the metal
substrate and the outer organic coatings. The process producing the chemical
modification of the surface is usually preceded by degreasing and pickling steps.
These steps enable to remove oils and greases from the surface and are able
to dissolve the thick oxide layer which grows during hot-working. Many elec-
trochemical or chemical processes are nowadays employed for aluminum alloys
surface modification like anodizing, chromate conversion based, fluo-titanation
or fluo-zirconation systems and so on. Sol-gel process is now employed as an
alternative route to modify the chemical composition and the surface properties

of aluminum alloys.

Anodizing Anodizing is used to increase the thickness of the oxide growing
on the aluminum surface. In this electrochemical process, the aluminum surface
acts as anode because it is subjected to a potential difference. The film that
grows during anodizing is well adherent to the substrate because it is the growth
of the natural oxide initially covering the metal substrate. When the process

is carried out correctly, the oxide covering the substrate is highly compact and
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provides an efficient protection against corrosion. The aluminum oxide produced
by anodizing is usually composed by an inner dense layer acting as physical
barrier and an outer porous layer less dense and protective. The formulation of
electrolytic baths can be composed of several acids but the most used is based
on H,50,. By changing the electrolyte, the flowing current densities or the
temperature of the bath, it is possible to obtain oxide morphologies with distinct
properties. Indeed, it is possible to obtain a kind of oxide very stable and not
soluble in the electrolyte, with a low porosity level and low conductivity rather
than oxides more soluble in the electrolyte and highly porous. The corrosion
resistance of the oxide can be affected by both the porous size and the presence
of harmful compounds, impurities and alloying elements. Copper is one of the
most critical elements which strongly affects the corrosion properties of anodized
oxide. The intermetallic phases containing copper and aluminum dissolve during
the anodizing process producing a reduction of the density and of the thickness
of the aluminum oxide [32]. Another inconvenience related to anodizing is due to
possible gas formation. The gas formed can be O, and it is due to the oxidation
of O*~ ions diffusing within the oxide layer. Since small gas bubbles with high
internal pressure can be formed, they can blow up producing a severe damage
of the surrounding areas and an inhibition of the further film growth [33]. In
marine and high humidity applications, the employment of anodized substrates is
suggested rather than the use of organic coatings which are preferentially attacked
by filiform corrosion. For anodized film oxides, it was estimated in industrial

environment that the rate dissolution is around 0.7 — 0.9 mm [34].

Chromate based coatings The chemical conversion coating based on chro-
mates is an electrochemical process used for the deposition of chromium oxide on
aluminum substrates. The process is carried out under very acid conditions be-
cause the electrochemical baths contain chromic acid bringing the pH solutions to
around 2. The deposition mechanism is based on the activation of anodic and ca-
thodic areas on the aluminum surface where aluminum dissolution and reduction
reactions occur in this order. Furthermore, hexavalent chromium (C7%%), which
is a strong oxidant, is reduced to a trivalent oxidation state. In the cathodic
regions where strong reduction reactions occur, the local pH tends to increase so
that chromates precipitate on the surface. The main reactions involved are the

dissolution of aluminum:



Al — APT 4 3e” (2.5)

the hydrogen evolution:

3
3H+ +3e” — §H2 (26)

the reduction reaction of chromium from the hexavalent to the trivalent state:

CrO¥ +8H™ + 3¢~ — Cr*t 4+ 4H,0 (2.7)

the precipitation of cerium compounds at the cathode:

Cr3t 4+ CrO7™ + HyO — Cr(OH)CrO, + HT (2.8)

the precipitation of aluminum hydroxide at the cathode:

APt +2H,0 — AIO(OH) +3H™ (2.9)

At the end of the deposition process, the coating undergoes thermal treatment
in order to achieve a greater density and the reduction of water content inside.
The chromate based film is well adherent to the surface and it is able to guarantee
a good protection against corrosion. Moreover, it promotes the improvement
of the adhesion property between the metal substrate and the organic coating
deposited as top coat. Chromate based coatings are widely employed for their self-
healing ability. The Cr®"/Cr3t mix can re-arrange its oxidation state producing
a further precipitation of chromium-containing compounds able to protect the
uncovered metal substrate. For this reason, chromate based coating is often
employed in industrial application requiring a strong corrosion resistance. By
controlling the parameters of chromate chemical baths, coatings can be produced
with a wide range of properties. For example, by reducing the pH solution down
to 1.2, the oxide film growing on the aluminum surface is less dense and less thick
[35]. Corrosion products formed within defects at pH 1.2 are able to protect the
metal substrate better than corrosion products formed at higher pHs. Since at
low pHs corrosion products inside defects are dense and compact, the corrosion
behaviour of the chromate based coatings improves because a further corrosion
attack is avoided [35]. The reduction of pH solution produces an increasing of the

number of defects and porosity. The net effect of positive and negative aspects



leads to the decreasing of the corrosion behaviour of chromate conversion coatings.
The chemical composition and the microstructure of chromate conversion coatings
are strongly dependent on the preparation treatment that metal surface, as well
as the heterogeneous aluminum microstructure, have undergone. Lunder et al.
[36] proved that the nucleation and growth phases are affected by the shape of
intermetallics in the matrix as well as their size. For AA6060-T6 aluminum alloy,
it was found that the thickness of chromate based film deposited on intermetallics
rich in iron and copper is much thinner than that formed on the matrix. That
aspect has been correlated to the different electrochemical behaviour exhibited
by grain boundaries and the center of grains. Since grain boundaries act as
anodic sites with respect to the center of the grain, the oxide deposition on
the center is supported by the anodic dissolution of the grain boundaries. This
evidence was confirmed by other results which proved that on grain boundaries
no oxide deposits could found. Although the deposition mechanism starts on
intermetallics, the film grows faster on the matrix. For AA6060-T6 aluminum
alloy, it was estimated that the oxide formed on intermetallics was 40 nm thick
whereas it was 200 nm on matrix regions. Chromate process deposition carried
out only for 10 seconds are able to reduce the cathodic activity of AA6060-T6

surface improving its corrosion behaviour [36].

Fluo-titanation and fluo-zirconation Conversion coatings based on fluo-
titanation and fluo-zirconation are encompassed in the category of chromium-free
treatments. The coatings produced by these processes appear color-less and for
this reason it is not possible to recognize with the naked eye the presence of the
film on the metal surface. Both, zirconium and titanium are able to form a very
stable complex containing six fluorine atoms. However, zirconium and titanium
as well as their oxide are easily soluble in H F' producing the correlated acids. The
following dissociation reaction 2.10 and the mechanism processes for zirconium

are valid for titanium, as well:

ZrOs + 6HF — HyZrFs + 2H,0 (2.10)

The aluminum dissolution reaction 2.5 produces aluminum ions which are

involved with the reaction product of 2.10:

AP + ZrFZ — AIFS + Zr*t (2.11)
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It was found that oxygen reduction and hydrogen evolution reactions occur
on a — Al(Fe, Mn, Si) particles which behave cathodically with respect to the
AA6060 aluminum matrix [37]. In these regions, the local increasing of the pH

promotes zirconium oxide precipitation:

Zr*t 4 3HyO — ZrOq HyO + 4H T (2.12)

Besides that, a mixed insoluble oxide precipitates on the aluminum surface

obeying the following reaction:

2Al + 4H"Y + 3ZrF¥ + 5Hy0 — 2AI0F3ZrOF, + 12HF + Hy — (2.13)

The mixed chemical composition of the oxide precipitated on aluminum sur-
face is confirmed by GD-OES measurements [38]. The deposition mechanisms
related to the formation of a mixed Zr/Ti oxide and a chromate conversion coat-
ing are substantially different. Zr/Ti oxide precipitation is promoted by the local
pH variation while in the case of chromates, an increasing of pH leads to the
reduction of Cr®" to Cr3* through red-ox reactions [38]. Chromium reduction
reaction and hydrogen evolution are competitive reactions occurring on the same
electrode. Cr%* to Cr3t is supported by the initial stage of the process while
hydrogen evolution tends to occur more easily at the end of the conversion pro-
cess. The Zr/Ti oxide film thickness is affected by the chemical composition of
the metal substrate as well as in the case of chromates. The shape and the size
of intermetallic particles strongly influence the film mechanism growth. By re-
ducing the pH and stirring the solution, it is possible to modify the mechanism
of deposition [38]. Zr/Ti oxide is able to guarantee a very good adhesion with
organic coatings [39]. However, Zr/Ti oxide is not able to provide self-healing

ability which chromate based coatings are able to provide.

Silanes Silanes are chemical compounds very similar to hydrocarbon alkyls in
which the chain covalent bonds are formed between silicon atoms. The chemical
formula of silanes is Si, Ha, 2. Silanes are widely employed and they are used
as coupling agent to increase the adhesion between metal substrates and organic
coatings. The adhesion can be further improved by using modified silanes in
which hydrogen atoms are substituted by complex groups. Chains are hydrolyzed

in order to allow the formation of chemical bonds between the precursors. Not
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hydrolyzed groups should guarantee the improvement on the adhesion properties.
The process parameters controlling the bath features are the concentration of the
solution, the reactive groups in the silane chain and the solution pH. Silanes
industrially employed are based on either amines or ethoxy groups. Although
the silane concentration is one of the parameters to take into account for the
synthesis, Jenkins et al. [40] found that the adhesion energy is not strongly
dependent on the amount of precursors used. Franquet et al. [41] obtained the
same result. They even found that for silanes with C'H3 groups, the chain length
strongly affects the adhesion property. The longer the chain length is, the better
the adhesion is. Otherwise, the adhesion tends to be better for short silane chains
containing C'Hy groups. Salt spray and pull-off tests showed that silanes can act
as good adhesion promoters between aluminum alloys (5xxx series) and an epoxy-
polyester organic coating [42]. The silane behaviour was compared with that one
provided by aluminum substrate pre-treated with fluo-zirconation process. The
behaviour provided by silanes after 1000 hours of salt fog test was very good and
better than that provided by fluo-zirconate system. In order to further improve
the adhesion of silanes, it is possible to mix precursors with several properties
like hydrophobic behaviour, tendency to create bonds with a category of organic

compounds, affinity to functional groups and so on [43].

Cerium Salts Cerium is a lanthanide element which is able to form insoluble
oxide with a very low toxicity. These two properties have driven researchers to
develop cerium compounds for corrosion protection of aluminum and its alloys.
Cerium is able to protect metal substrates because a compact film consisting
of cerium oxide/hydroxide can precipitate and substitute the natural aluminum
oxide dissolved by aggressive species. Chemical conversion coatings based on
cerium salts can be produced by using cerium chloride in aqueous solution. How-
ever, the spontaneous precipitation process takes a very long time, ranging from
days to weeks and it is not compatible with the industrial scale-up. In order
to reduce process time, it is possible to adopt various methods. The process
time can be reduced by applying a cathodic current in order to promote, near the
metal surface, local pH conditions favourable to cerium compounds precipitation,
by increasing the bath temperature or by adding strong oxidant species to the
electrolyte (i.e. HyO3). The cerium deposition mechanism of cerium compounds

is well known in literature [44]. It states that intermetallics with cathodic be-
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haviour play an important role in the overall mechanism of precipitation. The
precipitation mechanism is divided in two different steps: in the first part, hy-
drogen evolution and oxygen reaction reduction leads to a local pH increase on
cathodic intermetallics where cerium precipitation occurs. In the second part, the
continuous dissolution of passive oxide is coupled with the further cerium pre-
cipitation. Small cathodic sites underneath the passive film become more active
promoting cerium precipitation. A protective film 150 nm thick was obtained by
dipping aluminum alloys in boiling water containing cerium salts [45]. By adding
H505 to the initial cerium salt solution, a thicker coating with many cracks and
defects, which tends to preferentially precipitate on intermetallic particles, was
obtained [45, 46]. It is possible to speed up the deposition process by adding cat-
alysts or increasing the solution pH [46]. Although the employment of catalysts
promotes the reduction of process time, precipitates can contain not only cerium
compounds but also a part of catalysts (usually containing copper). Therefore,
the effect on the corrosion behaviour of cerium oxide/hydroxide film, based on
catalysis processes, is strongly affected by this aspect. However, conversion coat-
ings based on cerium salts enable to drastically reduce cathodic current because
oxygen reduction reaction is shifted to lower potential [45]. The surface charac-
terization of cerium conversion coatings deposited on AA5083 aluminum alloys
[47], evidenced that a mixed layer was formed: it was found that cerium com-
pounds grown via island-growth precipitated on cathodic intermetallic particles

while an Al;O3 layer covered the aluminum matrix.

2.1.4 Corrosion inhibition

Corrosion phenomenon can slow down by several methods and the employment of
inhibitors is one of the ways to improve the electrochemical behaviour of corroding
systems. An inhibitor is a substance that, when added to the environment, is able
to decrease the corrosion rate. There are numerous inhibitor types which can be
divided in different groups in conformity with their mechanism of inhibition: the
adsorption-type inhibitors are those able to be adsorbed on the metal surface
reducing the metal dissolution and the reduction reactions. Another type is
based on the control of the hydrogen evolution. This type is very effective in acid
solution but in alkaline condition, where oxygen reduction governs the cathodic

reactions, it is not able to reduce the corrosion rate. A third type founds its
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ability by removing oxidant species from the solution. For example, sodium
sulphide is able to remove dissolved oxygen from aqueous solution as indicated

by the following equation:

2NCL2503 + 02 — 2Na2504 (214)

Also this type is not effective in acid conditions. Another type of inhibitors
are the oxidizers which are substances, like chromates, nitrates, ferric salts, able
to improve the corrosion behaviour of active-passive metals. They promote the
formation of a passive film on metals exhibiting the active-passive transition.
Inhibitors can be further classified by taking into account the controlled reaction
(anodic or cathodic). Anodic inhibitors act as retarding catalyst of oxidation
reactions decreasing the corrosion current. The scheme of the mechanism obeying
the mixed-potential theory, is represented in Figure 2.1(a) and shown that anodic
inhibitors shift the F.,.. to more noble potentials. Otherwise, cathodic inhibitors
tend to decrease the cathodic activity and the corrosion current as shown in

Figure 2.1(b). They produce the E,,,.. shifting to less noble potentials.

a)

Ecorr2

Ecorrl

i : L : . >
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Figure 2.1: Corrosion inhibition mechanisms

2.2 Sol-gel technology

Sol-gel materials encompass a wide range of inorganic and inorganic-organic hy-

brid materials which are prepared following a common preparation strategy. They
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are prepared from a starting precursor solution going through distinct steps in-
volving the generation of colloidal suspensions (sol) which are subsequently con-
verted to viscous gels and from there to solid materials [1]. Nowadays, the sol-gel
process is one of the most used and studied techniques for the production of
high quality glass-ceramic materials. The process is versatile and it is possible to
easily control the entire evolution. The sol-gel technique is basically constituted
by three steps: the preparation of the starting precursor solution, the conversion
from sol to gel and the increasing of material density by means of thermal treat-
ment. A sol is a dispersion of colloidal particles suspended in Brownian motion
within a fluid matrix [2]. Colloids are suspensions of particles of linear dimensions
between 1 nanometer to 1 micrometer. The stability of colloids can be checked
measuring the solution viscosity which can be increased by the particles’ agglom-
eration. Indeed, the stability of colloidal particles is related to their resistance to
aggregation and in some cases it can be very high. A remarkable example is given
by a few gold sols produced more than 150 years ago at the Royal Institution in
London, which are still stable. They are still so stable that they are not useful for
preparing solid materials ... Sols’ stability can be improved increasing the ionic
strength of the solution modifying the charge of the counter-ion [3]. Therefore,
it is possible to control the sol-gel synthesis checking both the initial size of the
colloidal particles and the chemical reactivity of sols. The size of initial colloid
particles depends on the nucleation and growth steps. To obtain colloids, the
nucleation rate has to be faster than the growth rate. Nucleation depends on
the saturation limit which then controls the particle precipitation. Nucleation
rates will be highest for substances with very low solubility. The growth rate of
particles formed by the initial nucleation depends on several factors among which
the amount of material available and the material diffusion rate from the solution
to the growing particles are very important. The sol-gel process is composed of
different stages which can be identified as the hydrolysis step, the condensation
step, the gelation step, the ageing step, the drying step and the densification
step. In some cases (i.e. silica-gel chemistry), the steps occur slow enough to
allow detailed study for their identification. Otherwise (i.e. metal alkoxides), the
chemical evolution of the starting solution is so fast that it is much more difficult
to control and study the entire synthesis.

There are several advantages related to materials produced by means of sol-gel

process.
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- the temperatures used during the process are very low and are frequently

close to room temperature;

- inorganic and organic precursors can be mixed together for the production

of inorganic-organic hybrid materials;

- since high quality precursors are usually used, high-purity materials are

produced;

- the chemical conditions are mild because extreme pH for hydrolysis and

condensation steps can be avoided modifying the synthesis procedure;
- controlled porous materials can be produced;
- it is possible to cast ceramic materials in a range of complex shapes;
- materials with good optical properties can be produced;

- since the low temperature of sol-gel process is usually lower than the crystal-
lization temperature for oxide materials, amorphous materials are usually

produced.

On the other hand, the sol-gel process has some drawbacks which limit its ap-
plication. The precursors are often expensive and sensitive to moisture, limiting
the up-scaling at industrial level. Some syntheses require a long step for drying
and densification, increasing the overall time of the process. Shrinkage, dimen-
sional change and cracking can occur during densification and drying processes.
These problems, although not insuperable, do require careful attention. Table

2.2 summarizes the stages related to sol-gel process:

2.2.1 Silica sol-gels reaction mechanisms

As mentioned in 2.2, since the evolution of silica gels is slower than the one of
metal alkoxides, it is easier to identify separately the reaction mechanism related
to the sol-gel steps. For this reason, this section will treat silica gel chemistry
in order to give an overview on the reaction mechanisms correlated to a generic
synthesis. It is important to point out that several stages of sol-gel processes occur
simultaneously and they are treated separately for explanation convenience. In

this section, sol-gel processes of metallorganic precursors will be discussed. The
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Sol-gel stage

Description

Hydrolysis M(OR)s+nHyO — M(OR)y—, + nROH
, XsMOH + HOM X4, XsMOR + HOM X —
Condensation , ,
XsM -0 - MX;+ HO,XsM — O — MX;+ ROH
Gelation Formation of clusters related to the viscosity increasing
Formation of a cross-linked structure associated to shrinkage
Ageing and covalent links as substituted of non-bonded contacts.
Changes in pore size and pore wall strength
Expulsion of the liquid (water, alcohol, volatile components)
Drying during shrinkage associated to the development of capillary
stress which frequently leads to cracking
Densification Thermal treatment for the formation of

a dense ceramic or hybrid material

Table 2.2: Sol-gel stages description

processes are known as alkoxides methods. The structural formula of alkoxides

is M(OR),,, where R is an organic radical while M is the metal precursor. The

solvent used is usually the alcohol corresponding to the initial alkoxide.

Hydrolysis The hydrolysis of alkoxides follows the reaction described in Table

2.2. Since the reaction rate can not be fast enough to guarantee the evolution to

gel formation, the synthesis has to be carried out under catalysis. The hydrolysis

can be accelerated by acid catalysed or base catalysed processes. The mechanism

for both processes are shown in Figure 2.2.

ACID CATALYSIS
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BASE CATALYSIS

RO RO OR OR
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OH Si — OR == HO -~ Si -~ OR = HO — Si— OR . oR
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Figure 2.2: Hydrolysis: base and acid catalysis

The effect of catalysis is to speed up the hydrolysis reaction and it can be
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evaluated by comparing the rate at different pH values. In the case of silica gel,
the isoelectric point (where the net charge on the molecule is equal to zero) is at
pH 2.2 [4]. It has been evaluated that the time to form a gel strongly depends
on the solution pH. Figure 2.3 shows the time to form a gel (¢,) as a function

of pH for a silica gel.
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Figure 2.3: Gel time as a function of pH for HCl-catalysed process for TEOS

The gel time is longest in correspondence to the isoelectric point while it
tends to decrease in acid or base conditions relative to the isoelectric pH point.
The first organic radical is hydrolyzed faster than the second while the third
one is hydrolyzed slower than the second in acid conditions. This is due to the
electronic effect related to the organic radical substitution in acid conditions.
Alkoxy groups are more electron donating than hydroxy groups. As more alkoxy
groups are substituted by hydroxy groups, the rate of hydrolysis reaction tends to
be reduced. Otherwise, in base conditions the mechanism is exactly the opposite.
The length of the organic chain heavily affects the rates of hydrolysis. Larger
alkoxy groups are more cumbersome and the steric hindrance slows down the
hydrolysis rate. Another factor which must also be taken into account is the
hydrophobic or hydrophilic character of the precursor. TEOS (tetraethoxy silane)
and water are immiscible and it is necessary to add an organic co-solvent to
achieve miscibility and better hydrolysis conditions. Many different co-solvents
have been used, including alcohols, formamide, dimethylformamide and so on.
The choice of co-solvents is important, since the use of a different alcohol from
that generated by hydrolysis of the alkoxide can affect the reactions occurring in

the bulk solution. The water-alkoxide ratio must be chosen in order to develop

18



optimum conditions for hydrolysis. If the amount of water is small, the hydrolysis
rate slow down due to the reduced reactant concentration. If the water amount

is high, the alkoxide is too diluted and gel times increase.

Condensation Condensation reactions can involve either water or alcohol for-
mation. As in the case of hydrolysis, condensation reaction must be sped up by

catalysed processes. The mechanisms are displayed in Figure 2.4.

ACID CATALYSIS
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BASE CATALYSIS
OH OH OH OH OH

N N /
HO— si—of == HO—si—0 + HO—§i—OH = HO—§i—0—si—OR.,on
N

oé oé Oé OR OH
+OH +H,0

Figure 2.4: Condensation Mechanism

The condensation rate depends on the steric effect and the charge on the
transition state. Condensation rate under the acid hydrolysis catalyzed process
for (RO)3M(OH) is faster than for (RO);M (OH )y, which condenses faster than
(RO)M(OH)3 and so on. This means that under acid catalysis, the first hy-
drolysis step is the fastest, and the product of this first step also undergoes
the fastest condensation. Therefore, under acid conditions an open structure is
initially obtained and followed by further hydrolysis and cross-condensation reac-
tions. On the contrary, under base catalysis, the successive hydrolysis reactions
occur faster and the fully hydrolyzed species undergo the fastest condensation
reactions. As a consequence, under base catalysis a highly cross-linked large sol
is initially obtained which eventually links to form gels with large pores between

the interconnected particles as shown in Figure 2.5.

Gelation Gelation occurs when links formed between sol particles involve macro-
regions across the containing vessel. This is a generic definition because it is not
possible to identify exactly the gel-point related to an established viscosity. How-
ever, at the gelation point, the mixture starts having a high viscosity but low
elasticity [5, 6]. No exotherm or endotherm change occurs and a further cross-

linking tends to increase the solution viscosity as shown in Figure 2.6.
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Figure 2.5: Gel structure for acid and base catalysed reactions
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Figure 2.6: Viscosity changes

Ageing The chemical evolution of gelled samples was investigated with the
NMR technique [7]. It has been found that a continuous increase in the number
of Q3 and Q4 Si species (Si attached via oxygen links to other 3 or 4 other silicon
atoms) is related to the condensation reactions of hydroxy groups. This evolu-
tion can continue for months if the samples are kept at room temperature. The
net effect of the chemical evolution is a stiffening and shrinkage of the samples.
Shrinkage is due to the formation of new bonds where former weak interactions
between alkoxy and hydroxy groups were present. The shrinkage promotes the
expulsion of the liquid contained into the porous gel (syneresis), so that the ap-
pearance becomes transparent. Another process related to the ageing stage is
often refereed to as coarsening or ripening. In this process, material coming from
the surface of large particles can precipitate on the initial narrow necks which

join particles to each other. Figure 2.7 shows the scheme to explain the ripening
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process.

Figure 2.7: Curvature of particles and necks

The surface of a particle has a positive radius (ry) whereas that of the neck
between two particles is smaller and negative (r_). As explained by the Kelvin
equation [3], across a curved interface between two media, a pressure gradient can
be determined. This is related to a different solubility of regions with a different
radius of curvature. The solubility of a solid material with curved surface of

radius r is related to the solubility of a flat surface Sy by the following equation:

2751 Vm

S =G, (2.15)

where V,,, is the molar volume of the solid particle and 7T is the temperature.
Small particles have high solubility whereas regions with negative curvature have
small solubility. Therefore, materials tends to be accumulated at the necks with
negative curvature. However, the ageing stage becomes very important when
solutions have to be stored and the sol stability has to be guaranteed for long

times.

Drying In the first part of this stage, gels shrink by an amount equal to the
volume of water or liquid evaporated. As the gels dry and shrink, the compact
structure and the additional cross-linking formed lead to the increase of the stiff-
ness of the structure. At a critical point, the structure becomes stiff enough to
resist further shrinkage as liquid continues to evaporate. At this point, the liquid
begins to withdraw into the porous structure and, due to the surface tension and
the small porous size, a very high gradient pressure across the curved surface of
the liquid menisci in the pores is generated. Due to this critical stress, gels tend

to crack at this point.

21



Densification There are many applications where sol-gel systems are prepared
and dried at room temperature but in many other cases sol-gels have to undergo
thermal treatment. The production of dense ceramic materials from gels requires
the use of thermal treatments. From the discussion so far in this section, it is clear
that controlling the hydrolysis, condensation, ageing and drying stages, materials
with a wide range of characteristics can be obtained. Therefore, the effect of
thermal treatment on the final structure depends on the former stages at low
temperature. Three different regions can be observed during thermal treatment

of silica gels and they are reported in Figure 2.8
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Figure 2.8: Stage of densification

The first stage can be identified at temperatures lower than 200 °C where
weight loss occur and a little shrinkage takes place. At temperatures ranging from
200 °C to 700 °C, the sol-gel structure displays both weight loss and shrinkage.
In this intermediate region, three processes occur simultaneously: loss of organic
compounds (leading to weight loss but small shrinkage), further condensation
(producing both, weight loss and shrinkage) and structural relaxation (giving
shrinkage but no weight loss). The loss of organic compounds proves that at
this stage the matrix is still porous. Indeed, the space occupied in the matrix
by the former organic species, at this stage becomes porous (due to the organic
compound loss) with the size of the organic compounds dimension. However,
structural relaxation and further condensation gradually lead to the porosity
reduction. At temperature above the upper limit of the intermediate region, a
sharp increase in shrinkage can be observed whereas weight loss is negligible.

The transition temperature is close to the glass transition temperature for the
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material, above which there is a viscous flow leading to rapid densification.

2.2.2 Metal Oxide Gels

Metal oxides can be prepared via two different methods, depending on whether
the precursor is a metal organic compound (as in the case of silica gel described
in 2.2.1) or an aqueous solution of inorganic salts. In both cases, the chemistry is
dominated by the high electropositive character of metal atoms relative to that
of silicon. Table 2.3 shows the estimated partial positive charge on the central

atom in a series of metal ethoxides [8].

(M) +0.65 +0.63 +0.53 +0.49

Ethoxide | VO(OFEt); | W(OFEt)s | Si(OEt),
(M) +0.46 +0.43 +0.32

Table 2.3: §(M) partial positive charge

This means that the rate of the nucleophilic attack on the central metal atom is
much faster than on silicon alkoxide precursors. The estimation of the hydrolysis
rate at pH 7 for Si(OFt), is around 5- 1072M ~'s~! whereas it is 1073M ~'s~! for
Ti(OFt)s. The several coordination numbers and the geometry of metals allow
the metals to take on a wide range of permissible transition states in contrast to
the limited reactions permitted to silicon state. Metal alkoxides are more versatile
than silicon alkoxides but they are also more reactive, particularly with moisture.
Therefore, it is necessary to be carefully when sols, based on metal alkoxides, are
stored, handled and prepared [9, 10, 11, 12].

Reactions of Metal Oxide precursors The hydrolysis reaction occurs in-
volving a nucleophilic attack of the metal alkoxide without acid or base catalysis.
The reaction follows the proton transfer from a water molecule to the alkoxy
group. The effect of the reactions is the hydrolysis of the alkoxide which leaves
an alcohol molecule as shown in Figure 2.9:

This reaction is followed by the reaction between the product of the reaction

in figure 2.9 with an alkoxide (alcoxolation), as displayed in Figure 2.10:
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H H R
NO+MOR — “O=MOR — HOM « O —> MOH + ROH
o/ o \y

Figure 2.9: Metal alkoxide hydrolysis

M M R
NO+MOR — “O~MOR — MO-M+— 0 —» MOM+ ROH
H/ W \n

Figure 2.10: Metal alkoxide hydrolysis: alcoxolation

or with another hydrolyzed alkoxide (oxolation), shown in Figure 2.11:

M M H
NO4+M-OH—> “O~MOH—> MOM-— 0O — MOM+ H,
n n H

Figure 2.11: Metal alkoxide hydrolysis: oxolation

Many factors affect the thermodynamics and kinetics of metal alkoxide reac-
tions: the partial negative charge of the incoming nucleophile, the partial pos-
itive charge of the electrophilic metal, the partial charge of the leaving group,
the acid or base catalysis, the steric factors, the organic chain length and the
solvent used. For example, when the precursor based on Zr(OPr™), is dissolved
in n-propanol, the propanol associates with the propoxide species and hydrolysis
rapidly leads to a precipitate while the same precursor is dissolved in cyclohex-
ane, oligomeric metal alkoxide species are formed which hydrolyze more slowly
leading to a gel rather than a precipitate. However, by controlling the hydrolysis
and condensation reactions is possible to obtain metal oxide materials from metal
alkoxides. The control of reactions can be made increasing the chain length of
precursors, modifying the solvent or adding chelating ligands to the starting so-
lution. Indeed, finer control is achievable via the use of chelating ligands which
form mixed complexes with alkoxide ligands. Studies on the stabilization of
tetra(i-propoxy)titanium(IV) with acetylacetone [13, 14] reveal that the struc-
ture formed hydrolyzes slower than the non stabilized precursor. However, care
must be taken to ensure that all the chelating ligands are finally removed in the
applications where pure oxides are required. Similar results have been obtained
by treating metal alkoxides with acetic acid [13], which is able to form bridging

carboxilate complexes as shown in Figure 2.12.
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Figure 2.12: Hydrolysis control by acetic acid

2.2.3 Applications of sol-gel systems

Sol-gel technology enables us to produce ceramics and glasses with an alternative
route at a low processing temperature. As fully discussed in the paragraph 2.2,
films and bulk materials can be produced at low temperature with the adequate
properties required by each application and depending on its shape. From the
sol-gel method, it is furthermore possible to produce porous material applications
where a controlled porous size is needed. The added value of the sol-gel approach
is often the determining factor which allows to produce high quality materials.
Optical materials, chemical sensors, electronic and catalytic materials are some
examples of applications where a sol-gel process can be used. Nevertheless, the
most interesting field where a sol-gel process would be very useful is the coat-
ing field. The sol-gel method enables to coat curved surfaces and large areas
using simple deposition techniques and it allows to produce systems with a mul-
tilayer structure which can not be produced employing other methods. Sol-gel
layers have been used for the production of passivation coatings, coatings with
antireflection properties, adhesion promoters, biocompatible coatings, antisoiling
coatings and so on [15, 16, 17]. Thin sol-gel layers can be deposited by dip or
spin coating technology [18, 19]. Sol-gel coatings deposited by spin technology
are less dense than those applied by dipping. The structure of films deposited by
dipping is aligned along the withdrawal direction and the cross-linked structure
can develop more easily. The density of sol-gel coatings deposited by spin or dip
techniques depends on their thickness: thin layers are denser than thick films.
Moreover, there are some general rules related to the sol-gel process: lower alkyl
groups of alkoxides produce denser films with higher oxygen content, the pore

size depending on the solvent. Higher water contents during hydrolysis produce
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denser films, aggregation of particles prior to deposition leads to highly porous

films.

2.3 Electrochemical Techniques

The electrochemical evaluation can be carried out following two distinct ap-
proaches. Electrochemical measurements can be performed applying an input
perturbation which can be either time-depending or non time-depending. In the
former case, the electrical parameters are periodic waves while in the latter case
constant functions are employed to perform electrochemical measurements. Mea-
surements performed with variable input waves belong to the Alternate Current
(AC) methods while measurements involving non time-depending functions are

encompassed in Direct Current methods (DC).

2.3.1 Direct Current methods

When a corrosion process proceeds following an electrochemical mechanism, an-
odic and cathodic reactions are coupled with an electronic current across the
metal and an ionic current in the electrolyte [20, 21]. For the investigation of
electrochemical reactions, DC methods can be used and they are able to give in-
formation about the determination of corrosion rates, the evaluation of corrosion
mechanisms and the determination of critical potentials. By using DC methods,
potential or current values can be measured. The Open Circuit Potential (OCP)
of a corroding electrode is measured between this electrode and a stable reference
electrode. OCP measurement enables to obtain information about the determi-
nation of the activity/ passivity of metals and the evolution of electrochemical
systems in aggressive solutions while it is not able to quantify the rate of the
corrosion process. Otherwise, it is possible to estimate the value of the rate of
chemical consumption of metals by means of the measurements of the flow of elec-
tric current related to partial reactions (i.e Faraday’s Law). However, the direct
measurement of the corrosion current is difficult because the corroding electrode
surface consists of many short-circuited corrosion cells, with corresponding cur-
rents. For this reason, current measurements are carried out in the electrolyte
since the currents in the metal are equal to the current flowing in the electrolyte.

When the potential of a corroding metal surface is changed by applying an
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external source, the metal will be polarized. Polarized measurements can be
carried out near the corrosion potential or far away from the corrosion potential
(greater than 100mV).

Measurements for the determination of the polarization resistance, the po-
tentials and the currents of corrosion cells are included in the former. On the
other hand, measurements carried out far from corrosion potential are used for
the detection of total polarization curves in order to evaluate the electrochemical
behaviour, to identify the pitting potential and to evaluate the passivation and
the re-passivation potentials. Polarization measurements are therefore performed
by applying an input 0V or a dI signal with a scan rate depending on the kind of
measurements to perform. The output signal is measured and the data acquired
is displayed in a V-I diagram. The corrosion resistance R, is defined as the slope

of the current density- potential curve at the corrosion potential, as follows:

dE
Ry, = (%)E%Ecm (2.16)

where R, is inversely proportional to the corrosion rate. The anodic branch
of a polarization curve depicts the oxidation reactions occurring on the electrode
surface while reduction reactions are evaluated by the cathodic branch. In electro-
chemistry, anodic currents are defined as positive while the cathodic ones are

negative [48].

2.3.2 Alternating Current methods

AC electrochemical methods are developments of the DC techniques that have
been just discussed in 2.3.1. AC methods are time-depending because a peri-
odic input signal is applied during measurements. Electrochemical Impedance
Spectroscopy (EIS) is encompassed in this method group [22]. Electrochemical
Impedance Spectroscopy (EIS) and in general AC methods have seen a tremen-
dous increase in popularity in recent years. Initially applied to the determination
of the double-layer capacitance [23] and in AC polarography [24, 25, 26], they are
now applied to the characterization of electrode processes and complex interfaces.
EIS studies the system response to the application of a periodic small amplitude
AC signals. These measurements are carried out at different ac frequencies and,
thus, the name impedance spectroscopy was later adopted. Analysis of the sys-

tem response contains information about the interface, its structure and reactions
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taking place there. EIS is now described in the general books of electrochemistry,
specific books on EIS, and there are also numerous articles and reviews. It be-
came very popular in the research and applied chemistry. The Chemical Abstract
database shows 1,500 citations per year of the term impedance since 1993 and
1,200 in earlier years and 500 citations per year of electrochemical impedance.
The approach used for EIS measurements results from the approach used for DC
measurements. For example, the linear polarization technique (DC) is often car-
ried out by applying a slow potential sweep of low magnitude about the corrosion
potential and measuring the resulting net current. The net current is defined as
the net anodic current (I,e; = Iunodic — Leathodic) Which is considered positive. The
use of a slow sweep potential and a small amplitude of the input perturbation is
applied to guarantee the optimal conditions to perform electrochemical measure-
ments. For small applied over-potentials n (where ) = E,ppiiecd — Ecorr) the net
current is proportional to the over-potential, as follows:
Ul

et = — 2.17
R (217)

where R, is the polarization resistance. The 2, is the only component describ-
ing the behaviour of a corroding metal polarized by a DC input signal. Otherwise,
for alternating methods, corroding systems are described by one more component,
the capacitance Cy of the surface [22]. Therefore, by applying a periodic input
perturbation, a deeper and more useful electrochemical investigation can be per-
formed. In the case of electrochemical measurements, a sine wave perturbation

is generally used. Considering the input and the output signal as follows:

x(t) = Asin(wt) - INPUT SIGNAL

(2.18)
y(t) = Bsin(wt + ¢) - OUTPUT SIGNAL
considering the transfer function H(w) as follows:
H(w) = |H(w)|e™ = Output signal (2.19)

mnput signal
it is possible to define the impedance function imposing the current and the

potential perturbations as input signal and output signal, respectively:

v Jjé

Z(w) = |Z(w)|e’* = e (2.20)
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which can be written as:

Z(w) = Re{Z} + jIm{Z} (2.21)

Data acquired can be depicted by either Bode representation described by
equation 2.20 or Nyquist 2.21 representation showing the real and the imaginary
parts of the impedance function. An impedance measurement can be considered

valid when it obeys three fundamental conditions:

Linearity A system is linear when its response to a sum of individual input
signals is equal to the sum of the individual responses. This also implies that
the system is described by a system of linear differential equations. When an
electrochemical system is perturbed by an external power source, the charge
flowing and the mass transport phenomena occur. These are due to two
different aspects: the first is related to the electrochemical reactions which
allow the charge flowing between metal and solution. The second is related
instead to the electric and the chemical potential gradients which allow
the transport of chemical species between the solution and the interface
metal /solution. The laws governing the mass and the charge transport are
basically non linear. For example, the Tafel’s Law correlates the faradic

current and the potential as follows:

ip = ige FT AV (2.22)
which is non linear. However, it has been seen that the behaviour of non
linear systems can be explained by the sum of linear contributions. There-
fore, local analysis of non linear systems can be solved in the field of the
linear system theory. From an experimental point of view, the performing
of electrochemical measurements by applying a small input perturbation,
enables to maintain the analysis in the field of linear system theory. For
the linear systems the response is independent of the amplitude. It is easy
to verify the linearity of the system: if the obtained impedance is the same
when the amplitude of the applied ac signal is halved then the system is

linear.

Causality The response of the system must be entirely determined by the ap-
plied perturbation, that is the output depends only on the present and past
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input values. The causal system cannot predict what its future input will
be. Causal systems are also called physically realizable systems. If the sys-
tem is at rest and a perturbation is applied at t = 0, the response must be
zero for t < 0. In the complex plane the above criterion requires that, for
t<0,w=0.

Stability The stability of a system is determined by its response to inputs. A
stable system remains stable unless excited by an external source and it
should return to its original state once the perturbation is removed and the
system cannot supply power to the output without considering the input.
The system is stable if its response to the impulse excitation approaches
zero at long times or when every bounded input produces a bounded output.
The impedance measurements must also be stationary, that is the measured
impedance must not be time dependent. This condition may be easily
checked by repetitive recording of the impedance spectra; then the obtained

Bode or Nyquist plots should be identical.

Impedance measurements can be fitted using an electric circuit as a physical
model. Data elaboration allows to calculate values related to the electrochemical
system under study. Circuits can be composed of resistors, capacitors and other
components. Since an impedance spectrum can be fitted by an infinite number
of electric circuits, the chosen model must physically describe the electrochemical
system. Therefore, electrical components can be associated to the electrochemical
and chemical properties of corroding and coated electrodes. Electrical model are

usually composed by:

R, resistance of the electrolyte

R, charge transfer resistance related to the energy activation of chemical reac-
tions. Considering a generic metal oxidation reaction M — M"" + ne™,

such reaction has to be over an opportune energy level
R.oqt coating resistance due to the barrier provided by a protective layer

Cy double layer capacitance related to charge separation (ions and electrons) at

the interface between the metal and the electrolyte
Ceoat coating capacitance related to the insulating properties of a protective layer
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EIS fitted data enable to calculate the values of the electrical components and
they are useful to determine the electrochemical behaviour of a corroding system
as a function of immersion time. This can not be done with other techniques
like polarization curves being destructive analytical methods. For example, EIS
measurements are able to give information about R, ( which is equal to R,
although it does not consider the diffusion contribution but only the activation)
which is inversely proportional to the corrosion rate described by the equation
2.17. Figure 2.13 shows the Bode module, the Bode phase and the Nyquist
diagrams of the impedance spectrum of an electrical circuit consisting of a parallel
RC mesh connected in series with a resistor (Figure 2.13(a)). The circuit can be
used to fit the impedance data for the evaluation of the R, the Ry, and the
Cy values. The Bode module plot consists of a straight region where the angle
between the curve (the impedance spectrum is acquired point by point but in
this example a continuous curve is reported for explanation convenience) and the
X-axis is equal to 45 °. In that region, the behaviour can be approximated to
the behaviour of a pure capacitor. The impedance module of a pure capacitor is

described as follows:

1 1
|Zc| = — = log|Zc| = log (—) = log 1 — log(wC)
wC wC (2.23)

= log|Zc| = —log(w) — log(C)

The equation (2.23) explains the linear dependence between the log|Z| and
the perturbation frequency (which is directly proportional to w) in the middle

region of the impedance spectrum reported as example in Figure 2.13.

2.3.3 The Microcell Technique

Large scale electrochemical measurements are able to provide information about
the behaviour of regions in the centimeter-range. Therefore, OCP measurements,
polarization curves and EIS measurements can not be used to study the local be-
haviour of corroding electrodes. The micro-cell technique has been developed for
electrochemical studies in the scale ranging from micrometers to a few hundred
nanometers [27, 28, 29]. The technique is based on the reduction of the elec-
trochemical cell by using a glass micro-capillary. The working electrode is then

defined by the inner size of the glass micro-capillary. In order to avoid solution
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Figure 2.13: Example of Bode module, Bode phase and Nyquist diagrams

leakage at the interface between micro-capillary and the corroding electrode, the
tip of the glass micro-capillary is covered by the application of a silicon rubber
gasket. This expedient enables to configure the setup wetting only the region of
the metal substrate where the measurement has to be performed. Figure 2.14

shows the glass micro-capillary tip after grinding.

EHT =20.00kV Signal A= SE1 Date :20 Jan 2010
| wp=90 +m Mag= 236 KX Time :18:28:1

Figure 2.14: Glass micro-capillary with silicone sealant

By reducing the working electrode area, it is possible to investigate heteroge-
neous regions which can give different electrochemical responses. The size of the
region which is possible to investigate is determined by both the micro-capillary
size and the lower current resolution of the potentiostat [28]. In order to select
the region of interest where measurements have to be performed, the micro-

cell is mounted on the revolving nose-piece of an optical microscope. This set
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up enables to point the measurements towards the region desired and observ-
able by the optical microscope. The electrochemical behaviour of heterogeneous
micro-structures of several metal alloys can be therefore investigated by using the
micro-cell technique. The lateral resolution of this technique, which depends on
the micro-capillary size, determines the micro-structure size to investigate. For
example, by employing a glass micro-capillary with a 50 pm size, micro-structure
phases which can be studied without interference of other intermetallics, have
to be larger than the micro-capillary size. Otherwise, measurements carried out
on phases smaller than the micro-capillary size are affected by the surround-
ing regions wetted by the electrolytic solution. However, the local evaluation of
OCP rather than the anodic or cathodic behaviour can give information that the
macro-electrochemical instrumentation setup is not able to provide. The micro-
cell technique has been often used for the electrochemical investigation of the
behaviour of aluminum alloys. Interesting results were obtained studying alu-
minum alloys of the 2xxx series [30]. It was found that breakdown potential of
regions containing Al-Cu-Mg intermetallics is more negative than that of regions
containing Al-Cu-Fe-Mn intermetallics. Moreover, the breakdown potential of

the matrix is more positive than in any other region.
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Chapter 3

Materials and Experimental

Procedure

The production and the characterization of sol-gel coatings deposited by dipping
require several experimental steps. First of all, metal substrates have to be pre-
pared for the sol-gel deposition. Metal substrates are modified by the degreasing
and the pickling treatments in order to produce favourable surface conditions
for the following coating deposition. Sols were prepared starting from precur-
sors diluted in organic or inorganic solvents. The calculation of the precursor
amount to add is necessary to predict the sol rheology and the coating proper-
ties. The addition of functional chemical species to the precursor solution can be
done following a route that allows the control of hydrolysis and condensation re-
actions. Sol-gel coatings deposited on metal substrates have to be then analyzed
by means of surface characterization and by electrochemical techniques. In this
stage, by evaluating both the surface morphology and the corrosion properties of
the coatings, it is possible to modify the synthesis parameters and the deposition
procedure in order to find the optimal conditions for the production of sol-gel
defect-free coatings. Synthesis and deposition stages are important as well as the
characterization step, because feedbacks coming from the latter stage are neces-
sary for the improvement of the former stages which are tightly related to the
coating quality. In this chapter, a general discussion on materials, experimental
procedures and characterization techniques has been carried out. An example
of the sol-gel synthesis and a general information on the entire process are here
reported. An exhaustive description of the experimental procedure is reported at

the beginning of each one of the chapters in which results are discussed.
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3.1 Materials

In this work, aluminum alloys were employed as metal substrates for sol-gel de-
positions. Three different categories of aluminum alloys were employed during
the development of the project. AA2024 aluminum alloy was used for the op-
timization of zirconia based coatings while the AA6060 type was used for the
study of the inhibition effect provided by zirconia based sol-gel films containing
cerium nitrate. At a later stage of the research project, the coating deposition
was carried out with a robot-controlled air pressure gun in spraying cabins, in or-
der to evaluate industrial production of the ZrO, film. Three types of aluminum
demonstrators were industrially produced: AA6013 panel with AA6061 stringers
for aerospace industry application; AA7075 skin with holes for rivets in the air-
craft industry application and AA3105 sheets for coil-coating application in the
field of the domestic appliances industry. The alloys’ compositions are given in
Table 3.1.

AA2024 | AA3105 | AA6013 | AA6G060 | AA6061 | AAT075
Si 0.5 max | 0.6 max 1-1.5 0.3-0.6 0.4-0.8 0.4 max
Fe 0.5 max | 0.7 max | 0.5 max 0.1-0.3 0.7 max | 0.5 max
Cu 3.8-4.9 0.3 max | 0.2max | 0.1 max | 0.15-0.4 1.2-2
Mn 0.3-0.9 0.3-0.8 0.2 max | 0.1 max | 0.15 max | 0.3 max
Mg 1.2-1.8 0.2-0.8 0.2-0.5 0.35-0.6 0.8-1.2 2.1-2.9
Cr | 0.1 max | 0.2 max | 0.1 max | 0.05 max | 0.04-0.35 | 0.18-0.28
Zn || 0.25 max | 0.4 max | 0.2 max | 0.15 max | 0.25 max | 5.1-6.1
Ti || 0.15> max | 0.1 max | 0.15 max | 0.1 max | 0.15> max | 0.2 max
Al balance | balance | balance | balance | balance | balance

Table 3.1: Aluminum alloys chemical composition

3.2 Degreasing and Pickling Procedures

The surfaces of commercial metals and alloys vary as produced and fabricated.
The degree of scaling or amounts of oxide varies and and also the content of other
contaminants like oils and greases. Because of this situation, the cleaning of the

metal surface is usually required. The dirt and oils elimination is carried out by

40



an alkaline cleaning process while the removal of scaling oxides is obtained by a
pickling procedure. The surface preparation was performed according to a general
procedure employed for aluminum and its alloys. This procedure was carefully
fitted to every alloy category considered in the thesis. The alkaline cleaning bath
is basically composed by surface-active agents able to roughly clean the metal
substrates. The pickling procedure can be divided into two different steps: the
alkaline etching and the acid etching. The former bath is constituted by an
alkaline solution of a strong base like NaOH. The latter bath contains a diluted
acid which can be a mixture of different acids in which the phosphoric acid plays
an important role. The alkaline etching dissolves the aluminum oxide which
however re-precipitates on the alloy surfaces and it is re-solubilized by the acid
etching. The alkaline cleaning and the alkaline etch were carried out at 70 °C'
while the acid etch step was performed at 25 °C'. After every cleaning step, the
aluminum alloy samples were immersed in distilled water in order to avoid the
contamination of the baths. For example, in the usual procedure employed for
AA2024 aluminum alloy, the alkaline cleaning step was carried out for 15 minutes,
the alkaline etching for 2 minutes and the acid etching for 7 minutes. Since surface
preparation according to the that procedure strongly increased the roughness of
the alloy surface (holes and cavities), times of alkaline etching and acid etching
were then varied with respect to the standard. Alkaline etching times of 1 minute
and 3 minutes and acid etching times of 5 minutes and 10 minutes were then
selected. Several attempts were made to produce a less rough surface to make
the sol-gel deposition more easy to perform. The weaker surface preparations
were not able to completely remove the contaminant species on the surface and it
was decided to employ the standard procedure for the optimization of the sol-gel
deposition process. The morphology obtained after the surface preparation will

be shown and discussed in the chapter 4 and in the chapter 8.

3.3 Sol-gel Synthesis and Inhibitor aggregation

This section describes the general procedures employed for the synthesis of zir-
conia based sols. Soluble precursors in inorganic or organic solvents were used.
Zirconium butoxide (Zr(OBu"),) and zirconium propoxide (Zr(OPr™),) were
used as metal-organic precursors diluted in ethanol or butanol. Zirconyl nitrate

was used as salt precursor for the development of water-based systems. The
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present paragraph is focused on the sol preparation from metal-organic precur-
sors. In the following part, the description of the sol preparation relative to the
coating systems evaluated in chapter 8 is reported. These coatings are based
on a multi-layer structure which is composed of three different layers. However,
the discussion on the structure and the chemical composition of these systems
is treated in more detail in chapter 8. The first step for sol preparations is to
define the amount of precursors to add. Indeed, as discussed in the Introduction
(see chapter 2), the sol concentration controls the structure and the thickness
of sol-gel films. The synthesis considered as example, starts from the sol 0.1M
(Zr(OPr™)4). The precursor amount to add in 1 Liter of alcohol (ethanol), is
given by the following equation (3.1):

o mCI,SSZr(Oan)4
Molecular Weight z.opyn),

o
n mOZZr(OPr")4

(3.1)
= 0.1-327.548 = 32.7548 g (for liter)

Since the density of the compound containing the Zr(OPr™), precursor is
1.058K gL ™" (pprecursor compound), 1t 18 possible to calculate the volume of the pre-
cursor compound to add for the preparation of 0.1M sol. In this work, the amount

of the precursor compound was calculated as follows:

mCLSSZT(OPTn)4 — 327548 = 30959 mL (32)

VOlumeprecursor compound — 1
Pprecursor compound 058

However, the precursor compound is not pure and it is necessary to calculate
the exact volume containing 0.1M Zr(OPr™),. Since the precursor is diluted
70% in volume, the total amount of precursor compound to add is given by the

following equation (3.3):

" . VOlumeprecursor compound
precursor compound 0.7

= 442274 mL  (3.3)

Volume

which corresponds to the mass:

*
MasSprecursor compound = VOlumeprecursor compound” Pprecursor compound

(3.4)
= 44.274-1.058 = 46.79258 gL'
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As described in the Introduction (chapter 2), metal oxide gels need to be

stabilized by adding chelating ligands. In the synthesis carried out in this project,

[AcH]
[Zr]

proposed for the sol synthesis. After the evaluation of the sols stability, it was

acetic acid (AcH) was used for this purpose. Different molar ratios were

established that the [’?ch] molar ratio equal to 1, allows to produce stable sols.
[AcH]
—————— =1 = n’mols.yg = 0.1-n°mol z,.opn), = 0.1 mol 3.5
Zr(OPr, n°mol ocir n°mol zr(oprm), mo (3.5)

which corresponds to the mass:

massacy = n°molacy+ Molecular Weight 4cg = 0.1-60.048 = 6.0048 g (3.6)
corresponding to the acetic acid volume:

c 6.0048
Volumes.y = MaAssacH _ = 5.6649 mL (3.7)
PAcH 1.06

The hydrolysis of precursors needs to be promoted by adding distilled water.

In the case of metal oxide gels, hydrolysis reaction can occur without the addition
of water because the precursors can easily react with the atmospheric humidity.

However, the synthesis was initially carried out by adding the calculated water

amount considering a [?ZQS} molar ratio equal to 1.
[H20]
— 2  _—1 = n°mol =0.1 l 3.8
[Zr(OPrm),] " meto " (38)
which corresponds to the mass:
massmg,o = n°moly,o- Molecular Weighty,o =0.1-18 =18 g (3.9)

Sol syntheses are usually carried out under acid conditions. In our case, the sol
pH was reduced by adding nitric acid H NOs. To reduce the sol pH, 0.1M HNO;
acid solution was added . It was calculated that for 1 L of solution, a volume of
nitric acid equal to 6.3 mL had to be added. However, with this acidification it
was not possible to obtain stable solutions because the hydrolysis and the con-
densation reaction rates had increased too much. The sol viscosity became higher

than 8 mPa- s in a very limited length of time leading to rheological properties
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incompatible with the deposition of defect-free sol-gel coatings. For this reason,
the synthesis was carried out without the addition of nitric acid and in a following
step without the addition of distilled water. Therefore, the final precursor solu-
tion was consisting of Zr(OPr™), (eq. 3.3) and acetic acid (eq. 3.7) both diluted
in 1 L of ethanol. The synthesis procedure brought to the production of zirconia
based coatings, the structure of which should be composed by zirconium-oxygen
covalent bonds. Nevertheless, the strategy of the project was to develop sol-gel
systems able to provide self-healing ability. Since ZrO, films ca not provide self-
healing ability, the addition of chemical species able to offer an active protection
against corrosion was made. The inhibition action related to cerium compounds
(chapters 6 and 7) induced us to modify the sol synthesis in order to produce
zirconia sol-gel coatings containing cerium compounds as inhibitor species. The
new synthesis approach considered the addition of cerium nitrate directly into
the sol. The syntheses the solutions containing the precursor and the inhibitor
were carried out separately. In one vessel, the metal-organic precursor with the
chelating ligands were diluted in alcohol. The remaining amount of alcohol was
used for the dilution of the inhibitor compound and of distilled water. The two
solutions were stirred separately for 30 minutes. At the end of this first step, the
two solutions were mixed together and stirred for another hour to homogenize
precursor and inhibitor molecules. Therefore, the final solution was ready for
coatings deposition. Figure 3.1 shows the scheme of the synthesis procedure em-
ployed for the production of zirconia sols containing cerium nitrate as inhibitor

species.

EtOH

’ 30 minutes ‘
stirring
DEPOSIT Thermal
ION BY
EtOH DIPPING Treatment

5 min 250°C
(TT 1)

== | 1 hour stirring

Figure 3.1: Synthesis scheme for zirconia sol containing cerium nitrate

The amount of cerium nitrate added was calculated taking into account the
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initial concentration of the precursor. Inhibited solutions with three distinct
precursor/inhibitor molar ratios were produced. The solution with the lowest
cerium concentration was synthesized considering %’3 = %.
(Zr] _ [70]

G = T30] Was used for the production of the solution containing the high-

est amount of cerium while a third solution was produced with a molar ratio
Zr __ @

Ce — 20"
As an example, in this chapter, the calculus for the production of the inhibited

solution with % = % has been considered. The precursor concen-

tration corresponded to the same value used for the calculation of pure zirconia

A molar ratio equal

to

systems which is equal to 0.1M Zr(OPr™),. The amount of cerium nitrate can

be calculated by the equation 3.10, as follows:

30

w7 = 0.04285 mol (3.10)

o [0)
n°Molce(NOy)3-6H,0 = NMOl Zr(Oprn

which corresponds to the mass:

MASSCe(NOy)3-6H0 = 1 MOlCe(NO3)s-6H,0° Molecular Weightce(nos)s-6H.0
= (0.04285-434.202 = 18.6055 ¢
(3.11)

For inhibited systems, the amount of chelating ligands has to be calculated
proportionally to the sum of cerium nitrate and zirconium propoxide amounts.

This corresponds to:

[AcH]

m =2 = n"molacy = n°mol(z;4cey = 2+ (0.04285 4 0.1) = 0.2857 mol

(3.12)

which corresponds to the acid acetic mass:

mass ey = n°mol gerr- Molecular Weight sopp = 0.2857-60.048 = 17.1557 g(L™ 1)
(3.13)
The water amount for the synthesis can be calculated considering the same

ratio of equation 3.8, as follows:

[H0]

— 2 - =1 = n° [ = 0.14285 [ 3.14
Zr + Ce] "Moo me (3.14)
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which corresponds to the water mass:

massm,o = n°molm,o- Molecular Weightg,o = 0.14285-18 = 2.5713 g (3.15)

However, it is necessary to consider that cerium nitrate is hydrated 6 times
and for this reason the total water amount has to be re-calculated subtracting
the cerium-water amount. The water amount bonded to cerium nitrate is equal

to:

N°MOlH,0 cerium nitrate = 1°MOlCe(NOg)s-6H,0° 6 = 0.04285-6 = 0.2571 mol (3.16)

which corresponds to the water mass:

MASSH,0 cerium nitrate = T MOLH,0 cerium nitrate” Molecular Weightp,o = 0.2571-18 = 4.6278 ¢
(3.17)
The water amount related to cerium nitrate (equation 3.17) is higher than the
water amount calculated for hydrolysis reactions by equation 3.15. This means
that the water amount bonded to cerium nitrate molecules is higher than the wa-
ter amount necessary for the stoichiometric chemical reactions. For this reason,
the sol synthesis performed in this work, was consequently carried out without
the addition of the water amount calculated by equation 3.15 since conditions for
hydrolysis reactions are guaranteed by the cerium nitrate coordinate water.
The synthesis procedure was therefore followed by the evaluation of the sols vis-
cosity. A deeper investigation on viscosity measurements has been discussed in
chapter 8 while in the present section the evolution of stable and non stable sols
has been discussed. Viscosity measurements were performed by using a HAAKE,
model RS 50 RheoStress. Viscosity measurements were performed immediately
after the sol synthesis, every hour during the first day and every 24 hours for the

first week. Figure 3.2 shows viscosity measurements carried out on stable and

non stable systems. The solid curve corresponds to the sol with {gg = % and
[?ch] = 1 while the dash curve is related to a similar system with %g = 32 and
a different zirconium/acetic acid molar ratio, equal to [?ch} = 2. The former

system (not stable) evolves faster than the latter one (stable). This behaviour is

most probably due to the different amount of chelating ligands added to the two
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sols. In the case of the solution containing a higher amount of acetic acid, the
nucleophilic attack of the metal oxide precursor is rendered more difficult and the
hydrolysis reaction rate is reduced. Hence, for the stable system, a constant value
of viscosity was measured for the entire first week. Otherwise, the non stable sol
displays a rapid increase of the viscosity up to 9 mPa- s after one week. This
behaviour is probably due to an insufficient amount of acetic acid which is not

able to stabilize the strong reactivity of the precursor.

n/[mPas]

0 20 40 60 80 100 12
tiempo / [horas]

Figure 3.2: Sols viscosity as a function of immersion time

3.4 Coatings Characterization

The synthesis and the characterization of sols have been followed by the character-
ization of the sol-gel coatings structure. First of all, sol-gel coatings are thermally
treated for the improvement of the structure densification and the elimination of
the solvent (as explained in the Chapter 2). Since the temperature and time
treatments are dependent on both the sol synthesis and the metal substrate (like
other experimental parameters), in every chapter the information about the single
treated topic is reminded. However, it is important to underline that aluminum
alloys require low treatment temperatures because their microstructure is very
often susceptible to overaging. Therefore, zirconia sol-gel coatings studied in this
project were subjected to low thermal treatment temperatures which were not

able to produce a crystalline oxide structure. Amorphous systems were therefore
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obtained.

In order to evaluate the critical thickness of sol-gel coatings (i.e. corresponding
to the maximum thickness of sol-gel coatings deposited without defects), several
depositions were carried out by dipping with different withdraw rates on glass
substrates. The results (not reported here) allowed to identify the withdraw rate
of 22 ecm/min as good compromise between the quality of the coating and the
duration of the dip-coating process. Further depositions were carried out on S1Oq
substrates on which UV-visible spectra were recorded. Spectra were recorded in
a range between 190 nm and 1000 nm by using an UV-PerkinElmer, Lambda 950
UV/VIS Spectrometer.

3.4.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) is used to examine microscopic detail
of solid specimens that may have initially been viewed in a light microscope
but subsequently requiring SEM examination in order to provide information
not available from the light microscope. The image is produced by scanning
an extremely small focused beam of electrons (adjustable down to 1.5 nm in
diameter) across the surface of a specimen in an array of picture points (pixels).
High-energy electron bombardment of the specimen causes signals to be emitted
at each pixel. These are collected and their intensities are used to produce images
of the specimen by modulating the brightness of equivalent pixels on a monitor.
Initial viewing of the specimen uses the secondary electron emission signal to
provide an image very similar in shape to that seen in the light microscope.
Unlike the light optical microscope that displays images in true color, the SEM
presents intensity images where zero signal is displayed as black, intermediate

signals as shades of grey and maximum signal as white.

Resolution The resolution limit of any microscope is defined as the minimal
perceptible distance between two points and is partly dependent on the wave-
length of the source. The wavelength of electrons is considerably smaller than
that of light, hence the improvement in resolution. The better resolution of the
SEM enables surface detail not normally visible in the light microscope to be

viewed at high magnifications.
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Depth of field The SEM has a considerably better depth of field than a light
microscope (i.e. the ability to maintain sharp focus of detail as the specimen
surface height changes). This facilitates the examination of specimens that have

a very irregular topography.

Microanalysis The elemental composition of the specimen can be determined
from the X-ray spectra excited by high-energy electron bombardment of the spec-
imen. Each element has its own unique spectra that can be identified. Particles
as small as 1 micrometer can be analysed. Detection and quantification of the
spectra is achieved in one of two ways. An Energy Dispersive X-ray detector
System (EDXS) is the more popular as this detector can display all the elements
present in the specimen and enables their rapid identification. It enables the com-
position of the specimen to be determined to an overall accuracy of about 1% and
detection sensitivity down to 0.1% by weight. Where resolution and sensitivity
are of the utmost importance, particularly for elements of low atomic number, an
additional detector called a Wavelength Dispersive X-ray Spectrometer (WDXS)
would be required. This detector collects one discrete element at a time and hence
is relatively slow in identifying elements in a specimen of unknown composition.
However its detection sensitivity is in the order of 0.01 % by weight thus making
trace analysis possible. Also, because its resolution is approximately 10 times
better than that of an EDXS, it can clearly identify elements that are severely
overlapped in the EDXS spectrum.

The morphology of ZrO, sol-gel layers was investigated by means of a Carl Zeiss
Evo-40XVP Scanning Electron Microscope (SEM) with INCA Energy Dispersive
X-ray Spectroscopy (EDXS) microanalysis equipment for chemical analysis [9].

3.4.2 Glow Discharge Optical Emission Spectroscopy

GD-OES technique is widely employed for the characterization of samples with
low thickness, thin films, surfaces, interfaces and it can be also employed for bulk
analysis. This technique enables to obtain results with high accuracy and reliabil-
ity ranging from the first surface nanometers to a few micrometers in depth [1]. By
using GD-OES technique, it is possible to acquire chemical composition profiles
on both conductive and non conductive materials like metals, semi-conductors,

organic coatings, powders or glass and ceramic materials [2, 3, 4]. Studies carried
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out on oxide layers due to hot-working processes [1], anodized aluminum surfaces
[5], hot-dip galvanized steels [6], hardened steel surfaces [7] are some examples of
useful GD-OES investigations.

The working principle of GD-OES technique is based on two steps: the first is re-
lated to the photons emission provided by the material under investigation while
the second step is based on the analysis of the characteristic electromagnetic
waves associated to the emitted photons. The photons flow is generated by an
high energy polarized plasma which is carried towards the surface of the sample
to analyze. The plasma is generated in a low pressure chamber which is filled with
argon. The chamber is made of a copper pipe sealed at one tip by a rubber gasket
in contact with the sample. The other pipe tip is plugged by a M g, F' window . A
high potential difference is applied between the copper pipe and the sample. The
copper pipe acts as the anode while the sample is connected as the cathode. The
potential can be maintained constant (DC method) or can be modified by apply-
ing a high frequency variable signal (Radiofrequency method). The latter method
is usually used for non conductive materials [2]. The intense electric field applied
between the two electrodes (i.e. copper pipe and sample) promotes the formation
of an electrons flow from the cathode to the anode. The high energy electrons hit
argon molecules. From this impact, argon ions (Ar™) plasma are formed. Argon
cations are then attracted by the cathode (sample) and their impact on the surface
sample enables to remove materials atom by atom (M)[8]. The material erosion
is known as sputtering process. The collision between argon cations (Ar™) and
the sample surface produces the formation of secondary electrons which are at-
tracted by the copper pipe (anode). The secondary electrons flow collides with
argon atoms in the chamber producing new argon ions (Ar™) which allow the
plasma regeneration. On the other hand, far from the material surface, atoms
subtracted to the sample (sputtered atoms, M) collide with argon plasma. Due
to the (M — Ar™) collision, material atoms (M) are excited to a higher energy
level (M*) which is not as stable as the low energy level. When excited atoms
(M*) return to the original lower energy state (M), they lose the extra-energy
emitting electromagnetic waves with characteristic wavelength [2]. The photons
flow constitutes the optical signal which can be consequently analyzed by opti-
cal spectrometers. The optical spectrometers are built following the ROWLAND
CIRCLE architecture based on the reflection and the deflection of electromag-

netic waves dependent on their wavelengths. Characteristic angles are associated
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to every wavelength which are strictly correlated to each chemical element. All
the chemical elements can be detected by GD-OES technique, hydrogen and he-
lium included. The light intensity acquired by photomultipliers is converted into
a electric signal proportional to the element concentration. The electric signal
is amplified and digitalized for the software elaboration. GD-OES signals pro-
duce qualitative results which means that profiles are acquired as a function of
sputtering time. By elaborating the signal acquired is however possible to con-
vert qualitative results into quantitative results displaying the chemical element
concentration as a function of sputtering depth. This is possible by performing a
detailed calibration of each element detected. The calibration consists on the de-
termination of the calibration curve measuring the sputtering rate as a function
of sample composition. For each element, several samples with different chemical
composition have to be used for the determination of the calibration curve. The
conversion of qualitative profiles to quantitative profiles is allowed by using the
calibration curves of the detected elements. Since during GD-OES measurements
the sample region under analysis is defined by the gasket size, the area inves-
tigated by this technique is a macro-region (usually with a diameter equal to 4
mm). Therefore, GD-OES technique is not able to provide local information on
sample composition profiles. Measurements carried out during the development
of this thesis were performed with a RF-GDOES equipment supplied by Horiba

Jobin Yvon.

3.4.3 Macro-Electrochemical Characterization

As briefly discussed in section 2.3, it is possible to use DC or AC electrochemi-
cal technique for the evaluation of electrode corrosion behaviour. In this work,
electrochemical techniques were widely employed for different purposes. Electro-
chemical measurements were performed on sol-gel coated aluminum alloys and
the results have been reported in chapter 4, 5 and 8. Electrochemical techniques
were also employed for the evaluation of the inhibition effect on the corrosion
behaviour of bare aluminum alloys. In chapter 6, it has been discussed how
cerium nitrate affects the electrochemical behaviour of AA2024 aluminum alloy
in chloride solutions. Chapter 9 is focused on EIS experimental approaches for
the evaluation of the electrochemical behaviour of not stable systems.

Macro-electrochemical measurements were performed using an AUTOLAB/PG-
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STAT30 potentiostat/galvanostat. This equipment enables to apply a current or
a voltage input perturbation as detailedly described in chapter 9. The potentio-
stat/galvanostat is equipped with a FRA module (FrequencyResponse Analyzer)
for the electrochemical impedance spectroscopy measurements. A standard three
electrode setup was employed for macro-electrochemical tests where the working
electrode corresponded to the sample exposed area defined by the diameter size
of the electrochemical cell. The electrochemical cell was made of a PVC pipe
glued at one tip to the surface sample under investigation. The PVC pipe is
sealed by a silicon gasket which avoids solution leakage. All the electrochemical
measurements were performed by using a Faraday cage as electromagnetic fields
shield. In this project, working electrode with areas ranging from 3 cm? (for mea-
surements on sol-gel coated systems) to 15 cm? (for measurements carried out on
bare samples immersed in inhibited solutions) were employed. The counter elec-
trode was a platinum wire (diameter 1.5 mm) and the reference was an Ag/AgCl
electrode. The chemical conditions inside the electrochemical cells can reproduce
the environment where metals will be employed or they can be less aggressive
in order to study the evolution of corrosion mechanisms. The former conditions
are obtained using aggressive species with the same concentration found in the
environment (i.e for marine studies aqueous solutions containing 3.5% NaCl are
usually used since this concentration corresponds to that of water sea) while the
latter ones are reached reducing the concentration of aggressive species down to
a level which enables to promote a less intense corrosion attack. In this thesis,
electrochemical measurements were performed in 0.05M NaCl or in diluted Har-
rison solution (containing 0.05%(wt) NaCl and 0.35%(wt) (N Hy)250,). Both
solution pHs is around 5.5. Measurements shown in chapter 6 were performed
in sodium chloride solution containing cerium nitrate as inhibitor. In the exper-
imental section of that chapter are described in more detail the procedures and
the composition of the electrolytic solutions employed.

OCP potential measurements were performed in order to study the stability of
the working electrode. This type of measurement was carried out for different
lengths of time ranging from minutes to a couple of days. Potentiodynamic
polarization curves were performed in order to obtain more information about
corrosion behaviour. Polarization curves were acquired with a scan rate of 0.2
mV-s~! starting near the OCP previously measured.

Electrochemical impedance spectroscopy measurements were performed under
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voltage and current control. The experimental procedure employed for the cur-
rent control approach is described in chapter 9. Impedance measurements carried
out under voltage control, were performed at open circuit potential with ac volt-
age amplitude of 10 mV and frequency range from 10 mHz to 100 kHz (10 points

were measured for each decade of frequency).

3.4.4 Micro-Electrochemical Characterization

Micro-electrochemical investigation were performed for the evaluation of the cerium
inhibition on the aluminum alloys corrosion behaviour. As explained in chapter
2, by reducing the working electrode area, it is possible to obtain information on
the local electrochemical behaviour of metals. In the micro-cell technique, the
reduction of the working electrode area is obtained by using micro-glass capil-
laries. Hence, the working electrode area exposed to the electrolyte is defined
by the mouth of the capillary used (see Figure 2.14). The preparation of glass
capillaries consists of three stages: pulling of the capillary, grinding and sealing
of the pulled tip. The micro-capillary is pulled using a pipette puller in order
to reduce its inner diameter. After this stage, the inner capillary diameter is a
few hundreds nanometers. The capillary tip is then ground by using grinding
paper up to P2000. This stage enables to control the inner diameter of the glass
capillary. In the following stage, the capillary tip is covered by a silicon gasket by
dipping in a silicon rubber sealant. To measure the internal capillary diameter, it
is possible to observe it by means of scanning electron microscopy. The micro-cell
measurements shown in chapter 7 were performed by using a glass capillary with
50 pm internal diameter. Since this is significantly higher than the AA2024 inter-
metallics size, the characterization with the micro-cell technique was performed
on regions consisting of intermetallics and a fraction of matrix.

The standard three electrode setup was used as shown in Figure 3.3. The work-
ing electrode was defined by the micro-capillary size (50 pum diameter). The
counter electrode was a platinum wire positioned inside the micro-cell. As refer-
ence, a stable Ag/AgCl electrode was used. The reference was connected to the
micro-cell through a small pipe link which enables to refresh the electrolyte in the
capillary after every measurement. All electrodes were connected to a modified
potentiostat/galvanostat able to measure currents in the range of fA.

Micro-cell measurements were carried out in 0.05M. Open circuit potential
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Figure 3.3: Micro-cell setup

measurements were carried out for 5 minutes followed by potentiodynamic po-
larization curves with a scan rate of 1 mV-s~!. Polarization curves started near
the OCP previously measured. Micro-cell measurements were performed on bare

AA2024 and on the same surface modified by the interaction with cerium species.
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Chapter 4

Zirconium Oxide from

Metal-Organic Precursors

Thin ZrO, films applied with the sol-gel technique are a possible replacement
of chromium based pre-treatments on aluminium alloys. These pre-treatments
should promote coating adhesion and provide good barrier properties. Moreover,
they should improve long term corrosion protection and possibly introduce self-
healing ability. Thin ZrO; pre-treatments (100-200 nm) were applied by sol-gel
technology on AA2024. ZrO, films from metal-organic precursors were initially
deposited changing the dip number, the withdraw rate and the concentration
of the precursor. The pre-treatments were subsequently produced from solution

doped with 2-mercaptobenzothiazole and cerium nitrate.
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4.1 Introduction

Aluminium alloys for aerospace applications are protected with a paint system
consisting of conversion layers, primers and top coats. Cr-based pre-treatments
are extensively employed as conversion coatings because they provide very good
adhesion for primers and top coats associated with good barrier properties [1].
Moreover, chromate conversion coatings exhibit self-healing ability [1]. However,
hexavalent chromium-containing compounds are regarded as toxic and not envi-
ronmental friendly [1, 2, 3, 4]. Therefore, use of chromate conversion coatings
is restricted and alternative pre-treatments should be employed for aluminium
alloys. Coatings obtained with sol-gel technique are a possible replacement
for chromate conversion coatings. This technique enables deposition of mixed
metal oxides and metal oxide-organic composites on different metal substrates
[1, 4, 5, 6, 7]. The thickness of coatings deposited with sol gel technology is
generally in the micrometer range (1-20 pum). Corrosion protection of different
types of sol-gel coatings have been extensively investigated in the past [1]. Oxide
layers deposited by dip-coating and spin-coating from sol-gel systems improve
the corrosion resistance of aluminium alloys [1, 8]. Silane based sol-gel coatings
are reported to improve resistance of aluminium to general and localized corro-
sion [9, 10]. Moreover, mixed SiOy and ZrO, oxide layers deposited on AA2024
with sol-gel technique increased resistance to localized attack [11]. It was shown
that Zr-based sol-gel coatings can be used as barrier layers in paint systems for
AA2024 [12]. The sol-gel technology presents the possibility to introduce corro-
sion inhibitors in the oxide layer. Cr-free organic and inorganic inhibitors have
been incorporated in different sol-gel coatings in order to improve corrosion resis-
tance and provide self-healing ability. Triazole and thiazole compounds have been
investigated by several authors [13, 14, 15]. Triazole compounds promote strong
cathodic inhibition because they tend to be adsorbed on Cu-rich cathodic phases
[13]. Moreover, they might also affect anodic processes on the alloy surface [15].
This behaviour is explained by the ability of triazole and thiazole compounds
to rapidly form a protective film on the alloy surface. The introduction of ac-
tive nanoparticles like ZrO, in sol-gel coatings is another interesting approach
in order to improve corrosion resistance of AA2024 [16]. Ce-based conversion
coatings exhibited promising self-healing ability in different studies [17]. Despite

self-healing ability of Ce-based pre-treatments was not as good as for chromate
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conversion coatings, inorganic Ce compounds like cerium nitrate might be con-
sidered for application as corrosion inhibitors in sol-gel systems. Introduction of
cerium nitrate in ZrO; based sol-gel coatings might be difficult because it might
affect reactions involved in the deposition of the sol-gel coating [18]. This might
affect barrier properties of sol-gel layers doped with cerium nitrate [16]. Never-
theless, cerium nitrate was shown to have a positive effect on long term corrosion
resistance of Si-based sol-gel coatings [16]. In the case of ZrOs-based sol-gel
coatings, it has not still been possible to determine a clear inhibition effect due
to incorporation of cerium nitrate [18, 19]. The development of nonchromated
coating systems for aerospace application has been previously targeted with the
attempt to replace chromate conversion coating with a thin sol-gel layer (typ-
ically 50-200 nm) [20]. This approach is new because sol-gel coating systems
are usually thick (in the micrometer range) and are generally regarded as com-
plete coating systems. The superior adhesion behaviour of thin Zr and Si-based
sol-gel films relative to chromate conversion coatings is the main advantage of
developing thin coatings. Barrier properties and long term corrosion resistance
need to be further improved in order to substitute chromate conversion coatings
with thin sol-gel films. Moreover, introduction of inhibitors in thin sol-gel films
is still a critical aspect [20]. In previous work, our research group followed the
strategy of developing thin sol-gel coatings for different aluminium alloys [21, 22].
Thin ZrOy amorphous films (100-200 nm) were deposited on AA1050 with dip-
coating technique [21]. These coatings promote adhesion of organic coatings to
the ZrQO, pre-treatment. Moreover, the electrochemical behaviour of AA1050
coated with ZrQO, films is strongly dependent on deposition parameters, which
affect film quality. ZrOs pre-treated AA6060 exhibits barrier properties similar
to chromate conversion coated AA6060 when a continuous layer was deposited
on the surface through successive dipping steps in the sol-gel solution [22]. The
ZrQOy pre-treatments on AA6060 do not exhibit self-healing ability as chromate
conversion coated AA6060. However, a limited recovery of the barrier properties
was observed for ZrO2 pre-treatments with a small number of defects. This was
attributed to the formation of corrosion products that might plug the defects
in the layer. The work presented in this chapter deals with the deposition of
thin (100-200 nm) ZrO, sol-gel pre-treatments on AA2024 and the evaluation
of their barrier properties. Due to the limited thickness of the layers deposited

in our work (70-180 nm), it is very important to evaluate the ability of ZrO
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sol-gel pre-treatments to provide a good barrier against corrosion. Moreover, in-
troduction of corrosion inhibitors (2-mercaptobenzothiazole and cerium nitrate)

is targeted in order to improve corrosion resistance.

4.2 Experimental Procedure

The substrate for the deposition of ZrOs films was AA2024 aluminium alloy. The
alloy composition is given in Table 3.1. Prior deposition of sol-gel layers, the sam-
ple surface underwent surface preparation consisting of alkaline cleaning, alkaline
etching and acid etching. The sol-gel solution was 0.1M and 0.6M Zr(OBu™)4
in anhydrous n-butanol. The deposition of the film was performed by dipping
sol-gel technique. The samples were withdrawn with a controlled rate of 1 mm/s.
The dipping step was repeated 2, 3 or 4 times in order to deposit overlapping lay-
ers on AA2024 samples. After each dip in the sol-gel solution, the samples were
subjected to thermal treatment. The thermal treatment was performed at 120 °
C for 4 min. Thermal treatment was followed by drying at room temperature.
Two corrosion inhibitors were selected for doping ZrO, pre-treatments deposited
with sol-gel technology: 2-mercaptobenzothiazole and cerium nitrate. The in-
troduction of inhibitors in sol-gel pre-treatments was carried out following two
approaches. In the first approach, the inhibitor was added to the sol-gel solution
leading to the formation of a sol-gel film doped with the inhibitor. In the second,
the inhibitors were added with a final dip in a solution containing the inhibitor
on a multilayer structure consisting of a first layer of ZrO, obtained with 0.1M
sol-gel solution and a second layer deposited with 0.6M solution. The inhibitors
were alternatively applied by spraying for the second approach. The morphology
of ZrO, sol-gel layers was investigated by means of scanning electron micro-
scope (SEM) equipped with energy dispersive X-ray spectroscopy (EDXS). Glow
discharge Optical Emission Spectroscopy (GDOES) depth profiles were recorded
with a Jobin Yvon GD profiler. Quantitative profiles were obtained with a calibra-
tion procedure using certified reference materials. The electrochemical behaviour
of samples coated with ZrO; was investigated by means of potentiodynamic po-
larization measurements and Electrochemical Impedance Spectroscopy (EIS) in
0.05M NaCl solution. Potentiodynamic polarization measurements were recorded
using a Pt counter electrode and Ag/AgCl reference electrode. The area of the

working electrode was 3.6 cm?. The scan rate was 0.2 mV s~!. Impedance mea-
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surements were carried out at open circuit potential with AC voltage amplitude
of 10 mV and frequency range from 10 mHz to 100 kHz. The measurements were
performed using an AUTOLAB PG-STAT 12 potentiostat equipped with a Fre-
quency Response Analyser module. In order to compare the barrier properties of
samples coated with ZrQ,, potentiodynamic polarization scans and impedance

measurements were performed on chromate conversion coated AA2024.

4.3 Results and discussion

Figure 4.1(a) shows a SEM micrograph of the surface of as received AA2024.
The rolling direction is clearly visible in the micrograph. Moreover, second phase
particles appearing darker than the matrix can be seen in the same micrograph.
These particles are Al-Cu-Fe-Mn- or Al-Cu-Mg intermetallics, which are typical
constituent particles of AA2024 [23]. It is also possible that a number of dark
spots are associated to holes generated by removal of intermetallics during hot and
cold-rolling of the alloy. Before deposition of sol-gel film, the samples underwent
surface preparation consisting of alkaline degreasing, alkaline etch and acid etch.
The aim of surface preparation is to remove the intermetallics and the defected
oxide layer resulting from cold-rolling. Figure 4.1(b) shows the surface of AA2024
after surface preparation. Alkaline etch leads to the formation of rather large
cavities on the alloy surface. This is probably related to non uniform attack due
to the inhomogeneous microstructure of AA2024 alloy. Moreover, it is likely that
cavities are generated by removal of intermetallics during alkaline etch.

Figure 4.2(a) is a SEM micrograph of AA2024 coated with a ZrO, film de-
posited with sol-gel technique (4 layers). The ZrO, film could not be clearly
distinguished in the micrograph since the deposited layer is thin (in the range
of 100-200 nm). However, the SEM micrograph at higher magnification in Fig-
ure 4.2(b) reveals the existence of a ZrO, film, which appears uniform and well
adherent on the substrate. Alkaline etch leads to the formation of rather large
cavities on the alloy surface, which are still visible after deposition of ZrO, film.
It is important to point out that cavities on the surface are covered by the film.
Another important aspect is that film deposition is not affected by the existence
of second phase particles like intermetallics in the alloy microstructure.This is
further confirmed by TEM observation of cross-sections of samples coated with

a ZrQOs film. In contrast, these particles have a negative effect on deposition of
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Figure 4.1: SEM micrographs of as received AA2024 (A) and of alloy surface after

surface preparation (B)

conversion layers on aluminium alloys due to their cathodic or anodic behaviour
relative to aluminium matrix [13]. This indicates that AA2024 is uniformly cov-

ered by deposition of a ZrO, film with sol-gel technique.

EHT =20.00 kv Signal A = SE1 ZEISS| EHT =10.00 kv Signal A = SE1
WD = 9.0mm Mag= 3.00KX — WD = 6.5mm Mag= 10.00 K X

Figure 4.2: SEM micrographs of AA2024 samples pre-treated with ZrO2 layers de-
posited with sol-gel technique

Figure 4.3 displays a semi-quantitative GDOES composition profile for a sam-
ple coated with 2 layers of ZrO, deposited with sol-gel technique. The Zr and
O signals reveal the existence of a layer of ZrO, on the substrate. The interface
between sol-gel film and aluminium substrate is associated to decrease of Zr and
O signals and to increase of Al signal. This is located at about 150 nm indi-

cating that sol-gel technique can be employed for deposition of thin ZrO, layers
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on AA2024. This result is in line with SEM micrographs reported in Figure 4.2.
Moreover, the transition of Al, Zr and O across the interface is rather broad.
This is probably related to surface roughness of coated samples (Figure 4.2(a)
and (b), which might affect GDOES measurements. Moreover, the GDOES pro-
file in Figure 4.3 exhibits a C signal that is relatively high in the ZrO, film and
progressively decreases approaching the substrate. The existence of a C signal in
the sol-gel layer indicates that a fraction of metal-organic precursor remains in
the film. In addition, a C contamination is also possible on the sample surface.
This is possibly related to thermal treatment of the layer, which is carried out at
a rather low temperature and for a short time in order to avoid degradation of

mechanical properties of the alloy.
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Figure 4.3: GDOES semi-quantitative composition profile for ZrO2 pre-treatment on
AA2024

ZrQOs films become thicker increasing the number of dips in the sol-gel solution
reaching more than 200 nm after 4 dips in sol-gel solution. However, GDOES
semi-quantitative profiles reveal that the increase of the film thickness is limited
for depositions successive to the first one. The thickness of these sol-gel ZrO,
films is in the same range as that of conventional chromate conversion coatings on

AA2024, which generally are in the range of 100-300 nm. From this point of view,

63



these sol-gel layers might be an option for replacement of Cr-based conversion
coatings, as also indicated by our previous works [21, 22]. Figure 4.4 exhibits
typical defects that might be observed in thin ZrQO, pre-treatments deposited with
sol-gel technique. Figure 4.4(a) exhibits a rather deep hole in the sample. This
layer discontinuity might expose the substrate and could be a problem concerning
barrier properties of the film. It is likely that the hole was created during surface
preparation and that it could not be covered in the following deposition of ZrO,
film. Indeed, rather deep holes might be formed on the alloy surface during
surface preparation due localized attack at locations of intermteallics in AA2024.
This evidences that surface preparation of the substrate is a very important step
in order to reduce the number of defects in the ZrO, layer and to obtain a well
adherent film. It has been found that a relatively short alkaline etching step (2
min) can improve the quality of sol-gel films deposited on AA2024 but it was not
able to completely remove dirt and greases from the entire surface.

Another fact was that the sol-gel solution could not penetrate inside smaller
cavities leading to a defected film structure at these locations. Figure 4.4(b)
reveals the existence of cracks in the ZrOy film. These cracks tend to be located
at the bottom of relatively large cavities because a thicker film is formed in the
cavities than outside, as confirmed by EDXS maps. Indeed, there is a larger
amount of sol-gel solution at the bottom of large cavities than in the surrounding
regions when samples are located in horizontal position in the oven for the thermal
treatment of sol-gel layer. In general, it is observed that rather thick ZrO, films
have a stronger tendency to form cracks than thin layers. Therefore, it is expected
that crack formation is more probable inside cavities than on flat portions of the
surface. Carrying out thermal treatment with AA2024 sheets placed vertically in
the oven strongly reduces crack formation in the ZrQO, layers.

Surface preparation prior film deposition with sol-gel technique is very im-
portant in order to obtain a uniform ZrQO, layer on the substrate. The proce-
dure for surface preparation of the substrate needed to be optimized in order
to reduce the number of defects in the sol-gel layer. Indeed, film defects might
impair barrier properties leading to poor corrosion resistance. However, it has
to be pointed out that we tried to deposit thin layers in order to produce a pre-
treatment for replacement of chromate conversion coatings. Thus, the ZrOs layer
will be painted with a coating that will contribute to provide a barrier against

corrosion. Therefore, paint adhesion to deposited film is another very important
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Figure 4.4: SEM micrographs showing typical defects on AA2024 samples pre-treated
with ZrO2 layers deposited with sol-gel technique

aspect to be investigated. Although this aspect is not considered in this chapter
but will be considered in Chapter 10, ZrO, films revealed very good paint adhe-
sion on AA6060 [22] and AA2024. In order to assess barrier properties of ZrO,
pre-treatments, potentiodynamic polarization scans were initially carried out for
ZrOs layers on AA2024. Figure 4.5 displays potentiodynamic polarization curves
carried out in 0.05 M NaCl solution on AA2024 coated with 2 and 4 layers of

7ZrO2 and on bare substrate.

The coated samples evidence a marked reduction of the cathodic and anodic
current density with respect to bare substrate. This can be explained with re-
duction of area available for cathodic and anodic reactions due to the ZrQO, film.
Extrapolation of corrosion current density from Tafel slopes gives 1- uA cm =2 for
AA2024 coated with 2 layers of ZrO, and 0.2- uA em™2 for pre-treatment with
4 layers. In contrast, the corrosion current density is 10- uA em~=2 for the bare
substrate. The strong reduction of corrosion current density of coated samples
with respect to bare AA2024 indicates that deposition of ZrO, pre-treatment
with sol-gel technique leads to a marked improvement of the corrosion resistance
of AA2024. This is due to the barrier effect of the deposited film. This is evident
from the value of anodic current density at -500 mV vs. Ag/AgCl (immedi-
ately after the corrosion potential), which is three orders of magnitude lower
for pre-treatment with 4 layers of ZrO, (0.55- uA cm™?2) than for bare substrate
(550 Aem™2). The very low anodic current density for the pre-treated sample

is an indication of strong reduction of aluminium corrosion due to ZrQO, film.
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Figure 4.5: Potentiodynamic polarization curves in 0.05M NaCl solution for AA2024
samples pre-treated with ZrO2 layers deposited with sol-gel technique

Nevertheless, the potentiodynamic polarization curve for a sample coated with 4
layers of Zr(Oy does not exhibit a clear passive behaviour in the anodic branch.
This behaviour might be related to a small number of defects that might be
present in the ZrO, layer (Figure 4.4). Film defects might be preferential sites
for localized attack. This is confirmed by the SEM micrograph reported in Figure
4.6 showing the surface of coated AA2024 after potentiodynamic polarization in
0.05 M NaCl. The micrograph exhibits a relatively large pit with a size of about
100 pm, while the surrounding area appears not attacked. In addition, the ZrQO,
film displays good adhesion to the substrate after potentiodynamic polarization.
The corrosion attack most likely initiates at discontinuities similar to those re-
ported in Figure 4.4. Moreover, the attack is localized at the locations of film

defects leading to pitting of the surface.

Since defects in the ZrO, film deposited with sol-gel technique have a nega-
tive effect on the electrochemical behaviour, introduction of corrosion inhibitors
in the pre-treatment was considered in order to improve corrosion resistance. In

the current chapter, results on inhibited coatings have been discussed. How-
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Figure 4.6: SEM micrograph of an AA2024 sample coated with ZrO2 deposited with

sol-gel technique after potentiodynamic polarization in 0.05M NaCl solution

ever, in Chapter 8, a deeper evaluation on the inhibition effect of cerium nitrate
directly added to the starting sol will be treated. In that case, the cerium ni-
trate salt was used as inhibitor species in multi-layer sol-gel coatings. Figure
4.7(a) shows a SEM micrograph of the surface of AA2024 coated with ZrO, pre-
treatment doped with 2-mercaptobenzothiazole. The inhibitor was introduced in
the sol-gel solution before deposition by dipping of the ZrO; layer. The sam-
ple in Figure 4.7(a) is coated with 2 layers of ZrO, doped with inhibitor. The
film morphology is very similar to that shown by undoped ZrO, pre-treatment
(Figure 4.2(a)). The alloy surface appears uniformly coated revealing cavities
produced during pickling. As already considered above, these film defects might
be related to the alloy morphology obtained after surface preparation. However,
film discontinuities might be also generated by inhibitor addition in the sol-gel
bath leading to a viscosity increase. This renders film cracking more probable
relative to thin films obtained from a precursor solution with low viscosity. The
SEM micrograph in Figure 4.7(b) exhibits the surface of a ZrOy pre-treatment
consisting of two overlapping ZrOs-based layers. The first layer is obtained with

0.1M precursor concentration in the sol-gel solution, as for the sample in Figure
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4.7(a). The second is produced by dipping in 0.6 M sol-gel solution. The in-
hibitor is added to this multilayer system by a final dip in a solution containing
2-mercaptobenzothiazole or by spraying the same solution on the pre-treatment.
In addition, samples doped with cerium nitrate were also produced with the same
approach. The morphology of pre-treatments doped with cerium nitrate is similar
to that shown in Figure 4.7(b). Otherwise, it can be recognized that the second
layer of the pre-treatment (0.6M precursor concentration) is discontinuous and
porous. It can be expected that the first layer is similar to that visible in Figure
4.2(a) since it is obtained according to the same procedure. The first layer should
provide a barrier for corrosion protection, while the second layer should enhance

adhesion of top coat and provide a microstructure that favours inhibitor storage
in the ZrO, film.

EHT = 2000 kV Signal A= SE1
WD = 85mm Mag= 5.00KX

“ A,

=20
WD =100 mm Mag= 3.00KX

Figure 4.7: SEM micrographs of AA2024 coated with ZrO2 layers doped with 2-
mercaptobenzothiazole: inhibitor introduced in the sol-gel solution before deposition
with sol gel technique (A) and multilayer pre-treatment structured with a first ZrO2
layer obtained with 0.1M precursor concentration, a second layer deposited with 0.6 M

concentration and final addition of inhibitor (B)

Figure 4.8 shows a GDOES semi-quantitative composition profile for a sam-
ple pre-treated with ZrO, film doped with 2-mercaptobenzothiazole. The pre-
treatment consists of two overlapping layers of ZrO, containing inhibitor, as for
the sample shown in Figure 4.7(a). It was not possible to carry out GDOES
profiles on the multilayer pre-treatment shown in Figure 4.7(b) because surface
roughness did not enable uniform sputtering disturbing signal acquisition. The

semi-quantitave composition profile in Figure 4.8 shows similar trend for Zr, O
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and Al signals to the profile for undoped pre-treatment. Film thickness is in the
same range (150-200 nm) for doped and undoped pre-treatments. In general, the
thickness of multilayer pre-treatment as in Figure 4.7(b) is slightly thicker than
for the film in Figure 4.7(a). The S signal evidences a surface enrichment and
a rather uniform concentration in the ZrO; layer. This signal can be related
to incorporation of 2-mercaptobenzothiazole in the pre-treatment. This is sup-
ported by the observation that the S signal is below detection limits for undoped
pre-treatments (Figure 4.3).

R

Figure 4.8: GDOES semi-quantitative composition profile for ZrO2 pre-treatment

containing 2-mercaptobenzothiazole

Figure 4.9 reports potentiodynamic polarization curves for AA2024 coated
with ZrO, films containing 2-mercaptobenzothiazole. The inhibitor was added
to the system by spraying the inhibitor solution on the ZrQO, films deposited by
the procedure described for the system shown in Figure 4.7(b). In addition, the
figure displays the potentiodynamic polarization curve for an undoped ZrQO, pre-
treatment (2 layer) and for the bare AA2024 substrate. The curve for the ZrO;
pre-treatment doped with 2-mercaptobenzothiazole (applied by spraying) evi-
dences a passive range (about 200 mV) and breakdown at -370 mV vs Ag/AgCL.

Moreover, it displays a marked reduction of cathodic and anodic current density
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with respect to the undoped pre-treatment and bare AA2024. The corrosion cur-
rent density is 0.02 pA ¢m™2 for the doped system. This is about two orders
of magnitude lower than the corrosion current density shown by undoped ZrO,
pre-treatment and about three orders of magnitude lower than that for bare sub-
strate. The existence of a passive range associated to low anodic current density
might be related to the deposition of a homogeneous barrier film (the inner layer,
deposited with 0.1M precursor concentration). It is likely that this barrier layer
is defect-free, in accordance with the low corrosion current density detected for
this sample. The low cathodic current density for the same protection system is
probably related to addition of 2-mercaptobenzothiazole, which is known to be
an efficient inhibitor of cathodic reactions. The combination of an efficient bar-
rier layer and inhibition due to 2-mercaptobenzothiazole leads to good corrosion
protection of the substrate during potentiodynamic polarization. Results shown
in Figure 4.9 indicate that discontinuities in the ZrQOs pre-treatments deposited
with sol-gel technique are a critical factor concerning corrosion protection. More-
over, this has a negative effect on reproducibility of potentiodynamic polarization
curves. This is consistent with morphology observed for ZrO, films. The electro-
chemical behaviour of pre-treatments obtained with direct addition of inhibitor in
sol-gel solution (morphology shown in Figure 4.7(a)) is similar or even worse than
that for the undoped system. It is likely that addition of 2-mercaptobenzothiazole
in the sol-gel solution negatively affects hydrolysis and condensation reactions in-
volved with deposition of the sol-gel layer affecting film continuity. This might
be reflected by the electrochemical behaviour.

Figure 4.10 shows the potentiodynamic polarization curve for ZrO, pre-treatment
doped with cerium nitrate by spraying with the same procedure employed for the
production of the inhibited coating shown in Figure 4.7(b). The figure reports
the curves for pre-treatment without inhibitor and bare substrate. As reported
above, cerium doped sol-gel systems will be further treated in the chapter 8 with
a different sol synthesis approach. In that chapter, the cerium nitrate has been
directly added to the starting solution where multi-layered sol-gel structures were
produced alternating inhibited layers with non inhibited layers. In the current
chapter cerium nitrate was instead used as inhibitor applied directly on the dried
sol-gel film. By using this procedure, the cathodic and anodic current densities
(Figure 4.10) are similar for pre-treatment with and without inhibitor. The same

behaviour is observed for the corrosion current density. Moreover, there is a
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Figure 4.9: Potentiodynamic polarization curves in 0.05M NaCl solution for AA2024
samples pre-treated with ZrOz2 layers deposited with sol-gel technique with and without

2-mercapotobenzothiazole

shift of the corrosion potential in the anodic direction for the pre-treatment with
inhibitor suggesting a higher resistance with respect to passivity breakdown.
Electrochemical impedance measurements were carried out on ZrQO, pre-
treatments in order to evaluate corrosion protection for long immersion times
in 0.05M NaCl solution. Figure 4.11 displays the modulus of electrochemical
impedance at 0.01 Hz versus immersion time for ZrO, pre-treatment on AA2024
(2 layers and 4 layers). In addition, this figure shows the impedance modulus for
a reference chromate conversion coating and for bare substrate. The impedance
modulus measured at 0.01 Hz immediately after immersion in the electrolyte (0
h) is in the range of 10°Q - cm? for the sample coated with 4 layers of ZrO, and
3.7-10° Qcm? for that with 2 layers. It is 4.4- 10% Qem? for chromate conversion
coated AA2024 and 4.6- 10* Qem? for bare AA2024. Samples coated with ZrO,
film exhibit a decrease of impedance modulus during the first 8 h in solution. In
contrast, the impedance modulus of chromate conversion coated alloy progres-
sively increases during the measurement. The impedance modulus is in the same

range for the sample coated with ZrO, (4 layers) and chromate conversion coated

71



.02
ZrOo film

+ cerium nitrate

03 . (spraying) \

04

-05 4

4 _‘—.-'-
06 - 7\ \\ bare AA2024

| 210, film
-0.7 4

10° 108 107 106 105 0+ 103 102

i/Acm?

E /V vs Ag/AgCI

Figure 4.10: Potentiodynamic polarization curves in 0.05M NaCl solution for A A2024
samples pre-treated with ZrOz2 layers deposited with sol-gel technique with and without

cerium nitrate

sample in the time interval between 24 h and 72 h. The impedance modulus is
2.9-10° Qem? for chromate conversion coated AA2024 after 192 h in solution,
while it is about one order of magnitude lower for samples coated with ZrQO,.
The trend of impedance modulus as a function of immersion time evidences that
barrier properties of ZrOy film are higher than those of chromate conversion
coating for relatively short immersion times (about 24 h) in NaCl solution. As
already seen from potentiodynamic polarization curves, the sample coated with
4 layers exhibits a better barrier than that with 2 layers due to the existence of
a thicker layer on the former sample. The sample with 4 layers of ZrO, displays
similar impedance values to chromate conversion coated one between 24 h and
72 h immersion time indicating that the barrier properties remain rather good.
In contrast, the chromate conversion coated sample displays higher impedance
modulus than other samples for long immersion times. This is most likely due to
self-healing that is well known for this type of coating [1]. This behaviour is not
observed for samples coated with ZrOy film.

Figure 4.12 reports electrochemical impedance modulus at 0.01 Hz versus
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Figure 4.11: Electrochemical impedance modulus at 0.01 Hz as a function of im-
mersion time in 0.05M NaCl solution for AA2024 samples pre-treated with ZrO2 layers
deposited with sol-gel technique, chromate conversion coated AA2024 and bare AA2024

immersion time for ZrQO, pre-treatments doped with 2-mercaptobenzothiazole.
Chromate conversion coating and undoped ZrOs sol-gel coating are also reported
in the figure. The impedance modulus measured at 0.01 Hz immediately after
immersion in the electrolyte (0 h) is in the range of 107 Qcm? for the sample
coated with ZrO, containing 2-mercaptobenzothiazole. This sample is struc-
tured with two layers of ZrO; oxide and the inhibitor is deposited directly on
the pre-treatment by spraying. It has to be reminded that the inner oxide layer
is obtained with 0.1M precursor concentration and the outer with 0.6M, as de-
scribed in the comment of Figure 4.7(b). The impedance modulus of this sample
exhibits a rather fast decrease over 48 h in the electrolyte. However, the mod-
ulus of ZrOy pre-treatment doped with 2-mercaptobenzothiazole is significantly
higher than that measured for chromate conversion coating. Moreover, this is
higher than the modulus of undoped ZrO; film over 24 h in the electrolyte. The
trend of impedance modulus visible in Figure 4.12 for ZrO, pre-treatment doped

with mercaptobenzothiazole evidences a clear effect of the inhibitor on corrosion
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resistance only over a relatively short immersion time in the electrolyte (about 24
h). The inhibition is most likely associated to deactivation of cathodic reactions,
which is proven for this type of inhibitor [13]. This effect tends to disappear
for longer immersion times. This might be related to complete release of the in-
hibitor over the first hours in the electrolyte. It is believed that release of inhibitor
might be limited by deposition of a paint onto ZrO, pre-treatment. Indeed, the
paint should favour retention of released inhibitor on the surface of the ZrO,
film extending over longer times the positive effect of 2-mercaptobenzothiazole
on electrochemical behaviour. In chapter 8, the development of a multi-layer
structure consisting of inner doped layers and by outer undoped layers was car-
ried out to limit the inhibitor release towards the electrolyte. Moreover, the
samples containing 2-mercaptobenzothiazole do not exhibit signs of repassivation
(self-healing ability) in contrast with the behaviour of chromate conversion coat-
ing. Nevertheless, long term corrosion resistance of ZrO, pre-treatment (with
and without inhibitor) can be considered rather good taking into account that

film thickness is in the range of 100-200 nm.

4.4 Conclusions

Thin ZrO; pre-treatments (100-200 nm) were applied by sol-gel technology on
AA2024. The pre-treatments were also doped with 2-mercaptobenzothiazole
and cerium nitrate. Film morphology and composition have been investigated
by means of SEM-EDXS and GDOES. Electrochemical behaviour has been in-
vestigated by means of potentiodynamic polarization scans and electrochemical
impedance spectroscopy in order to assess barrier properties and long term cor-
rosion protection of pre-treatments. The ZrOy pre-treatment uniformly covers
the substrate as confirmed by SEM micrograph and GDOES semi-quantitative
composition profiles. Film morphology is strongly affected by surface prepa-
ration (alkaline cleaning, alkaline etching and acid etching) leading to forma-
tion of rather large cavities due to inhomogeneous attack of AA2024 substrate.
This has a negative effect on quality of pre-treatment, which might exhibit de-
fects like discontinuities or cracks. However, the number of defects in ZrO,
pre-treatment can be minimized modifying deposition parameters. ZrOs pre-
treatments applied with sol-gel technique improve corrosion resistance of AA2024.

This can be attributed to a barrier effect of deposited pre-treatments. However,
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Figure 4.12: Electrochemical impedance modulus at 0.01 Hz as a function of immer-
sion time in 0.056M NaCl solution for AA2024 samples pre-treated with ZrO2 layers
deposited with sol-gel technique with and without 2-mercaptobenzothiazole and chro-

mate conversion coated AA2024.

undoped pre-treatments do not show a passive range in potentiodynamic polar-
ization scans. This might be related to the existence of defects in the ZrO,
layer behaving as initiation sites for localized attack (pitting). Introduction of
2-mercaptobenzothiazole and cerium nitrate do not significantly affect morphol-
ogy of sol-gel ZrO2 pre-treatments. However, it cannot be excluded that addition
of inihibitor in the sol-gel solution contributes to formation of discontinuities in
the pre-treatment. 2-mercaptobenzothiazole produces a marked reduction of ca-
thodic current density in potentiodynamic polarization scans, in accordance to its
well known ability to deactivate cathodic reactions. Moreover, the passive range
exhibited by ZrQO, pre-treatment doped with 2-mercaptobenzothiazole confirms
good barrier properties. 2-mercaptobenzothiazole evidences clear inhibition effect
over a relatively short immersion time in electrolyte (about 24 h). The inhibition
effect vanishes for longer immersion times probably due to complete leaching of
inhibitor. This effect might be limited by deposition of a paint onto ZrOy pre-

treatment. Nevertheless, long term corrosion resistance of ZrQO, pre-treatments

5



doped with this inhibitor should be considered good taking into account small
thickness of the pre-treatment. Sol-gel systems doped with cerium nitrate de-
posited on the dried ZrOy coating does not clearly improve electrochemical be-

haviour of ZrO, pre-treatments.
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Chapter 5

Zirconium Oxide from Inorganic

Precursors

Design, development and scale-up of environmental friendly coatings are very im-
portant in order to replace chromate-based coatings for aluminum alloys. Sol-gel
materials are candidates for use in protective coating applications, as it is possi-
ble to form highly adherent and chemically inert oxide films on metal substrates.
ZrQOy pretreatments were developed by means of sol-gel technology. An inorganic
salt was employed as zirconium precursor in an aqueous solution. The deposi-
tion was initially carried out on AA2024 by means of dip and spray technology
at laboratory scale. Corrosion inhibitors were introduced to improve corrosion
behavior of the films. At a later stage, coating deposition was carried out with a
robot-controlled air-pressure gun in spraying cabins in order to evaluate industrial

production of the pretreatments.

79



5.1 Introduction

Research carried out in the field of environmental friendly coatings has considered
several alternative technologies [1] including sol-gel coatings, physical vapour de-
position (PVD) and chemical vapour deposition (CVD) technology,[2, 3] plasma
deposition, self priming topcoats,[4, 5] electrodeposition,[1, 6] conducting poly-
mers, self assembled monolayers and various inorganic and organic inhibitors.
The sol-gel technique can be employed for the production of oxide films on differ-
ent metal substrates [7]. A wide range of metal alkoxides or salts can be used as
precursors for the oxide synthesis. The coating undergoes hydrolysis and conden-
sation to form a continuous oxide structure during the deposition procedure. Sol-
gel technology enables formation of highly adherent, chemically inert oxide films
on metal substrates. Moreover, it is possible to deposit thin films of submicrome-
ter thickness or thicker films through application of multiple layers by controlling
deposition parameters like the withdraw rate in the case of dip-coating technol-
ogy [7]. The wide variety of sol-gel precursor materials commercially available
enables preparation of several combinations of high purity, single and multicom-
ponent oxide materials. Incorporation of water and alcohol-soluble dopant ions
is also possible increasing the versatility of the sol-gel method. In this chapter
will be investigated ZrO, pretreatments produced using water-based precursor
solutions by means of sol-gel technology for application on AA2024 aluminum
alloy. The development targets the industrial application of the pretreatments

by means of spraying technology.

5.2 Experimental

The substrate employed for deposition of ZrOs; pretreatments was AA2024-T3
aluminum alloy. The alloy composition is given in Table 3.1. Prior deposition
of sol-gel layers, the sample surface underwent surface preparation consisting of
alkaline cleaning, alkaline and acid etch. Alkaline cleaning was carried out in
40 g/1 solution of Metaclean 2001/4 VP2 for 10 min at 70 °C; alkaline etch was
performed in 60 g/1 solution of Turco Liquid Alluminetch for 30 s at 70 °C; acid
etch was performed in 200 g/1 solution of Turco Liquid Smutgo NC for 5 min
at 25 °C. Sol-gel films of ZrOy were deposited on AA2024 employing a water-

based solution containing the film precursor. This solution consisted of 0.4 M
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ZrO(NOs;)s in water. This method eliminates organic compounds in the depo-
sition process of Zr(O, pretreatment. At a first stage, the deposition was carried
out by dipping technology. AA2024 samples were immersed in the sol-gel so-
lution and withdrawn with controlled rate of 4 mm/s. The dipping step was
repeated one, two or three times in order to deposit overlapping ZrQOs layers on
the samples. After each dip in the sol-gel solution, the samples were subjected to
thermal treatment at 120 °C for 4 min followed by drying at room temperature.
At a second stage, ZrQO, films were produced by means of spraying technology in
order to assess viability of coating application of water-based pretreatments with
this technology. Coating application was carried out in our laboratory using an
air-pressure gun operated manually. Therefore, it was rather difficult to control
deposition parameters in the case of application at laboratory scale. Introduction
of corrosion inhibitors was also considered at this stage. The introduction of the
corrosion inhibitors in the sol-gel films was carried out using a multilayer ap-
proach. Benzothiazole (BT) and 2-mercapto-benzothiazole (MBT) were applied
by spraying on the alloy surface prior to deposition of ZrOs films by spraying.
This approach is based on the consideration that the efficiency of the inhibitor is
expected to be higher when the inhibitor is in contact with the aluminum sub-
strate rather than when the inhibitor is trapped in the sol-gel film. Moreover,
the introduction of organic inhibitors like BT and MBT in the coating solution
might affect the long-term stability of the bath and alter the quality of the de-
posited film. At a third stage, production of water-based Zr(O, pretreatments
was carried out by means of a robot-controlled air pressure gun in a spraying
cabin at Fraunhofer Gesellschaft - IPA (Stuttgart, Germany) in order to produce
demonstrators for industrial scale-up of ZrO, films. In this stage, ZrOy films
were initially produced without corrosion inhibitors. Optimization of deposition
parameters was necessary in order to produce ZrQ, films with thickness similar
to that obtained for pretreatments produced at laboratory scale. In this work,
Z1rQy films with thickness in the range of 100-200 nm will be considered because
quality of pretreatment is rather good in this range. The morphology of ZrO,
sol-gel layers was investigated by means of scanning electron microscope (SEM)
equipped with energy dispersive X-ray spectroscopy (EDXS). Glow discharge op-
tical emission spectroscopy (GDOES) depth profiles were recorded with a Jobin
Yvon GD profiler. Composition profiles were obtained with a calibration pro-

cedure using certified reference materials in order to estimate qualitatively film
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thickness and composition. The electrochemical behavior of samples coated with
ZrQOqy was investigated by means of potentiodynamic polarization in 0.05 M NaCl
solution. Potentiodynamic polarization measurements were recorded using a Pt
counter electrode and Ag/AgCl reference electrode. The area of the working elec-
trode was 3.6 cm?. The scan rate was 0.2 mV s~1. The corrosion current density
was estimated by means of extrapolation of the Tafel lines. In some case, this
might be difficult due to the existence of a passive range for the samples. In that
case, the corrosion current density was considered the value obtained by the in-
tersection of the Tafel line of the cathodic branch with the vertical line defined by
the corrosion potential. In addition, open circuit potential (OCP) was recorded

for 24 h in the same electrolyte.

5.3 Results

Figure 5.1(a) and (b) shows the typical morphology of an AA2024 sample coated
with a water-based ZrO, pretreatment deposited by dipping technology. The
surface evidences several craters, which are generated during surface preparation
(degreasing, alkaline and acid etching) before film deposition. This is most likely
related to removal of intermetallics during alkaline etch. The alloy surface appears
uniformly covered by the ZrQO, film, as confirmed by the GDOES composition
profile reported in Figure 5.1(c), which displays signals of Zr and O on the alloy
surface. Moreover, the pretreatment is well adherent on the substrate. This was
observed in transmission electron microscopic images (not shown here) obtained
on cross sections of samples coated with sol-gel layer. In addition, the SEM im-
age shown in Figure 5.1(b) does not exhibit film delamination at the locations of
defects suggesting good adhesion between the sol-gel film and the metallic sub-
strate. The existence of craters on the alloy surface leads to possible formation of
cracks in the ZrO, pretreatment, as can be seen in the SEM micrograph in Fig-
ure 5.1(b). This micrograph shows that there is a more marked tendency to form
cracks in the craters than in the surrounding flat regions, where the pretreatment
is uniform and without defects. It can be expected that cracks in the craters are
produced during thermal treatment carried out after film deposition in order to
promote condensation reactions in the sol-gel film. It is possible that a higher
amount of the precursor solution remains inside the craters leading to formation

of a slightly thicker film than outside. This thick film in the craters is more sus-
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ceptible to crack formation than the thin film outside the craters, in accordance
with morphology observed in Figure 5.1(a) and (b). Although cracks are seldom
observed in the pretreatments, it has to be mentioned that crack formation is
more probable with deposition by dipping than with spraying technology. The
GDOES profile in Figure 5.1(c) evidences signals of Zr and O in the surface re-
gion, which are attributed to the ZrO, pretreatment on the alloy surface. The
film thickness can be arbitrarily estimated by the intersection of the Al and Zr
signals. This is about 70 nm for the ZrO, pretreatment produced with dipping
technique. This estimation is rather rough due to the broad ZrO, film/substrate
interface. This is most likely related to the high surface roughness of the sub-
strate. As can be seen in the profile, there is about 30 wt% of Zr in the film and
the O signal ranges between 80 wt% on the surface and 30 wt% at the interface
with the substrate. The high amount of oxygen in the pretreatment might be
related to nitrate ions trapped in the film during film deposition. Moreover, there
is C in the ZrO, layer. This is possibly related to contamination. The trend ob-
served in Figure 5.1C indicates that the composition of the pretreatment is non
stoichiometric.

A successive step in the development of the water-based films was production
by means of spraying technology using the same precursor solution employed for
deposition by dipping. This was initially carried out using laboratory equipment.
Figure 5.2(a) and (b) shows the morphology of a ZrO; pretreatment produced
using an air-pressure gun operated manually. The sample shown in Figure 5.2 was
coated with a solution containing corrosion inhibitor (MBT) before application
of the ZrO, film. This was done in order to evaluate the possible implementation
of films containing inhibitors for industrial application. The SEM micrograph
in Figure 5.2(a) shows that the AA2024 substrate is coated with a uniform film
without evident defects. The adhesion of the pretreatment on the substrate ap-
pears very good. Similar morphology was observed for a sample containing BT
instead of MBT. The morphology in Figure 5.2(a) is similar to that shown in
Figure 5.1(a) evidencing that film deposition can be successfully performed by
spraying technology. Moreover, the occurrence of cracks in films produced by
spraying appears strongly reduced with respect to pretreatments made by dip-
ping technology. This is confirmed by Figure 5.2(b) that shows a uniform film in
craters due to surface preparation, in contrast with the morphology observed in

Figure 5.1(b). This might be related to a better control of the amount of precur-

83



composition wt %

0 0.1 0.2 0.3 04 05 06
depth/pm

Figure 5.1: SEM micrographs (A and B) and GDOES composition profile (C) for
AA2024 coated with one layer of ZrO2 deposited by dipping

sor solution deposited on the alloy surface by spraying than by dipping. However,
the control of deposition parameters like spraying distance and deposition speed
could not be accurate in our laboratory because the air-pressure gun was op-
erated manually. This is reflected by film thickness estimated by the GDOES
composition profile in Figure 5.2(c), which is about 170 nm. The profile exhibits
a similar trend to that shown in Figure 5.1(c). The Zr content is about 30 wt%
in line with the sample coated by dipping. The C content is higher in Figure
5.2(c) than in Figure 5.1(c) due to introduction of corrosion inhibitor (MBT) in
the pretreatment procedure. This is strengthened by the detection of the signal
of S, which is also related to the inhibitor.

A further step in development of water-based pretreatment for AA2024 is
the evaluation of possible application using industrial equipment. This step was

carried out in collaboration with Fraunhofer Gesellschaft - IPA (Stuttgart, Ger-
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Figure 5.2: SEM micrographs (A and B) and GDOES composition profile (C) for
AA2024 coated with one layer of ZrO2 deposited by dipping

many), which carried out the optimization procedure for deposition by spraying
with a robot-controlled air-pressure gun. The SEM micrographs in Figure 5.3(a)
and (b) show the morphology of a sample produced according to an optimized
procedure. The surface appears uniformly coated and without defects even in
craters generated by surface preparation. This is very similar to the morphology
reported in Figure 5.2 for depositions carried out by spraying with a spraying gun
operated manually. This is an indication that the precursor solution employed
for deposition by dipping and spraying at laboratory scale can be also used for
production of pretreatment using industrial equipment. The micrograph in Fig-
ure 5.3(a) evidences bright and dark areas. EDXS analysis evidences that the
peak intensity of Zr is the same for these areas. Moreover, the GDOES com-
position profile in Figure 5.3(c) confirms the existence of a ZrO, film on the

alloy surface, as can be seen by the trend of Zr and O signals. Film thickness is
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about 70 nm, which is in the same range than that obtained by dipping (Figure
5.1(c)). Production of relatively thin films (100 nm) is considered very important
as the optimization work carried out with the robot-controlled air-pressure gun
indicated that film quality tends to become less good when the film thickness in-
creases. In particular, there is a marked tendency to form cracks for films thicker
than 200 nm. Besides, the C signal in the GDOES profile in Figure 5.3(c) is in the
same range for the same signal in Figure 5.1(c). This strengthens the observation
that the increase of C level in Figure 5.2(c) could be related to the introduction
of inhibitor in the pretreatment. Film morphologies shown in Figure 5.1, Figure
5.2 and Figure 5.3 indicate that the 0.4 M zirconyl nitrate solution is suitable
for application of water-based pretreatments on aluminum alloys by dipping and

spraying technology.
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Figure 5.3: SEM micrographs (A and B) and GDOES composition profile (C) of
AA2024 coated with ZrO2 deposited by spraying technology using a robot-controlled

air—pressure gun.
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Figure 5.4 shows potentiodynamic polarization curves carried out in 0.05 M
NaCl solution for samples coated with water-based Zr(Os pretreatments. In ad-
dition, the polarization curve for bare AA2024 is also reported. The curve for
the ZrO, pretreatment applied by dipping exhibits a corrosion current density
of about 0.6 A em™2, which is more than 1 order of magnitude lower than for
bare AA2024 (30 pAcm™2). This is an indication that the ZrO, pretreatment
improves the corrosion behavior of AA2024. This is further supported by the
marked decrease of cathodic and anodic current density observed for the alloy
coated with the ZrO, film deposited by dipping relative to the bare alloy. The
breakdown potential is at -370 mV vs. Ag/AgCl, which is about 50 mV higher
than the corrosion potential. The morphology of the sample with ZrOy film
exhibited pitting attack mainly localized at few locations on the surface most
likely associated with film defects like cracks. Nevertheless, it can be stated that
the ZrO, pretreatment behaves like a barrier against corrosion. This effect is
mainly due to the strong reduction of the area of active sites, as indicated by
the marked reduction of corrosion current density for the sample coated with
ZrQq pretreatment. Since the Zr(O, oxide film could be assumed inert in the ag-
gressive electrolyte, the active sites are mainly film defects related to application
of the ZrOy film. Therefore, technologies for deposition of water-based ZrQO,
films should be optimized in order to minimize the risk of introducing defects in
the pretreatment. The potentiodynamic curve relative to the sample with ZrO,
pretreatment applied by spraying with laboratory equipment (air-pressure gun
operated manually) exhibits a rather extended passive range associated by a rel-
atively low current density. The breakdown potential is -410 mV vs. Ag/AgCl
for this sample. This is about 180 mV higher than the corrosion potential. The
corrosion current density is 0.3 uA cm ™2, which is slightly lower than for the same
pretreatment applied by dipping. The existence of a passive range is in line with
the strong reduction of the number of cracks observed on the alloy surface for the
sample coated by spraying than for that coated by dipping (Figure 5.2(a) and (b)).
Moreover, it should be considered that the sample coated by spraying technique
contains BT, which was applied on the substrate before deposition of the ZrO,
film. The corrosion inhibitor has a beneficial effect on the electrochemical be-
havior. In particular, this effect might be important at defects, which might still
be present in the ZrOy pretreatment. The potentiodynamic polarization curve

for the water-based ZrQOs film deposited with a robot-controlled air-pressure gun
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appears rather noisy. This is typically observed for this type of sample and should
be attributed to the high quality of the ZrOs pretreatment obtained with this
application technology. The deposition of a nearly defect free film renders cur-
rent density detection rather difficult during potentiodynamic polarization. This
is confirmed by the corrosion current density of 0.02 A c¢m ™2 measured for the
alloy coated with robot-controlled air-pressure gun. This is significantly lower
than the corrosion current density measured for the pretreatments produced at
laboratory scale by dipping and spraying techniques. The anodic current density
progressively increases above the OCP and remains very low until a breakdown
is observed at -480 mV vs. Ag/AgCl. The breakdown potential is 150 mV higher
than the corrosion potential for this sample suggesting the existence of a very
good barrier against corrosion. Several current spikes might be observed between
the corrosion potential and the breakdown potential suggesting that metastable
pitting takes place at weakest points of the ZrO, pretreatment.The potentiody-
namic polarization curve for the sample coated by robot-controlled air-pressure
gun exhibits similar barrier properties to chromate conversion coated AA2024
[8]. This is a further indication that the ZrO; pretreatments produced with in-
dustrial spraying equipment might be considered for the replacement of Cr-based
pretreatments for AA2024.

Figure 5.5 shows OCP vs. immersion time for samples coated with ZrO,
water-based films. These measurements were selected in order to evaluate the
effect of introduction of inhibitors in the pretreatments. Figure 5.5 also exhibits
the OCP of the sample coated with robot-controlled air-pressure gun. This sam-
ple is non inhibited because it was decided to initially optimize the procedure for
industrial application before considering the introduction of inhibitors. The ZrO,
films containing MBT and BT exhibit stationary open circuit. The pretreatment
containing MBT evidences a decrease of the OCP after about 22 hours immer-
sion. This decrease is probably associated to the onset of pitting. As compared to
bare AA2024, pitting attack is strongly delayed for the sample containing MBT.
This is probably due to a combined effect of the ZrOy pretreatment and of the
corrosion inhibitor, as considered for the potentiodynamic polarization test. The
sample coated with the pretreatment containing BT does not show the decrease
of the OCP during 24 hours immersion in the electrolyte suggesting good cor-
rosion resistance. The OCP of the sample coated with a pretreatment applied

by spraying with a robot-controlled air-pressure gun exhibits significant poten-
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Figure 5.4: SEM micrographs (A and B) and GDOES composition profile (C) of
AA2024 coated with ZrO2 deposited by spraying technology using a robot-controlled

air-pressure gun.

tial oscillations during the measurement. This behavior is reproduced also for
72 hours immersion time. It is likely that these potential fluctuations are due
to a nearly defect-free pretreatment, as considered for the anodic current den-
sity in the potentiodynamic polarization curve for the same sample. This sample
does not show evidence of pitting corrosion even after 72 hours in the electrolyte.
This is in line with good electrochemical behavior observed in potentiodynamic
polarization curves. Moreover, results shown in Figure 5.5 indicate that the elec-
trochemical behavior could be further improved by the introduction of corrosion
inhibitors in pretreatments deposited with industrial equipment for application

by spraying.

5.4 Conclusions

In this chapter, the morphology, composition and electrochemical behavior of
water-based Zr(O, pretreatments for AA2024 have been studied in the view of
industrial scale-up by means of spraying technique. Thin and well-adherent ZrO,

pretreatments can be deposited on AA2024 by means of sol-gel technique by
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Figure 5.5: OCP vs. immersion time for AA2024 coated with ZrO2 film and for bare
AA2024 (0.05 M NaCl solution)

either dipping or spraying at laboratory scale. In particular, characterization of
film morphology and electrochemical behavior indicates that ZrOy pretreatment
is suitable for application by spraying technology, which improves film quality.
The barrier properties of water-based ZrQO, films are rather good evidencing a
marked reduction of corrosion current density in potentiodynamic polarization
curves. Moreover, the electrochemical behavior can be improved by addition of
corrosion inhibitors like MBT and BT in the ZrO, pretreatments. Application
of ZrO, pretreatments has also been carried out by means of a robot-controlled
air-pressure gun. The morphology and the electrochemical behavior of samples
produced with this technique are further improved relative to samples obtained at
laboratory scale. Results on samples produced with robot-controlled air pressure

gun indicate that ZrO, pretreatments are suitable for industrial application.
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Chapter 6

Macro-Evaluation of Cerium
Inhibition

Aluminum alloys like AA2024 are widely employed in aircraft industry due to
combination of low weight and good mechanical properties. AA2024 is suscepti-
ble to severe localized attack and corrosion protection is a very important issue
for application of this alloy. Corrosion resistance can be improved by means of
coatings, which provide barrier effect to the metal substrate. Moreover, active
protection systems against corrosion can be generated incorporating in the coat-
ing corrosion inhibitors or self-healing promoters. In this view, active protection
systems could improve corrosion protection due to combination of barrier effect
and additional protection mechanisms, which can be developed in the coating
due to active species. In order to develop an active protection system, cerium ni-
trate was employed as source of species that could improve corrosion resistance of
AA2024. The electrochemical behaviour of bare aluminum alloy was investigated
in electrolytes with different content of cerium nitrate. Open circuit potential and
potentiodynamic polarizations were carried out on AA2024 immersed in solution
containing cerium nitrate and/or sodium chloride. In particular, effect of pH,
concentration of cerium nitrate and chloride were studied by means of electro-
chemical measurements. Moreover, morphology and composition of AA2024 sam-
ples were investigated after immersion in solutions containing cerium nitrate by
means of scanning electron microscopy and energy dispersive x-ray spectroscopy
(S.E.M.-E.D.X.S.) in order to study the protection mechanism of cerium nitrate
added to the aqueous solution. Open circuit potential measurements for AA2024

in different electrolytes exhibit a marked effect of cerium nitrate under free im-
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mersion. Potentiodynamic polarization curves show that cerium nitrate improves
corrosion resistance of AA2024. Moreover, corrosion inhibition is strongly depen-
dent on cerium nitrate concentration. In particular, the inhibition effect becomes
stronger increasing the concentration of cerium nitrate in the electrolyte. More-
over, S.E.M.-E.D.X.S. analysis evidence precipitation of compounds containing
cerium on the metallic substrate suggesting that the protection mechanism is

dependent on surface condition and microstructure of the aluminium alloy.

6.1 Introduction

AA2024 aluminium alloy is widely employed in aerospace applications due to its
advantageous strength-to-weight ratio. In order to improve mechanical proper-
ties, AA2024 aluminum alloy undergoes thermal treatment to promote precip-
itation of nanometric second-phase particles which are able to strengthen the
aluminum microstructure [1]. Unfortunately, large intermetallic particles gener-
ate a microstructure very susceptible to localized corrosion attack due to local-
ized galvanic coupling with the aluminium matrix. Buchheit et al. [2] studied
the distribution of intermetallic particles formed on polished AA2024-T3 alu-
minum alloy. They found that 61.3 % of the total amount of intermetallics was
CuM gAly (S-phase). Alg(Cu, Fe, Mn) represented 12.3 %, Al;CusFe was 5.2 %,
(Al, Cu)¢Mn was 4.3 % while the remaining 16.7 % was not identified. CuM gAl,
(which could be initially considered anodic relative to the matrix) promoted the
development of severe local corrosion attack when aluminum alloys were exposed
to chloride-containing solution [3, 4, 5]. Zhu et al. [6] studied polished AA2024-
T3 immersed in 0.6M NaCl. They reported that in the first 3 hours immersion,
pitting corrosion started at the S-phase particles due to magnesium dissolution.
They observed that immediately after immersion, S-particles were anodic relative
to the aluminium matrix. However, magnesium and aluminum content in the S-
phase drastically decreased until the electrochemical behaviour of the S-particle
turned from anodic to cathodic relative to the aluminum matrix. Therefore, as
suggested by Buchheit et al. [12] a galvanic coupling between anodic matrix and
cathodic modified S-particles is formed due to magnesium and aluminium disso-
lution promoting a localized aluminium dissolution at the matrix near S-particles.
Another explanation of pitting corrosion development was given by Zhu et al. [6]

who stated that the very fast magnesium dissolution occurring in the first 3 hours
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immersion promoted a vigorous increase of reduction reactions rate at the matrix
near the S-particles. They observed that OH~ ions produced were able to shift
solution pH above 9, which represents the condition where aluminum oxide is not
stable. Therefore, the natural oxide layer tended to dissolve and aluminum un-
derneath started to re-oxidize. Aluminum dissolution that occurs under alkaline
conditions is also known as aluminum cathodic corrosion. In addition to S-phase,
intermetallics containing Al-Cu-Mn-Fe-Si are common in AA2024 aluminium al-
loy. These intermetallics act as cathodic sites relative to the matrix, as proved by
several studies reported in literature [7, 8, 9, 10, 11]. In the case of Al-Cu-Mn-Fe-
Si intermetallics, the cathodic-to-anodic ratio is not as unfavorable as in the case
of CuMgAl, (S-phase) because aluminium matrix (larger area) behaves anodi-
cally while particles containing Al-Cu-Mn-Fe-Si (smaller area) act cathodically.
Due to the existence of a large number of intermetallics in the microstructure,
AA2024 aluminum alloy has to be protected in order to enhance its corrosion
behaviour. Chromates have been widely used to improve corrosion protection of
aluminium and its alloys [12, 13]. Although chromates are able to provide a very
good protection against corrosion, they are toxics and carcinogenic [14]. Hinton
et al., Arnott et al. and Ryan et al. [15, 26, 17, 18| proved that cerium and
other rare-earth salts inhibited corrosion behaviour of aluminium alloys in aque-
ous solution containing chlorides. Inhibition effects obtained adding cerium ions
as chloride compounds to the electrolytic solution were responsible of a strong
improvement of corrosion resistance of AA2024 [19] promoting the formation of
a compact film of cerium hydroxide and oxide on the metal surface [20]. Corro-
sion inhibition provided by cerium ions could be related to the decrease of the
cathodic reaction kinetics [16]. This behaviour was observed for aluminium alloys
rich in copper [17] and zinc [18]. In the case of zinc-containing alloys (AA7075) it
was observed that cerium replaced the aluminium in the oxide layer [20]. It was
also observed that oxygen reduction reaction was influenced by the nature of the
electrode considered [21]. It was reported that oxygen reduction could follow two
different paths. The first path follows a direct four-electrons reduction in which

oxygen is completely reduced to hydroxide ion:

Oy 4 2H,O + 4~ — 40H ™ (6.1)

The second reaction-path for oxygen reduction involves a two-electrons mech-
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anism in which oxygen is reduced to hydrogen peroxide and hydroxide ions:

OQ + QHQO +2e — H202 +20H™ (62)

Since cerium inhibition is influenced by oxygen reduction mechanism, the na-
ture of the electrode is an important aspect to be considered. Several researchers
investigated oxygen reduction mechanism on different electrodes like gold, iron
and copper [22, 23, 24, 25, 26, 27]. It was shown that oxygen reduction mech-
anism occurring on gold substrate was dependent on electrode potential. Below
-1V(SCE) oxygen reduction on gold electrode occurs according to the mechanism
involving 4 electrons described by equation (1). Considering more noble poten-
tials, the average number of electrons transferred tends to decrease and oxygen
reduction mechanism involved at -0.7V(SCE) becomes controlled by equation (2).
In the case of iron, it was shown that oxygen reduction mechanism was depen-
dent on the potential applied rather than on the passive status of the electrode
surface (controllare riferimento). For a copper substrate, oxygen reduction in
neutral perchlorate solution took place under four-electrons mechanism at low
potential [< 0.8V(SCE)]. In the same electrolytic solution, it was also observed
that near the peak of oxygen reduction rate at -0.5V(SCE) a small amount of
oxygen peroxide was found. This was correlated to the formation of a catalytic
surface film (copper hydroxide). However, it was shown that oxygen reduction
always took place following the four-electrons mechanism in 1M NaCl solution
unless the solution pH was increased to 10. Therefore, oxygen reduction reaction
is able to control the precipitation of chemical species in solution. Aldykiewicz
et al. [28] studied the film deposited on gold and copper substrates immersed in
cerium chloride in aerated and deaerated solution. XANES spectra obtained on
copper electrode showed that aerated solution promoted the formation of a thicker
cerium-containing film than that formed in a deaerated solution. Moreover, the
film precipitated employing the deaerated solution mainly contained cerium in
the trivalent state. Otherwise, cerium in the tetravalent state was detected for
films obtained in aerated solution. This aspect confirmed that oxygen reduction
reaction influenced cerium precipitation mechanism on copper electrode. The
work of Aldykiewicz et al. [28] took into account also the influence on cerium
precipitation of oxygen reduction considering two or four-electrons mechanisms.

It was observed that the two-electrons mechanism promoted the formation of
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a more efficient /protective film than that obtained by means of the mechanism
involving four electrons. In the case of the copper electrode, a rapid cerium
deposition could be obtained when oxygen reduction was controlled by the two-
electrons mechanism (producing hydrogen peroxide) or directly adding hydrogen
peroxide to the cerium-containing solution. Indeed, hydrogen peroxide could be
reduced causing an increase of solution pH, which favoured the precipitation of
cerium compounds. The addition of hydrogen peroxide to the cerium chloride
bath was patented by Wilson and Hinton [18] because this represented a method
to obtain a protective cerium-based conversion coating with a fast process. Af-
ter the first studies on the mechanism of cerium oxides/hydroxides precipitation
[16, 17, 18, 19, 20], it was concluded that the process started on cathodic inter-
metallics where reduction reactions occurred. At these sites, solution pH tended
to increase developing favourable chemical conditions to cerium precipitation.
These works considering AA7075 aluminium alloy immersed in cerium chloride,
suggested that cerium precipitation started at cathodic intermetallics (copper-
rich intermetallics) and continued at a later stage in the surrounding regions via
island growth. However, this mechanism is still not completely clarified. Hughes
et al. [29] suggested that the residual surface could be covered by cerium com-
pounds due to small active intermetallics not still involved in the process. Several
investigations [30, 31, 32, 33, 34] confirmed that intermetallics with a cathodic
behaviour relative to the matrix constituted the preferential sites for cerium pre-
cipitation. In the case of 2xxx and 7xxx aluminium alloys, the higher tendency to
promote the deposition of cerium compounds has been correlated to the presence
of copper-rich intermetallics on the surface. However, controversial results were
obtained [35, 36] for cathodic intermetallics without copper like (Fe, Cr)3SiAly2
in AA6061. Several works [37, 38, 39, 40, 41, 42] have considered the deposition
of a cerium-containing layer as an alternative conversion coating for the replace-
ment of chromate based protective systems. In many cases, deposition processes
of cerium-based conversion layers are not attractive for industrial applications be-
cause of either, the long time needed for the deposition or the formation of layers
with extended cracks. For this reason, this paper considers cerium ions as corro-
sion inhibitors which can provide an additional form of protection when included
in the bulk of a corrosion protective system. In our previous works [43, 44], in-
teresting results were obtained adding cerium nitrate to organic-inorganic hybrid

sol-gel systems deposited on AA2024 aluminum alloy. Coated AA2024 with hy-
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brid cerium-containing system evidenced corrosion rates lower than those detected
for the coating without cerium. Cerium ions entrapped in the coating structure
were probably involved in the overall corrosion processes occurring at the metal
surface providing additional protection. Besides, Hayes et al. [45, 46] proposed a
revised E-pH diagram for cerium base systems using more actual thermodynamic
data compared to those ones available for Pourbaix diagrams [47]. The revised
E-pH diagram was subsequently employed in order to better understand the in-
fluence of cerium deposition parameters on processes involved in cerium-based
conversion coating [48, 49, 50]. In the revised E-pH diagram, the theoretical
pH at which trivalent cerium is oxidized to the tetravalent state is lower than
that described by the Pourbaix E-pH diagram. Therefore, trivalent cerium can
oxidize to tetravalent state by means of a sort of self-healing effect limiting corro-
sion process for local solution pH lower than those suggested by Pourbaix E-pH
diagram. In this case, the protection is due to re-dox reactions (where cerium
is oxidized rather than aluminum by cathodic reactions) promoting the forma-
tion of tetravalent cerium compounds instead of direct precipitation of trivalent
cerium oxides/hydroxides. Based on previous results, the aim of this work is the
evaluation of cerium inhibition mechanism on AA2024 rather than the study of a
cerium-based conversion coating. The evaluation of AA2024 corrosion inhibition
due to cerium ions in solution may be related to the behaviour of cerium ions
during water diffusion into the coating containing free-cerium ions. Considering
this important aspect, the electrochemical behaviour of AA2024 was investigated
for several hours or some days in order to promote complete interaction between

cerium ions and species involved in the corrosion processes.

6.2 Experimental Procedure

6.2.1 Materials and Surface Preparation

The substrate employed in this work was AA2024-T3 aluminium alloy. The alloy
composition is given in Table 3.1. AA2024 aluminium alloy sheets (8 cm x 2.5
cm) were used as testing samples. Two different surface preparation procedures of
AA2024 samples were employed: the first one consisting of an alkaline degreasing
while in the second one alkaline degreasing is followed by an alkaline etching

and by an acid etching. This second surface preparation procedure is referred as
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pickling in this paper. Alkaline degreasing was carried out in 40 g [~! solution of
Metaclean 2001-4 VP2 for 10 minutes at 70 °C. Alkaline etching was performed
in 60 g [=! solution of Turco Liquid Alluminetch for 30 s at 70 °C' while acid
etching was carried out in 200 g [~! solution of Turco Liquid Smutgo NC for
5 min at 25 °C'. Degreasing procedure consists in an alkaline process which is
able to remove oils and grease from the surface while no chemical modifications
are expected. Pickling procedure employed to prepare AA2024 surface consists
in an alkaline degreasing and in an alkaline etching followed by an acid etching.
This procedure enables to remove the natural oxide layer and the intermetallic

particles from the metal surface promoting a chemical modification of the surface.

6.2.2 Electrochemical Measurements

The electrochemical behaviour of AA2024 aluminium alloy was investigated by
means of open circuit potential measurements (OCP) and potentiodynamic polar-
ization. The measurements were carried out at room temperature in a standard
electrochemical cell and the area exposed was 15 cm? (with 30 ml electrolyte).
The counter electrode was a platinum wire (diameter 1.5 mm) and the reference
electrode was Ag/AgCl for all measurements. Potentiodynamic polarization mea-
surements were carried out at the end of open circuit potential measurements on
the same area exposed to the electrolyte. The scan rate was 0.2 mV s~ for poten-
tiodynamic polarization measurements. All measurements were performed using
an AUTOLAB PG-STAT 12 potentiostat-galvanostat. The electrochemical be-
haviour of AA2024 aluminum alloy was evaluated employing different electrolytic
solution. At the beginning, measurements were performed using 0.05M NaCl
aqueous solution. Afterwards, in order to investigate the effect of compounds
containing cerium species on AA2024 corrosion behaviour, cerium nitrate was
added to the chloride solution. Two different cerium nitrate (Ce(NOs3)s - 6H50)
concentrations were employed: 0.001M or 0.01M. Besides, inhibited solutions
were employed to carry out electrochemical measurements in combination with
NaCl or alone. Open circuit potential measurements enable to evaluate possi-
ble surface modification and at the most enables to coarsely predict corrosion
processes or inhibition mechanisms. However, this type of test is not able to pro-
vide quantitative results about electrochemical behaviour of corroding systems.

Therefore, in order to make a deeper evaluation, potentiodynamic polarization
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curves were performed as useful test to evaluate the cerium effect on AA2024
corrosion behaviour. Potentiodynamic polarization curves were carried out at
the end of OCP measurements previously performed for 15 hours. The behaviour
developing during the first 15 hours immersion has been discussed considering
OCP measurements while the effect of surface modification due to immersion in
cerium-containing solution has been evaluated by means of potentiodynamic po-
larization curves. In order to evaluate the inhibition ability of cerium nitrate as a
function of solution pH, pickled AA2024 samples were immersed in alkaline and
acid solutions containing cerium: in addition to cerium nitrate, sulphuric acid or
sodium hydroxide were added. The acid solution was prepared adding to 0.01M
Ce(NO3)3 - 6H50 an amount of sulphuric acid until to reach the solution pH
equal to 3 while alkaline solution was prepared adding sodium hydroxide until to
reach the solution pH equal to 8. These values were selected because they cor-
respond to the upper and the lower solution pH limits describing the aluminium

passive region in Pourbaix diagram [47]

6.2.3 Morphology and Chemical Composition of A A2024-
T3 Surface

After electrochemical measurements, surface morphology of AA2024 samples was
investigated by means of Scanning Electron Microscopy (SEM) which was also
used for the evaluation of the chemical composition of modified or unmodified
AA2024 surface employing Energy Dispersive X-ray Spectroscopy (EDXS). A
Carl Zeiss EVO 40XVP microscope equipped with INCA ENERGY 250 micro-
analysis equipment was used in this work. Glow Discharge Optical Emission Spec-
troscopy (GDOES) measurements were performed in order to obtain qualitative
chemical composition profiles of AA2024 surface after the preparation procedure.
GDOES analysis were carried out using a JY RF-GD PROFILER HR instru-
ment, manufactured by Horiba Jobin-Yvonne. The instrument is equipped with
standard 4 mm diameter anode, the polychromathor with 28 acquiring channels

and the Quantum XP software.
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6.2.4 Galvanic Coupling

In order to verify that the precipitation mechanism involving cerium is promoted
on cathodic areas, immersion tests in the solution containing cerium nitrate were
carried out for an AA8xxx aluminium alloy connected to a pure copper sheet in or-
der to have galvanic coupling between the aluminium sheet and the copper sheet.
In this configuration, the XXX aluminium alloy was the macro-anode while the
pure copper was the macro-cathode. The galvanic couple was immersed in 0.05M
NaCl aqueous solution containing 0.01M Ce(NOj3); - 6H20. After 6 hours im-
mersion, aluminium and copper sheets were investigated by means of scanning
electron microscopy in order to evaluate morphology and chemical composition.
The experimental procedure described was used to separate macroscopically the
anodic and the cathodic sites in order to evaluate cerium nitrate effect on both,
the anode and the cathode.

6.3 Results and Discussion

6.3.1 Open Circuit Potential for AA2024 pickled samples

Figure 6.1 shows the open circuit potential (OCP) for pickled AA2024 as a func-
tion of immersion time in different electrolytic solutions. The measurements were
performed in 0.056M NaCl (solid line) and in 0.05M NaCl solution containing
0.001M (long dash line) or 0.01M Ce(NOs3)s - 6H0 (short dash line). Pickled
AA2024 displays an OCP of about -600mV vs Ag/AgCl immediately after im-
mersion in 0.05M NaCl solution. The OCP progressively increases during the first
two hours in solution and reaches a stationary potential of -520mV vs Ag/AgCl,
which may be considered as the steady corrosion potential (F....) for pickled
AA2024 in 0.05M NaCl solution. OCP for pickled AA2024 immersed in a 0.05M
NaCl solution containing 0.001M Ce(NO3)s - 6H20 (long dash line in Figure
6.1) shows similar behaviour to that observed for the same substrate immersed
in a solution containing only chlorides (solid line in Figure 6.1). OCP for pickled
AA2024 immersed in a 0.05M NaCl solution with 0.01M Ce(NOs3); - 6H50 is
about -530 mV vs Ag/AgCl immediately after immersion and reaches a station-
ary potential of about -400 mV vs Ag/AgCl after 4-5 hours in the electrolyte.
This is about 100 mV more positive than the OCP values observed for pickled
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AA2024 immersed in 0.05M NaCl solution containing 0.001M Ce(NOs3); - 6H20
and for the same substrate immersed in 0.05M NaCl solution. The OCP increase
detected during the first hours of immersion in 0.05M NaCl solution is probably
associated to a transitory behaviour related to the dissolution of intermetallics on
the metal surface. In particular, the increase of OCP can be due to the dissolu-
tion of magnesium, which could lead to the modification of chemical composition

altering the electrochemical equilibrium at the metal/solution interface [38].
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Figure 6.1: OCP potential in 0.05M NaCl with cerium nitrate

Figure 6.2 (a) shows an interpretation of the behaviour observed for pickled
AA2024 immersed in a solution containing chlorides based on the mixed potential
theory [1]. Based on the mixed potential theory, the open circuit potential is the
point where the total rates of oxidation and reduction are equal. Immediately af-
ter immersion, it can be expected that the contribution of magnesium dissolution
to the total oxidation rate is relevant since it is reported that magnesium un-

dergoes very fast dissolution in AA2024 immersed in aggressive electrolytes [51].
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Thus, the mixed corrosion potential corresponding to this condition is OCP;.
Due to progressive magnesium dissolution, it can be expected that the contribu-
tion of magnesium oxidation to the total oxidation rate becomes less important
than that of aluminium oxidation for longer immersion times. During this stage,
magnesium progressively dissolves and the curve for magnesium oxidation shifts
to lower current because it is associated to the amount of magnesium available
on the exposed substrate. When the substrate undergoes extensive magnesium
oxidation after 2-3 hours in the electrolyte, it can be predicted that the total
oxidation rate is mainly determined by aluminium oxidation. As a consequence,
the mixed corrosion potential will be OC'P,. As it can be seen in Figure 6.2(a),
OC'P; is more positive than OCP;. After reaching the mixed corrosion potential
OC'P,, it can be expected that the mixed corrosion potential becomes stationary
since the anodic reaction is mainly aluminium oxidation. The interpretation de-
scribed in Figure 6.2(a) is in line with the behaviour observed in Figure 6.1 for
pickled AA2024 immersed in a solution containing chlorides. The behaviour of
pickled AA2024 in 0.05M NaCl solution containing 0.001M Ce(NO3)s - 6H,0
(long dash line in Figure 6.1) is very similar to that observed in the solution con-
taining only chlorides (solid line in Figure 6.1). Apparently, the amount of cerium
nitrate added to the electrolyte (0.001M does not significantly modify the OCP
trend for pickled AA2024. It is possible that cerium ions added to the solution
might take part in the electrochemical processes at the metal substrate without
providing an effective inhibition. The cerium mechanism reported in literature
[[19, 20, 21, 22, 23, 24] suggests that a precipitation of cerium hydroxide-oxide oc-
curs at the cathodic areas when corroding systems are considered. The cathodic
inhibition due to cerium ions should reduce the current involved in the reduction
processes causing a modification of measured OCP. In the case of the electrolyte
containing 0.001M cerium nitrate, OCP trend for pickled AA2024 was similar
to that in the solution without cerium because the amount of cerium added in
the electrolyte is probably not enough to allow a remarkable inhibition. Indeed,
cathodic areas involved in cerium precipitation may be only a fraction of those
available on the aluminium surface. Therefore, it can be expected that the inhibi-
tion effect due to cerium precipitation is very limited. In order to further investi-
gate this aspect, SEM-EDXS analysis was carried out on pickled AA2024 after 6
days immersion in a solution 0.05M NaCl containing 0.001M Ce(NOj3); - 6H50.

Figure 6.3 shows surface morphology and EDXS spectra detected on two dif-

103



A)

V // e/ /
wh ¥/
P, 3 / S/
OoC y » 7\} /
/ V4 7/
/ £ </
3/
OCP, |-+ -
/ /
cor2
B)
V 322 /
b @
ocp, . /
oCP, Y
7
&/
oc, . dc/
ocp,
(Y N T
C)
V . X'b@ /
R 37
OCP, P{' A
oCP, - c»/
ocP >/
7/
Z O
v
ocp, g

Figure 6.2: Mixed potential theory

ferent areas of the sample. In Figure 6.3(a), a cracked film can be recognized
on the top-right of the micrograph while the remaining area appears uncovered.
In Figure 6.3(a), the spectrum associated to the covered area (Spectrum 1) evi-
dences the presence of a significant amount of cerium while the signal of cerium
is below the detection limits for the spectrum acquired on the uncovered area
(Spectrum 2). This experimental evidence suggests that only a small number of
sites were strongly involved in the precipitation mechanism of cerium compounds
when 0.05M NaCl with 0.001M cerium nitrate solution was used. A thin film can
be observed on the substrate observing at higher magnification the region next
to the boundary between covered and uncovered substrate (Figure 6.3(b)). In

the EDXS spectra shown in Figure 6.3(b), the cerium content detected on the
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area associated to Spectrum 1 is higher than that in the surrounding areas (Spec-
trum 3). The cerium precipitation occurred in the region where Spectrum 1 was
recorded can be associated to the formation of cerium compounds, which could
contain cerium chloride crystals. Indeed, the atomic ratio between chloride and
cerium signals was roughly estimated around 3 corresponding to the stoichiome-
try of C'eCls. It can be observed in Figure 6.3(b) that a very thin and continuous
film covers the surrounding metal substrate. This is confirmed by the existence
of a Ce signal above the detection limits in Spectrum 3. Although Spectrum 3
in Figure 6.3(b) shows a cerium signal lower than that in Spectrum 1, it can be
supposed that a cerium hydroxide-oxide layer with a thickness in the range of few
nanometers covers the substrate. However, in the regions far from areas where a
strong cerium precipitation is involved, E.D.X.S. analysis are not able to clearly
identify the presence of cerium on the metal substrate.

Figure 6.2(b) shows an interpretation of the behaviour observed for pickled
AA2024 immersed in a solution 0.05M NaCl containing 0.001M C'e(NO3)3 - 6 H50.
The reduction of cathodic current associated to cerium inhibition should shift
the OCP to more negative values as indicated in the figure. In Figure 6.2(b),
the initial value (OCPy) tends to become more negative shifting to OC Py, under
the assumption that the magnesium oxidation reaction is the same as in Figure
6.2(a). In contrast, magnesium dissolution shifts the OCP in the direction of no-
ble values (OC'P,). Moreover, the formation of a discontinuous layer containing
cerium on the metal surface tends to reduce corrosion rate contributing to the
increase of OCP value (OCPs) [30]. As it can be clearly seen in the scheme of
Figure 6.2(b), the combination of anodic and cathodic reactions influenced by
cerium precipitation does not substantially modify OCP compared to that one
shown by pickled AA2024 immersed in a solution without cerium. The differ-
ent behaviour of pickled AA2024 in the 0.05M NaCl solution containing 0.01M
Ce(NOs)s - 6H,0 with respect to the 0.05M NaCl solution and to that with
0.001M Ce(NOs3)s - 6H50 is most likely due to the introduction in the elec-
trolyte of a higher amount of cerium species, which strongly influence the red-ox
processes. The inhibition of cathodic areas associated to the decrease of their
activity due to the precipitation of a cerium protective layer should reduce the
cathodic current in the system improving A A2024 corrosion behaviour, as already
reported in literature [15, 16, 17, 18]. However, the OCP shift from active to more

noble values cannot be only explained with the inhibition mechanism associated
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Figure 6.3: Surface morphology and EDXS analysis lower cerium concentration

to cerium precipitation on cathodic sites because cathodic inhibition mechanism
would reduce the OCP value rather than increase it. Figure 6.2(c) shows an inter-
pretation of the behaviour observed for pickled AA2024 immersed in 0.05M NaCl
containing 0.01M cerium nitrate. It can be expected that the cathodic current
is significantly reduced due to cerium precipitation on the substrate immersed in
the solution containing an higher amount of cerium nitrate. To further explain
the behaviours in solutions containing different amount of cerium nitrate, a sur-
face morphology image of AA2024 immersed in 0.01M cerium nitrate solution has

been also reported and discussed later in Figure 6.4.

As shown in Figure 6.2(c), considering the aluminium oxidation rate, the re-
duction of cathodic reaction rate should shift the OCP towards more negative

values (from OCP, to OCP,,). This is in contrast with the behaviour observed
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Figure 6.4: Surface morphology and EDXS analysis higher cerium concenration

in Figure 6.1, which clearly exhibited a shift of the OCP to more positive values
for pickled AA2024 immersed in 0.05M NaCl solution with Ce(NOj3)s - 6H,0
with respect to the same substrate immersed in 0.05M NaCl solution 0.001M
Ce(NOs)s - 6H50 and in 0.05M NaCl solution. This behaviour could be caused
by decrease of oxidation reactions or by activation of reduction reactions. The
activation of reduction reactions is not in line with the inhibition mechanism as-
sociated to cerium ions already proposed in literature [15, 16, 17, 18]. Therefore,
it is likely that the inhibition of aluminum oxidation reactions is responsible for
the noble OCP observed in Figure 6.1 for the substrate immersed in the solution
with the higher content of cerium nitrate. As already seen in Figure 6.3(b), a
protective thin film on aluminum surface was observed in some regions of the
surface of pickled AA2024 immersed in the solution with lower concentration of
cerium nitrate. Moreover, it is observed that this thin film is able to cover not
only cathodic areas but even the aluminium matrix. Indeed, cerium precipitation

probably starts at the cathodic sites and proceeds in the surrounding areas via
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island growth, as reported in literature [30]. For a first rough estimation of the
precipitation mechanism, the previous considerations do not take into account
the cerium re-dox reactions which can occur at the metal substrate and influ-
ence the film structure. Therefore, in order to explain the behaviour of pickled
AA2024 immersed in 0.01M cerium nitrate (the highest concentration used in this
work), the film formed on the substrate should be able to reduce the oxidation
rate of aluminium shifting OCP value from OCP,, to OCP,. Based on these
considerations, the formation of a continuous film on aluminium alloy surface
should be able to decrease both, cathodic and anodic reactions. In this work,
cerium nitrate was employed as cerium source and nitrate ions may be also in-
volved in the cerium-containing oxide layer formation. In literature, nitrates are
considered as oxidant species and are often employed as oxidant agent in some
electrochemical processes [51]. Nitrates can modify the metal surface promoting
the formation of a passive aluminium hydroxide-oxide layer which could be able
to improve AA2024 corrosion resistance in addition to the inhibition mechanism
due to cerium precipitation via island growth. The effect of the counter ion was
not further considered in this work because it will be investigated and discussed
in another paper. Figure 6.4 shows the surface morphology of pickled AA2024
immersed for 11 days in a solution 0.05M NaCl with 0.01M Ce(NOj3)s - 6H50.
Holes and cavities formed during pickling procedure are visible in the image and
it is possible to recognize the film on the substrate in the regions where cracks
are formed. Indeed, the film is homogeneous in the regions where the pickling
attack is less strong and the substrate morphology is not too much rough. Thus,
it is very difficult to recognize the existence of this film in defect-free regions of
the sample surface. Spectrum 1 detected in these areas evidences a low cerium
signal indicating that a very thin film is formed. Spectrum 2 which was acquired
on a cracked area, displays a higher amount of cerium compared to that one
observed in Spectrum 2. However, Figure 6.4 indicates that a film containing
cerium covers the entire sample surface. Indeed, cathodic or anodic areas are not
identified by a preferential precipitation of cerium compounds according to the
cerium precipitation via island growth suggested by Hinton et al. [15, 16, 17, 18].
Moreover, pickled A A2024 surface is not corroded and appears slightly yellow sug-
gesting that a modification of cerium oxidation state occurs. Considering that
cerium species were introduced as nitrates, it can be expected that initially the

oxidation state of cerium ions was +3. Initially, the solution containing cerium
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nitrate appears colourless. At the end of the immersion test (11 days) solution
and AA2024 surface appeared yellowish, which is typical of compounds contain-
ing cerium with oxidation state +4. As stated by Hayes et al. [46, 47], Ce3"
ions can be oxidized to Ce** even in chemical conditions less oxidizing than that
described by Pourbaix diagram. Therefore, C'e3" ions added to the electrolytic
solution could be oxidized during the immersion and involved in the corrosion
mechanism of the substrate. By comparing the morphologies in Figure 6.3 and
in Figure 6.4, it can be stated that the substrate is covered with a film con-
taining cerium after immersion in the NaCl solution containing cerium nitrate
with 0.001M and 0.01M concentrations. Nevertheless, SEM investigation indi-
cates that the substrate is covered by a continuous and homogeneous film after
immersion in the solution containing the higher concentration of cerium nitrate
(0.01M). In contrast, it is likely that the amount of cerium available for the film
deposition on the substrate is not enough to guarantee complete coverage of the
substrate after immersion in the electrolyte containing a lower amount of cerium
nitrate (0.001M). This is reflected by the trend of OCP that evidences a more
noble behaviour for the substrate immersed in the solution containing the higher
amount of cerium nitrate. Indeed, OCP measurements evidence that only the
addition of 0.01M cerium nitrate to the electrolyte is able to significantly modify

the electrochemical behaviour of the aluminium surface.

6.3.2 Potentiodynamic polarization for AA2024 pickled

samples

Figure 6.5 shows anodic polarization curves performed on pickled AA2024 in the
same electrolytes employed for OCP measurements. Polarization curves were car-
ried out after 15 h immersion in the electrolyte. The polarization curve obtained
on pickled AA2024 in 0.05M NaCl solution (solid line) does not evidence a passive
region and the breakdown occurs immediately after the corrosion potential (E.,.-)
at -480 mV vs Ag/AgCl. The corrosion current density (ico) is 1A -cm™2. The
potentiodynamic polarization curve carried out on pickled AA2024 immersed in
0.05M NaCl with 0.001M cerium nitrate (long dash line) exhibits a shift of the
corrosion potential in the positive direction (about 20 mV) relative to the curve
obtained in the solution containing only chlorides. No passive behaviour is visi-

ble for this curve and the breakdown takes place immediately after the corrosion
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potential. However, the corrosion current density is about 0.4puA - em™2, which
is lower than that observed for the sample immersed in NaCl solution without
cerium nitrate. This evidences that immersion in the solution containing 0.001M
cerium nitrate promotes only a slight improvement of the electrochemical be-
haviour of the substrate. These results strengthen the interpretation given in
Figure 6.2(b) and is in line with scanning electron microscopy analysis discussed
above. The potentiodynamic polarization curve for pickled AA2024 immersed in
solution with 0.01M cerium nitrate (short dash line) shows a passive range ex-
tending for more than 50 mV above the corrosion potential localized at -385 mV
vs Ag/AgCl. The current densities detected in this region are around 1A - cm ™2
which can be considered in the range of passive behaviour for aluminium alloys.
Chlorides are probably involved in the corrosion mechanism causing the failure
and breakdown of the passive film at about -310 mV vs Ag/AgCl. However, it
can be expected that corrosion rate for AA2024 immersed in a solution containing
0.01M Ce(NO3)3 - 6H50 should be lower than that one for AA2024 immersed
in a solution without cerium. Potentiodynamic polarization test confirms that
corrosion resistance of AA2024 improves increasing the concentration of cerium
nitrate in the electrolyte. These results are in line with the trend observed for
the OCP in Figure 6.2.

Figure 6.6 displays a SEM micrograph of pickled AA2024 surface after po-
tentiodynamic polarization test performed in 0.05M NaCl containing 0.001M
Ce(NO3)s3 - 6H50. The surface appears less homogeneous compared to that
observed in Figure 6.3 after open circuit potential measurement. The polariza-
tion test promoted the formation of large heterogeneous areas where there is
precipitation of compounds on the oxide-hydroxide layer already detected after
open circuit potential measurement. In addition, areas without evident precip-
itation are also visible in the SEM micrograph. Moreover, the sample surface
often appears yellowish after potentiodynamic polarization test. Spectrum 2 per-
formed on the area subjected to local precipitation during anodic polarization still
evidences an intense cerium signal (cerium excitation lines are very intense and
clear) confirming that a further precipitation of cerium-containing products oc-
curred during potentiodynamic polarization. In contrast, Spectrum 4 performed
on a region where local precipitation is not evident, displays a lower intensity of
the cerium signal and a higher intensity of the aluminium signal than Spectrum 2.

This indicates that films-precipitates with different thickness cover the substrate
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Figure 6.5: Potentiodynamic Polrization Curves in cerium nitrate solution

after potentiodynamic polarization. The precipitation promoted during potentio-
dynamic polarization is probably associated to a different mechanism compared
to that occurring during free immersion conditions (OCP measurements). Indeed,
the AA2024 substrate works as anode during anodic potentiodynamic polariza-
tion and undergoes oxidation reactions. Cathodic reactions take place at the
Pt counter electrode. Therefore, it can be expected that precipitation occur-
ring during anodic polarization tests is promoted by oxidation reactions rather
than cathodic reactions. Accordingly, it is possible that cerium precipitation dur-
ing potentiodynamic polarization is controlled by an initial oxidation in solution

causing a change of the oxidation state of cerium from +3 to +4.

During anodic polarization tests carried out on AA2024 immersed in a solution
containing 0.01M Ce(NOj3)3 - 6 H>0 and 0.05M NaCl, gas bubble generation was
observed at the Pt cathode increasing the overpotential. This was accompanied

by formation of a viscous gel compound at the platinum wire (cathode). This
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Figure 6.6: SEM micrograph after Potentiodynamic Polarization Curves

gel was collected after the measurement and dried in order to enable SEM-EDXS
characterization. Figure 6.7 shows SEM micrograph and EDXS spectrum of the
dried gel compound formed at the cathode. The SEM micrograph evidences a
spongy structure for the gel with darker clusters. The spectrum 1 acquired on
the spongy region of the gel evidences a high cerium content. Signals relative to
silicon calcium and potassium should not be considered since they are generated
by the glass substrate employed for the analysis of the product collected after po-
tentiodynamic polarization. The spectrum 2 acquired on the dark cluster in the
SEM micrograph evidences the presence of cerium, chloride and sodium suggest-
ing that sodium chloride and cerium chloride crystals precipitated during drying
step. Results of EDXS analysis on the gel formed at the cathode confirms that
precipitation of cerium compounds occurs preferentially on sites where reduction

reactions take place.
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Figure 6.7: Dried gel morphology and Chemical Composition

6.3.3 Influence of chlorides in 0.01M cerium nitrate

In order to further evaluate the inhibition mechanism provided by cerium nitrate,
electrochemical measurements have been performed employing aqueous solution
without chlorides. Figure ?? shows the anodic polarization carried out on pickled
AA2024 in a solution containing 0.01M Ce(NOs3); - 6H>0 (long dash line). Po-
tentiodynamic polarization curves carried out in 0.05M NaCl solution containing
0.01M Ce(NOs3)s - 6H50 (short dash line) and in 0.05M NaCl solution have also
been reported in the figure. Polarization curve carried out in cerium nitrate solu-
tion without chlorides shows an extended passive region with current density in
the range of 1uA-cm™2. By comparing the electrochemical behaviour exhibited by
pickled AA2024 in 0.05M NaCl containing 0.01M Ce(NOs3)s - 6 H0 (short dash
line) and in the solution without chlorides (long dash line), it can be seen that
cerium nitrate is able to provide a sensible effect on the electrochemical of AA2024

aluminum alloy. The existence of chlorides in the electrolyte prevent the forma-
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tion of a passive range leading to localized corrosion attack of the metal substrate.
It is likely that the cerium-containing film is subjected to formation of defects or
weak spots during immersion in chloride solutions, as confirmed by other works
reported in literature [1]. Several yellow areas were observed on the AA2024 sur-
face after the polarization to 1V vs Ag/AgCl in the solution without chlorides.
According to the Pourbaix diagram for cerium [47], the cerium oxidation reac-
tion is possible at the potentials reached during the potentiodynamic polarization.
This oxidation reaction is associated to the modification of the oxidation state
from Ce?* to Ce*" leading to the formation of compounds containing tetravalent
cerium instead of trivalent one. As seen above, a similar behaviour was observed
also for OCP measurements after 1 week immersion in the electrolyte containing
cerium. Therefore, the behaviour observed in OCP measurements and potentio-
dynamic polarization test confirms that trivalent cerium progressively tends to
change its oxidation state when high over-potential or longer immersion time in

the electrolyte are considered [2].

6.3.4 Influence of surface preparation 0.01M cerium ni-

trate

Figure 6.9 shows open circuit potential measurements in 0.01M Ce(NOs3)s3 - 6 H,0O
carried out on AA2024 only degreased (short dash line) and pickled (long dash
line line). The open circuit potential for degreased AA2024 shows an initial fast
transient in the first 2-3 hours of immersion. A steady state value of about -230
mV vs Ag/AgCl is reached after about 5-7 hours of immersion. The OCP for
pickled AA2024 shows a similar transient in the first hour immersion, but a value
of about -320 mV vs Ag/AgCl is observed at the end of the measurement. This
value is about 100 mV less noble than the value observed for degreased AA2024.
OCP trends are in line with the scheme described in Figure 6.2. Since pick-
ling produces a different surface condition than degreasing, it can be expected
that the electrochemical equilibrium at the surface can affect the kinetics of reac-
tions involving cerium. Moreover, these reactions are dependent on intermetallics
present in AA2024, mainly Al-Cu-Mg and Al-Cu-Mn-Fe-Si intermetallics [1]. The
former exhibit anodic behaviour relative to the aluminium matrix, while the latter
display cathodic behaviour [2, 4, 7].

Figure ??7 shows a qualitative GDOES profile (intensity versus sputtering
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Figure 6.8: Chloride Influence

time) for only degreased and pickled AA2024 displaying signals relative to carbon,
oxygen, silicon, copper, manganese and magnesium. The sputtering or erosion
time is defined as the time during material is removed from the sample. The anal-
ysis were carried out for studying the chemical surface composition of AA2024
both, degreased and pickled. Measurements have evidenced that after 0.2 seconds
of analysis the bulk was reached because no variation of chemical composition
was detected. Since the investigated area by means of GD-OES was in the range
of 10 mm2, the heterogeneity of the microstructure due to intermetallics did not
affect the measurement. Indeed, measurements carried out on different regions
of the same sample gave the same response. A relatively high amount of car-
bon is observed for degreased AA2024 while a very low carbon signal is detected
for pickled one. The C signal is high for both samples at low sputtering time
(0.01 sec) due to surface contamination of the samples. However, the trend of

carbon signal clearly evidences that the degreasing procedure employed in this
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Figure 6.9: Surface Preparation Influence

work could not completely remove from the sample surface oil and organic resid-
uals of rolling processes or hot and cold metal deformation. In contrast, pickling
effectively removes oils and other residuals from the sample surface. The oxy-
gen signal displays higher intensity for the degreased sample than for the pickled
one. This indicates that the thickness of the oxide layer covering the degreased
metal substrate is higher than that on the pickled one. Thus, pickling removes
the natural oxide layer, which is successively reformed with lower thickness than
on the only degreased sample. Copper and manganese signals evidence surface
enrichment after pickling, while this is not observed after only degreasing. The
surface enrichment of Si, Mn and Cu is most likely caused by dissolution and re-
precipitation phenomena taking place during pickling and involving intermetallic
particles and the solid solution (matrix), as already reported in literature [54]. In
particular, the results in Figure 6.10 clearly indicate that there is a marked Cu

enrichment on the pickled sample, in accordance with the work of P. Campestrini
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et al. [54]. It can be expected that the surface enrichment of elements like Cu
with a cathodic behaviour relative to the matrix affects the behaviour of cerium
nitrate introduced in the electrolyte because cerium precipitation is favoured at
cathodic sites. This aspect can be related to the OCP shift towards more noble
values. The magnesium signal in Figure 6.10 exhibits a strong surface enrichment
for the degreased sample, while this is not observed for the pickled sample. The
different surface enrichment of magnesium observed for the two samples might
be still mainly associated to the OCP curves reported in Figure 6.9. Indeed, it is
likely that magnesium quickly starts to oxidize immediately after immersion in
the electrolyte supplying a considerable amount of electrons for reduction reac-
tions. Since oxidation and reduction reactions occur at the same rate in order to
maintain the net current equal to zero under free immersion conditions, the strong
magnesium dissolution occurring immediately after immersion in the electrolyte
[38] can be considered as the source of electrons supporting reduction reactions.
Since cerium precipitation kinetic is influenced by the rate of reduction reactions,
it can be concluded that the magnesium dissolution promotes the formation of
a layer containing cerium with a faster kinetic for the degreased sample than for
the pickled one. Since magnesium amount present at the surface tends to be
consumed by oxidation reactions, after the first hours of immersion, the surface
becomes less reactive and the slope of OCP curves tend to diminish. On the
other hand, the surface of pickled sample which is less rich in magnesium and
more rich in copper tends to be less reactive than the degreased one (enriched in

magnesium) supporting a slower kinetics of cerium precipitation.

6.3.5 Influence of pH

In order to evaluate the inhibition ability of cerium nitrate as a function of so-
lution pH, pickled AA2024 samples were immersed in alkaline and acid solutions
containing cerium. Figure 6.11 shows OCP measurements acquired for 5 hours
on pickled AA2024 in the different solutions considered. In Figure 6.11, the OCP
detected in acid solution (dash-dot line) immediately after immersion is about
-400mV vs Ag/AgCl which is more noble than that acquired in the neutral so-
lution (short dash line). The OCP value measured is quite constant during the
first 5 hours of immersion meaning that a very fast activation of the metal sur-

face which is in line with the behaviour described by Pourbaix diagram. The

117



INTENSITY / V

INTENSITY / V

INTENSITY / V

same, the

70 80

o0 < | _PICKLED ©
50 - 60 |,l| ¥
40 E
2 40
30 PICKLED E DEGREASED
20 - -
| DEGREASED 2
10 ’\/
0 Il T 0
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
SPUTTERING TIVE / sec SPUTTERING TIME / sec
3.0 7
Si Y PICKLED Cu
25 6 “J;H \\w‘ 2
ﬂ PICKLED 5 g
2.0 h —= >
o s 2,
151y ? .
101} DEGREASED =
s DEGREASED
;
0.00 0o 0.05 0.10 0.1 0.20 0o.oo 0.05 0.10 0.15 0.20
SPUTTERING TIME / sec SPUTTERING TIME / sec
1.0 M 25 M
n g
o oot
= DEGREASED
0.6 - E : 15
2
0.4 = 510
02" 5 PICKLED
. % DEGREASED ‘," -
0.0 o v v v v T v "’.‘-*M‘.—”—-—‘““‘._—'T .....
0. 0.05 0.10 0.15 0.20 00_00 0.05 0.10 0.15 0.20
SPUTTERING TIME / sec SPUTTERING TIME / sec

Figure 6.10: Qualitative GD-OES profiles

OCP measured immediately after immersion in alkaline solution is more active
than that measured in acid solution suggesting that a lower amount of cerium
compounds precipitate on the metal substarte. The OCP rapidly increases in
the first hour of immersion, while the increase becomes less evident for longer
immersion times. OCPs detected in acid or in alkaline solutions become very
similar after 3 hours immersion reaching a value closed to -380mV vs Ag/AgCl.
This suggests that a similar steady state condition involving cerium nitrate is es-
tablished on the metal surface in acid and alkaline conditions. However, since the
electrochemical behaviour detected during the first 3 hours immersion are not the

corrosion processes are most probably affected by solution pH in the
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first hours of immersion. The different OCP trend in alkaline and acid solution
might be explained considering the electrochemical behaviour of magnesium im-
mersed in either, acid or alkaline solution. According to Pourbaix diagram [47],
magnesium corrosion reactions can easily occur in acid solution, while in alkaline
environment with solution pH equal to 8 or higher, magnesium tends to passi-
vate forming magnesium hydroxide. The lower reactivity displayed by AA2024
in alkaline than in acid conditions can be due to a lower activity of magnesium in
alkaline environment, which does not provide the electron flow necessary to pro-
mote reduction reactions with the same rate of those occurring in acid conditions.
Since cerium precipitation is limited in tests carried out in alkaline condition, a
longer immersion time is necessary to reach a steady OCP in this environment

than in acid condition.
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Figure 6.11: pH solution Influence on OCP

Figure 6.12 shows anodic polarization curves performed on pickled AA2024
samples in acid and alkaline solutions containing 0.01M Ce(NO3)3 - 6H,0. Po-
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tentiodynamic polarization performed in neutral 0.01M Ce(NOs); - 6H50 is re-
ported as a reference. For overpotentials ranging from -0.2V to -0.1V vs Ag/AgCl
potentiodynamic polarization curves carried out under acid, alkaline and neutral
cerium-containing solutions shows a current peak near the Ecorr followed by a
passive region, which is more extended in the neutral solution than in alkaline and
acid ones. However, measurements performed under acid and alkaline solutions
display current density higher than that acquired for AA2024 samples immersed
in neutral solution. From results shown in Figure 6.12, it seems that corrosion
reactions are however inhibited in the pH region ranging from 3 to 8 suggesting
that localized corrosion attack at the metal surface can be reduced in solutions

in the considered pH range by adding cerium nitrate at the electrolyte.
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6.3.6 Galvanic coupling

In order to better understand AA2024 corrosion inhibition mechanisms provided
by cerium nitrate in solution, a sheet of 8xxx series aluminium alloy (used as
anode) was connected to a pure copper sheet (used as cathode) to have galvanic
coupling between the two metals as shown in Figure 6.13(a). When the galvanic
couple is immersed in 0.05M NaCl containing 0.01M Ce(NOj3)3 - 6H,0 aqueous
solution, the aluminium surface starts to corrode while reduction reactions occur
on the copper electrode. Therefore, the copper surface should works as the pref-
erential site for cerium precipitation while aluminium should be involved only as
the anode in the electrochemical cell, as shown in Figure 6.13(b). The surface
of pure aluminium underwent severe attack after immersion (SEM micrograph
not shown). Analysis performed with EDXS equipment was not able to iden-
tify cerium on aluminium substrate indicating that its anodic behaviour does not

promote cerium deposition.
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Figure 6.13: Galvanic couling Scheme

Figure ?7?(a) and (b) shows the morphology of the copper sheet galvanically
coupled to the aluminium sheet after 6 hours in 0.05M NaCl containing 0.01M
Ce(NOj3)s - 6H20. Relatively large crystals with size of 1-2 um can be identi-
fied on the substrate. Moreover, the copper surface in Figure 14a), is uniformly
covered by a thin cerium-containing film whereas cracks can be seen near the
areas where a local precipitation of crystals took place. Crack formation is most
probably due to high vacuum in the chamber and electron beam power settings

in the scanning electron microscopy rather than to heterogeneous film formation

121



during immersion in the electrolyte. Indeed, at the beginning of SEM observa-
tion, the thin film was more continuous and crack formation was observed during
the analysis. This evidence suggests that the thin layer is probably constituted of
hydrated hydroxide, which releases water during S.E.M. observations producing
extended cracking. However, the SEM images confirm that cathodic reactions
occurring on copper surface are most probably related to an increasing of the
solution pH near to the surface electrode which is able to promote cerium precip-
itation. In addition to the thin film layer formed on the pure copper surface, in
Figure 6.14(a) crystal formation on the top of the film is observed. It seems that
active sites promote the formation or the re-deposition of crystals involving chem-
ical species present in the aqueous solution. EDXS analysis performed on crystal
A) (not shown here) exhibits nitrogen, oxygen and cerium signals. This indicates
that a crystal of cerium nitrate precipitates on copper surface where reduction
reactions occur. Moreover, in Figure 6.14(a), it is possible to recognize a second
type of crystal indicated with the mark B). EDXS analysis performed on this
crystal, evidences oxygen and cerium signals. The morphology of crystal B) is
not as smooth as in the case of crystal A). Figure 6.14(b) reports the cross-section
of the copper surface showing that crystals of type B) grow forming a columnar
structure which can be associated to cerium hydroxide/oxide|. Besides, Figure
6.14(b) evidences that film formation and local precipitation occur on the entire
copper surface confirming that cathodic regions can be considered as preferential
sites for the precipitation of compounds containing cerium. Based on results in
Figure 7?7, the precipitation mechanism of cerium compounds on cathodic sites
can be divided in two different steps: in the first step, a thin oxide-hydroxide
film is formed on the copper substrate. In the second step hydroxide crystals
grow near active sites depending on copper grain orientation, reticular defects,
impurity, defects of the first thin layer of oxide-hydroxide formed. The second
step of the deposition can take place together with the first one or at a different
stage.

Figure 6.15 shows a scheme of possible re-dox reactions occurring at the
AA2024 surface, based on the simple model of the aluminium-copper galvanic
couple behaviour previously discussed. Cathodic second phase particle and an-
odic aluminium matrix are represented in the figure. Following the mechanism
proposed for galvanic coupling between pure copper and aluminium, cerium pre-

cipitation should occur only on cathodic sites. Therefore, second phase particles
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Figure 6.14: Surface morphology after immersion

with cathodic behaviour should be covered by cerium compounds. Aluminium
matrix should not be involved, because cerium precipitation (depending on local
solution pH) is promoted by the alkalinisation of the solution which is otherwise
provided by reduction reactions at cathodic sites. On the contrary, Figure 6.4
enables to recognize an homogeneous layer formed on AA2024 after immersion
in a solution containing cerium nitrate. However, it is not possible to identify
areas with anodic or cathodic behaviour in Figure 6.4 because the entire surface is
covered. Indeed, cathodic and anodic areas cannot be macroscopically separated
in the case of AA2024 because the size of cathodic areas range from micrometers
to nanometers. As stated by Wilson and Hinton [15, 16, 17, 18, 19], cerium pre-
cipitation starts from cathodic sites involving the surrounding areas via island
growth. Hughes et al. [31] suggested that after the initial cerium precipitation
on the larger cathodic areas, the residual surface could be covered by cerium
compounds due to small active intermetallics not still involved in the process.
Our results are in accordance with the island growth proposed by Hughes for the
explanation of cerium precipitation mechanism. Cerium precipitation occurring

on AA2024 progressively covers the entire surface because small cathodic sites
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are homogeneously dispersed in the anodic matrix. Nevertheless, it seems that
anodes and cathodes are both necessary for the formation of cerium hydroxide-
oxide film. In order to validate this statement, another test was made: a sheet
of aluminum alloy (8xxx series) was immersed in aqueous solution containing
0.01M Ce(NOj3)s - 6H50 for several days. Scanning electron microscopy and
EDXS analysis had not evidenced cerium precipitation at the metal surface as
in the case of AA2024. Intermatallics present on the surface of 8xxx aluminium
alloy are rich in iron and manganese and behave cathodically relative to the alu-
minum matrix. Cerium precipitation on 8xxx aluminum alloy does not occur or
occurs very slowly because probably the driving force associated to the cathodic
and the anodic reactions occurring on respectively, intermetallics and matrix, is
not strong enough to provide an adequate cerium precipitation rate. This fur-
ther confirms that cerium precipitation is promoted by the nature of the alloy
microstructure, which is not able to provide the electrochemical conditions for an

effective cerium precipitation in the case of less reactive system.
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Figure 6.15: Mechanism of cerium precipitation

6.4 Conclusions

The inhibition effect of cerium nitrate on the electrochemical behaviour of AA2024-
T3 aluminum alloy has been investigated by means of DC techniques like open
circuit potential measurements and potentiodynamic polarizations. The evalu-
ation of the effectiveness of two cerium nitrate concentrations (5 gL~ and 0.5

gL™') was carried out.
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Cerium compounds precipitate on AA2024-T3 aluminum alloy as hydroxides or
hydrated oxides. The precipitation involves the entire surface producing a very
thin film even if on small regions a very intense cerium precipitation has been
detected. The solution containing 5 gL~! of cerium nitrate strongly affects the
electrochemical behaviour of AA2024-T3 aluminum alloy while a smaller effect
has been observed for the less concentrated solution (0.5 gL™1).

Chlorides significantly decrease the inhibition effect due to the presence of cerium
nitrate ions in solution. Cerium salts are instead able to homogenize the electro-
chemical behaviour of AA2024-T3 aluminum alloy in a pH range between 3 and
8.

The cerium precipitation phenomenon occurs more fast on AA2024-T3 surfaces
rich in magnesium. The precipitation is most probably promoted by the intense
redox reactions correlated to the fast magnesium dissolution.

The observation of the AA2024-T3 surface morphologies of cerium precipitations,
by means of scanning electron microscopy, evidences that cathodic sites are pref-
erential sites for cerium precipitation. However, it is not still clear the mechanism
of cerium deposition on the entire surface (consisting of micro-anodes and micro-
cathodes). For cathodic inhibitors, the mixed-potential theory indicates that
E...» shifts to more active values. Since the results obtained are not in accor-
dance with the theory, the cerium nitrate salt are most likely able to inhibit both

the anodic and the cathodic behaviour.
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Chapter 7

Micro-Evaluation of Cerium
Inhibition

Aluminium alloys like AA2024 are susceptible to severe corrosion attack in aggres-
sive solutions (e.g. chlorides). Since the corrosion behaviour of aluminium alloys
is strongly dependent on their microstructure, the evaluation of the behaviour in
the micro-scale range enables to distinguish regions with different electrochem-
ical activity. The micro-electrochemical technique using glass micro-capillary
allows to investigate metal substrates with heterogeneous micro-electrochemical
behaviour. Since it is well established that the precipitation of cerium species on
corroding electrodes is activated by cathodic sites - like intermetallics -, the aim
of this work is to investigate the electrochemical behaviour of AA2024-T3 in pres-
ence of cerium species. The investigation was carried out by means of a localized
technique, the electrochemical micro-cell. Three different regions were consid-
ered: a first type containing a small amount of intermetallics (matrix region),
a second type containing intermetallics rich in Al-Cu-Fe-Mn and a third type
containing intermetallics rich in Al-Cu-Mg. The characterization was initially
carried out evaluating open circuit potentials and potentiodynamic polarization
measurements in sodium chloride solution. This step allowed to assess the be-
haviour of the three type of regions. Afterwards, measurements with the same
approach were carried out on AA2024-T3 samples previously immersed in a solu-
tion containing cerium nitrate. This approach was employed in order to identify
and clarify the role of intermetallics on cerium precipitation. SEM-EDXS analysis
were furthermore performed to evaluate the composition of cerium compounds

precipitated on both matrix and rich-intermetallics regions.
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7.1 Introduction

AA2024 aluminium alloy is widely employed in aerospace applications due to its
advantageous strength-to-weight ratio. In order to improve mechanical proper-
ties, AA2024 aluminum alloy undergoes thermal treatment to promote precip-
itation of nanometric second-phase particles which are able to strengthen the
aluminum microstructure [1]. The heterogeneous microstructure of AA2024-T3
aluminum alloy strongly affects its corrosion behavior [2, 3, 4, 5]. Several electro-
chemical and metallurgical studies were carried out on the AA2024 microstructure
in order to distinguish phases with different electrochemical behavior [6, 7, 8, 9.
Different kinds of coarse intermetallics have been identified for AA2024 aluminum
alloy. Buchheit reported a compilation of corrosion potentials for aluminum-based
intermetallics found in literature [10]. It has been found that corrosion potentials
for intermetallics containing Al-Cu-Mg are more negative than those detected for
intermetallics containing Al-Cu-Fe-Mn. For AA2024 aluminum alloy, Buchheit
et al. [11] further evidenced that Al-Cu-Mg-based intermetallics are the most
populated category while the second largest type is rich in Al-Cu-Fe-Mn. They
found that immediately after immersion in a chloride solution, Al-Cu-Mg-based
intermetallics act as anodic sites with respect to the aluminum matrix. However,
magnesium and aluminum dissolution promotes the formation of Mg-Al-depleted
intermetallics which can act cathodically for longer immersion times. Other-
wise, Al-Cu-Fe-Mn intermetallics constantly act as cathodes with respect to the
aluminum matrix [12, 13, 14]. It is well established that localized corrosion of
aluminum alloys is affected by second phase particles which can promote the de-
velopment of critical local conditions [10, 15, 16, 17, 18, 19, 20, 21]. Two different
pitting growing mechanisms have been recognized: the preferential attack of alu-
minum matrix at the boundary with intermetallics or the selective dissolution of
the intermetallics themselves. However, the electrochemical behavior of second
phase particles is affected by the solution pH and it can become very complex
[22]. As an example, M g,Si particle tends to be more noble in acid pHs but in
acid conditions its dissolution rate tends to be increased if compared with that ev-
idenced in neutral pH. This study [22] also suggests that the relationship between
the electrochemical behavior of aluminum alloys and their microstructure depends
on both the environment and the corrosion step considered. In particular, the

corrosion step can locally affect the chemistry equilibrium of the corroding elec-
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trode surface, where micro-anodes and micro-cathodes are involved. Guillaumin
et al. [14], observed that anodic polarization curves preformed on AA2024-T3
show two breakdown potentials: the more active is related to both the local dis-
solution of the aluminum matrix surrounding Al-Cu-Mg-based intermetallics and
the magnesium dissolution occurring at the bulk intermetallic. They found that
Al-Cu-Mg-based intermetallics are surrounded by a copper-rich dispersoids free-
zone. Therefore, the matrix surrounding intermetallics contains a lower copper
amount than the rest of the matrix. In this area, dispersoids are therefore copper-
lean and they behave anodically with respect to the matrix during the first period
of immersion in chlorides. It was estimated that the first breakdown potential is
mainly due to the intense magnesium dissolution occurring at Al-Cu-Mg-based
intermetallics. The second breakdown potential is rather correlated to the fur-
ther matrix dissolution occurring at the center grains and at grain boundaries,
where anodic intermetallics have already been dissolved. The fast magnesium and
aluminum dissolution from Al-Cu-Mg-based intermetallics leads to the formation
of copper-rich spongy regions on which oxygen reaction can occur more easily
promoting the further matrix dissolution [23, 24]. The micro-cell technique can
be employed for the evaluation of the micro-electrochemical behaviour of metal
microstructures. Indeed, the electrochemical micro-cell technique was initially
employed by T. Suter et al. [25, 26, 27] to study the influence on pitting initia-
tion of sulphide inclusions in stainless steels. In these works, the evaluation of the
inclusions size, of the test-solution composition and of the working electrode area
allowed to identify sulphide inclusions larger than 1 um as very critical for pitting
resistance. Moreover, Suter et al. proved that MnS-inclusions tend to dissolve
in both chloride-free solutions and chloride-containing solutions. Suter el al. [28]
employed the micro-cell technique to evaluate the AA2024-T3 electrochemical
behavior in the micrometer range for the first time. In a following work with
an experimental procedure similar to the that previously employed [25, 26, 27],
the evaluation of the natural oxide stability of AA2024-T3 aluminum alloy was
further carried out by using the electrochemical micro-cell technique [24]. Local-
ized corrosion investigation can be performed by reducing the working area or by
using a scanning micro-reference electrode. The working principle of the micro-
electrochemical technique is based on the size reduction of the electrochemical
cell [29]. The equipment basically consists of a glass micro-capillary sealed at

the tip with a silicone gasket in order to avoid solution leakage at the electrode
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surface. Since the micro-cell is mounted on the revolving nosepiece of a metal-
lographic microscope, it is possible to center the region of interest shifting the
revolving nosepiece from the objective to the micro-cell position. By reducing the
glass micro-capillary size, measurements can be performed on very small regions,
exactly in the micrometers range. In the paper [25] is discussed the influence of
the glass micro-capillary size (corresponding to the working area exposed to the
electrolyte) on the electrochemical behaviour of metals. Tt was found that by re-
ducing the micro-capillary size, the pitting potential shifts to more noble values.
This behavior was associated to the statistical reduction of the number of weak
points like intermetallics, inclusions and grain boundaries. By employing micro-
cell technique, Suter et al. found that the onset of pitting corrosion depends on
the intermetallic category. In the case of Al-Cu-Mg-based intermetallics, it was
observed that fast magnesium and aluminum dissolution preferentially starts at
the edge rather than at the center grain. For longer immersion time, this in-
termetallic type can become cathodic with respect to the surrounding matrix.
The preferential dissolution of iron and manganese was further detected at the
edge of Al-Cu-Fe-Mn-based intermetallics. In that case, the chemical composition
in the center part never changed. However, in addition to iron and manganese
depletion at the intermetallic edge, dissolution even occurs in the surrounding alu-
minum matrix due to the galvanic coupling formed. The micro-cell technique was
also employed for the study of the micro-electrochemical behaviour of AA7075
aluminum alloy [30]. The influence of cathodic intermetallics (Al;CusFe) with
respect to the matrix was detailedly investigated [31]. Al;CuyFe-based inter-
metallics promote the dissolution of the surrounding matrix inducing the forma-
tion of trenching corrosion morphologies. Furthermore, it was found that M g,57
intermetallics are anodic with respect to the matrix [32] and they constitute the
preferential site for pitting corrosion initiation [33]. Indeed, magnesium-depleted
M g5Si intermetallics tend to shrink provoking the formation of crevice corrosion
at the interface with the matrix. Micro-cell investigations performed on AA7010
aluminum alloy have also allowed to detect the potential /current transient which
can be related to the dissolution of both the equilibrium n-M g, Zn or the harden-
ing 1'-M goZn phases [34]. The electric charge associated to the current transient
observed during a localized measurement (in that case with a glass capillary of
30 pum size) was calculated by the integration of the current vs. time diagram.

This procedure was used in order to estimate the particle size associated to the
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observed transient. It has been found that the potential /current transient can
stem from the dissolution of both 7 and i’ phases. It was stated that the dissolu-
tion of the equilibrium 7 phase is the responsible for intergranular and exfoliation
attacks of Al-Zn-Mg-Cu alloys [35, 36]. Eckermann et al. [37] studied the micro-
electrochemical reactivity of intermetallics present in Al-Mg-Si alloys. They found
that an increasing of solution pH can be identified on MgSi intermetallic particles
which should have an anodic behavior with respect to the matrix. Two different
hypotheses have been formulated to explain that evidence. The first explanation
is related to the development on MgSi particles of a strong hydrogen reduction
associated to a fast magnesium dissolution [38]. The second mechanism takes
its stand on the hypothesis that after magnesium dissolution, MgSi particles can
change their behavior from anodic to cathodic. On modified MgSi particles, re-
duction reactions can occur producing the local increase in pH.

Corrosion behaviour can be improved by applying protective coatings or by em-
ploying corrosion inhibitors. By considering the second route, it has been found
that salts of rare-earth elements are able to improve the corrosion behavior of alu-
minum alloys [39, 40, 41]. Hinton et al., Arnott et al. and Ryan et al. [42, 43, 44]
proved that rare-earths and particularly cerium, inhibit redox reactions occur-
ring on aluminum alloys. It has been evidenced that the improvement of the
corrosion resistance is due to the precipitation of cerium compounds on cathodic
regions promoting the inhibition of reduction reactions [45]. After the first studies
on the mechanism of cerium compounds precipitation, it was proposed that the
process starts on regions where solution pH tends to be increased by reduction
reactions which produce favorable chemical conditions to cerium precipitation.
It was proposed that the process continues in the surrounding regions via is-
land growth involving small active regions not still covered [46]. Yasakau et al.
[47] proved that cerium precipitation preferentially occurs on Al-Cu-Mg-based
intermetallics modified by the local magnesium and aluminum dissolution which
leads to the overall copper-enrichment of the intermetallic [34]. The inhibition
effect of vanadates on AA2024 corrosion behavior was also evaluated by using
the micro-cell technique [48]. It has been seen that vanadates promotes the de-
creasing of cathodic currents on both the matrix and the intermetallics. It has
been proposed that the inhibition mechanism due to vanadates is related to their
adsorption to the surface which prevents chloride ions attack [49]. Moreover, it

was observed that vanadates are able to control the dealloying process occurring
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at Al-Cu-Mg-based intermetallics stabilizing their electrochemical behavior and
shifting the breakdown potential to more noble values. This is probably due to
the suppression or the reduction of selective magnesium dissolution which avoids
the formation of copper-enriched intermetallics able to support fast cathodic reac-
tions. Nowadays, at our disposition there are several chemical compounds which
are able to inhibit redox reactions limiting corrosion phenomenon. Cerium com-
pounds represent one of the most interesting corrosion inhibitors for aluminum
alloys. Despite the fact that many studies were focused on the comprehension of
cerium precipitation mechanisms, there are some aspects which have to be still
clarified. In this work, a detailed investigation on the effect of cerium precipi-
tation on the micro-electrochemical behavior of AA2024-T3 aluminum alloy was

carried out.

7.2 Materials and Experimental Procedure

Samples of commercial AA2024-T3 were ground with emery paper and polished
with clothes of different resilience and abrasives. Polishing was carried out em-
ploying diamond suspensions diluted in ethanol with a grain size ranging from
6 um to 1 wm. Ethanol was used instead of water in order to avoid or reduce
the fast dissolution of the magnesium present on aluminum surfaces, especially
as constituent element of Al-Cu-Mg intermetallics.

The micro-electrochemical investigation was carried out by means the micro-cell
technique. The micro-cell apparatus basically consists of a glass micro capil-
lary embedded in a micro-cell which is mounted on the revolving nosepiece of
an optical microscope. This setup enables to point the measurements towards
the region desired by observing the surface with the optical microscope. The
sealing at the glass capillary tip is ensured by a silicone layer which enables to
avoid solution leakage. A standard three electrode setup was employed for micro-
electrochemical measurements where the working electrode corresponded to the
exposed area defined by the diameter size of the glass micro capillary. In this
work, micro capillaries of 50 um size were employed. The counter electrode was
a 1.5 mm platinum wire while a stable Ag/AgCl electrode was used as reference.
All electrodes were connected to a modified potentiostat/galvanostat able to mea-
sure currents in the range of fA. Three different kind of regions were studied by

means of micro-cell technique: regions containing a very limited number of inter-
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metallics (indicated in the thesis as matrix), regions containing a higher number of
Al-Cu-Mg-based intermetallics and regions containing a high number of Al-Cu-
Fe-Mn-based intermetallics. Open circuit potential measurements (OCP) were
performed for 5 minutes in order to evaluate the stability of the region identified
by the micro capillary mouth. Potentiodynamic polarization curves were then
acquired on the same area exposed during OCP measurements. A scan rate of
1mV s~! was used to perform polarization curves. Anodic and cathodic branches
were acquired separately starting near the OCP. All the micro-electrochemical
measurements were performed in 0.05M NaCl aqueous solution. In order to eval-
uate the effect of cerium on the corrosion behaviour, OCP and polarization tests
were performed on AA2024 samples previously immersed in 0.05M NaCl solu-
tion containing 5gL~' Ce(NO3)3- 6H,0. Polished samples were immersed for 12
hours in cerium solution in order to allow cerium precipitation. The modified
AA2024 surface was therefore evaluated by means of electrochemical measure-
ments carried out in 0.05M NaCl. Scanning electron microscopy (SEM) observa-
tions were combined with electrochemical measurements. The combination of the
two techniques, allowed us to compare the electrochemical results with the sur-
face morphologies observed with SEM. In order to enable the characterization of
the same area of the sample before and after immersion in cerium-containing so-
lution, the investigated areas were marked with a grid of indents prepared using a
Vickers micro-indenter (Struers NAME INSTRUMENTATION). Square areas of
100 pm x 100 pm size were marked. This procedure enables to perform SEM and
micro-cell characterizations on the same sample area. A Carl Zeiss EVO 40XVP
microscope equipped with the INCA ENERGY 250 microanalysis apparatus was

used.

7.3 Results and Discussion

7.3.1 AA2024-T3 Microstructure

Figure 7.1 shows the surface morphology of AA2024-T3 after polishing detected
by means of scanning electron microscopy. The image was acquired by collecting
back-scattered electrons signal emitted by the metal surface. From this picture is
possible to recognize the heterogeneous microstructure of the alloy. The dark area

corresponds to the aluminum matrix while the brighter regions are associated
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to the second phase particles. Buchheit et al. [12] studied the distribution of
second phase particles formed during casting process. They found that the most
prevalent type of intermetallics correspond to that rich in Al-Cu-Mg. The second
most prevalent group basically consists of Al-Cu-Fe-Mn. As explained in the
experimental procedure (section 7.2), in this work three regions were considered
as interesting areas for the evaluation of cerium precipitation mechanisms: regions
rich in Al-Cu-Mg intermetallics (from now on called rich-Mg), regions rich in Al-
Cu-Fe-Mn intermetallics (from now on called rich-Fe) and regions with a small
amount of intermetallics (from now on called matrix). In Table 7.1 is reported the
chemical composition of the regions identified by the three boxes in Figure 7.1: the
matrix, the rich-iron intermetallic region and the rich-magnesium intermetallic

region.

Spectrum 2

[-]

[ ]

Spectrum 1

Spectrum 3

5 100pm ' Elettron image 1

Figure 7.1: SEM image of polished AA2024-T3 surface

138



EDXS analysis (Table 7.1) performed on the matrix area (Spectrum 1) evi-
dences a chemical composition in accordance with that of commercial AA2024-T3
aluminum alloys [1]. Spectrum 2 can be associated to an intermetallic rich in Al-
Cu-Mg because the amount of magnesium and copper is rather higher than that
detected in the matrix (Spectrum 1). In Spectrum 3, in addition to copper and
aluminum signals, iron, manganese and silicon were detected. This chemical com-
position can be associated to the Al-Cu-Fe-Mn intermetallic type. It has been
further seen and confirmed by a deeper investigation that intermetallics rich in
iron are usually larger than those rich in magnesium as found by Buchheit el al.
[12]. Whereas the maximum size of the rich-magnesium type is in the range of
a few micrometers, the size of the rich-iron type can vary in a large range from
a few micrometers up to 20 um. Since in this work capillaries with an average
diameter of 50 pm were used, the area directly exposed to the electrolyte neces-
sarily includes both intermetallics and a fraction of matrix. It was not possible
to perform measurements on regions including only intermetallics because of the
very small size of these particles. This aspect has to be taken into account for
the explanation of the results. It is also important to point out that it was easier
to perform micro-electrochemical measurements on regions containing rich-iron
intermetallics than on regions containing rich-magnesium intermetallics. Indeed,
Al-Cu-Mg-based intermetallics are more reactive than those rich in iron because
immediately after immersion, magnesium dissolution strongly affects the elec-
trochemical behaviour. This aspect will be detailedly discussed in the following

section 7.3.3.

Region Al Cu | Mg Fe Mn Si
matrix
93.84 | 4.30 | 1.86 / / /
(Spectrum 1)
Mg-rich INT
88.40 | 8.09 | 3.52 / / /
(Spectrum 2)
Fe-rich INT

65.54 | 7.79 / 13.06 | 9.34 | 4.27

(Spectrum 3)

Table 7.1: EDXS analysis on AA2024-T3
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7.3.2 Open Circuit Potential Before Immersion in Cerium

Nitrate

Figure 7.2 shows the open circuit potential in 0.05M NaCl for polished AA2024
samples measured on the three areas of interest defined in the section 7.2: the ma-
trix region (solid line), the region containing rich-iron intermetallics (long-dash
line) and the region containing rich-Mg intermetallics (dash-dot line). Matrix
and rich-Fe intermetallics regions behave in a similar way. In the case of matrix
(solid line), immediately after immersion OCP is -500mV vs. Ag/AgCl and after
300 seconds the value is very close to that detected at the beginning. However,
some spikes were detected during the OCP measurement on the matrix. The
first small OCP variation can be identified after 50 seconds while after 130 sec-
onds, the OCP suddenly starts to decrease down to -600mV vs. Ag/AgCl. In
the range between 130 and 200 seconds, the OCP for the matrix region appears
noisy suggesting that corrosion attacks are taking place. This evidence can be
likely associated to a localized corrosion attack which is typical of AA2024 alu-
minum alloy [10]. Immediately after immersion, OCP for the region containing
rich-iron intermetallics (long-dash line) is equal to -510mV vs. Ag/AgCl and
continuously tends to increase. It reaches -360mV vs. Ag/AgCl after 300 sec-
onds immersion. The OCP shifting towards more noble values might be related
to the activation of reduction reactions at the intermetallic surface which be-
haves cathodically with respect to the matrix [51]. The OCP trend for the region
containing rich-magnesium intermetallics (dash-dot line) is not as constant as
in the case of matrix and regions containing rich-iron intermetallics. Immedi-
ately after immersion, magnesium strongly affects the OCP which is -640mV vs.
Ag/AgCl. For longer immersion time, the OCP shifts from very negative values
(the minimum value is in the range of -1000mV vs. Ag/AgCl) to values typical
of the aluminium matrix (close to -500mV vs. Ag/AgCl). For rich-magnesium
intermetallics regions, the unstable OCP trend can be due to the high electro-
chemical activity of magnesium which quickly dissolves during the first period
of immersion. In many cases, immediately after immersion, for rich-magnesium
intermetallics regions the OCP was very active (down to -1100mV vs. Ag/AgCl)
shifting to values typical of the matrix (close to -500mV vs. Ag-AgCl) before
the end of the measurement (300 seconds). In these cases, the results of poten-

tiodynamic polarization measurements, which will be discussed in the following
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section (7.3.3), were very similar to those obtained on the matrix regions. In
those cases, the magnesium content was totally dissolved during free immersion
and the area underwent polarization was probably consisting of both the matrix
and the intermetallics depleted in magnesium and rich in copper. This evidence
was one of the most critical point to consider in the experimental approach for the
evaluation of the micro-electrochemical behaviour of AA2024. From this point of
view, polishing procedure has had an important role, because as explained in the
experimental section 7.2, it was very important to prevent magnesium dissolution

during samples preparation.
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Figure 7.2: Open Circuit Potential for bare AA2024 in 0.056M NaCl

7.3.3 Potentiodynamic Polarization Curves Before Immer-

sion in Cerium Nitrate

Figure 7.3 shows anodic and cathodic potentiodynamic polarization curves in
0.05M NaCl for polished AA2024 on the three areas of interest: the matrix re-
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gion (solid line), the region containing rich-Fe intermetallics (long-dash line) and
the region containing rich-Mg intermetallics (dash-dot line). Potentiodynamic
polarization curves were performed on the same area exposed to the electrolyte
during OCP measurements. Anodic behaviour shown in Figure 7.3(a), evidences
that matrix and rich-iron intermetallics regions behave in a similar way. For rich-
iron intermetallics regions, E..,., is more noble than that acquired for the matrix
confirming the trend evidenced by OCP measurements. For regions containing

2 which is almost one order of

rich-iron intermetallics; 7., is around 1pA - em™
magnitude higher than that evaluated for the matrix region. This result can
be explained considering that in the region containing rich-iron intermetallics, a
fraction of the area exposed to the electrolyte is made of matrix. Since rich-iron
intermetallics behave cathodically with respect to the matrix [11], the reduction
reactions take place on intermetallics while the oxidation reactions occur on the
matrix. Hence, aluminium matrix dissolution is promoted by the galvanic cou-

pling with rich-iron intermetallic leading to higher corrosion rates.

-200

-400

Fe-rich intermetallic region

-300 _<}£ :_,,— ————————— = -600 1
400 1 =~ Matrix region

S S, -800 ]
< 500 1 I ) ' <
> Mg-rich intermetallic region =3
< oo ] 9 9 B < 1000 ]
2 - —_ 4
Z -700 ] / Z 1200 |
=~ __/ —~
weoe00 ] T TTESI 1400 ]

-900 { \

\ 1600 ]
-1000 .
10% 107 10 10° 104  10° 102 10 10 107 10 10% 104 108 102 10!
1/A cm™ I/ Acm™2

Figure 7.3: Potentiodynamic Polarization Curves in 0.05M NaCl

Figure 7.4 shows the corrosion morphology of a region containing Al-Cu-Fe-
Mn intermetallics. The image was acquired after that the anodic polarization was
carried out. A deep corrosion attack can be seen in the matrix where the alu-
minum dissolution occurs near the intermetallic boundary [49]. This evidence is
related to the higher corrosion current density detected for rich-iron intermetallics
regions with respect to that identified for regions containing only the matrix. This
fact can be also associated to the different breakdown potentials exhibited by ma-
trix and rich-iron intermetallics regions. Since the natural oxide layer grown at

the interface between the matrix and the intermetallics tends to be weak, in these
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points the oxide can be firstly dissolved by polarizing anodically the substrate.
In Figure 7.3(a), it is possible to observe that for the matrix, the passive region
is wider than for rich-iron intermetallics. The breakdown potential related to the
localized corrosion attack can be identified at -290mV and -330mV vs. Ag/AgCl
for the matrix and the rich-iron intermetallics regions, respectively. The anodic
behaviour of regions containing rich-magnesium intermetallics (Figure 7.3(a)) is
rather different compared to the anodic behaviour of both the matrix and the
rich-iron intermetallics regions. For rich-magnesium intermetallics regions, E ..
is more active than those of other regions. This evidence confirms OCP measure-
ments results. Magnesium strongly influences the electrochemical behaviour of
every alloy and in the case of AA2024, second phase particles containing a high
magnesium amount have a remarkable effect on ... From Figure 7.3(a), for
rich-magnesium intermetallics regions, i, is about 20uA - em™2 which is two
order of magnitude higher than for the matrix. The breakdown potential can be
identified at -640mV vs. Ag/AgCl which is very active with respect to those ex-
hibited by the matrix and the rich-iron intermetallics. The magnesium effect on
the electrochemical behaviour of AA2024 can be also evaluated in Figure 7.3(b)
where cathodic potentiodynamic polarization curves are reported. Since the aim
of this work is focused on the evaluation of cerium inhibition, it is essential to
estimate the cathodic behaviour being strongly affected by the cerium precipita-
tion compounds [39, 40, 41]. The matrix and the rich-iron intermetallics regions
exhibit a similar cathodic behaviour near E,,., where the oxygen reduction and
the hydrogen evolution reactions take place. At more negative potentials than
E.,, cathodic reactions taking place on both matrix and rich-iron intermetallics
regions are strongly increased. The increase is most likely related to the water
reduction reaction occurring at these potentials. The water reduction reaction
seems to occur more easily on rich-iron intermetallic regions, than on the ma-
trix. For example, at -1400mV vs. Ag/AgCl, the rich-iron intermetallic exhibits
a higher cathodic current than that detected for the matrix. The cathodic cur-
rent densities exhibited by the rich-magnesium intermetallics region are higher
than those measured on the matrix. For rich-magnesium intermetallic regions, at
potential around -1000mV vs. Ag/AgCl, the current densities are in the range
of 400pA - em™2 which are two order of magnitude higher than those measured
for the matrix region. At these potentials, on regions rich in magnesium inter-

metallics, a strong bubble evolution was observed which can be likely related to
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intense hydrogen reduction reaction [50].

At the end of the micro-electrochemical investigation carried out on bare AA2024,
it is possible to state that magnesium strongly affects the corrosion behaviour of
the alloy. Anodic and cathodic reactions are heavily dependent on the amount
of magnesium contained in the region under investigation. In the next section,
the effect of cerium nitrate on the heterogeneous electrochemical behaviour of
AA2024-T3 aluminum alloy will be discussed.

EHT = 20.00 kv Signal A = SE1 Date :10 Aug 2010
WD =10.5 mm Mag= 8.00 KX Time :9:33:14

Figure 7.4: Al-Cu-Fe-Mn intermetallic corrosion morphology

7.3.4 Open Circuit Potential After Immersion in Cerium
Nitrate

Figure 7.5 shows the open circuit potential for polished AA2024-T3 in 0.05M NaCl

measured after 12 hours immersion in 0.05M NaCl containing 5g L~ Ce(NO3)3- 6 H2O.

Measurements were performed on matrix regions (thick solid line), on regions con-

taining rich-iron intermetallics (thick long-dash line) and on regions containing
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rich-magnesium intermetallics (thick dash-dot line). OCP measurements acquired
before immersion in the solution containing cerium are reported as reference
(thinner lines). By comparing OCP measurements before and after immersion
in cerium solution, it is possible to point out that a remarkable modification of
the electrochemical behaviour can be observed for the entire surface. For ma-
trix, rich-iron intermetallic and rich-magnesium intermetallic regions, OCP tends
to be more noble than before immersion in cerium (thinner lines). For all the
three regions, after 50 seconds in 0.05M NaCl, a steady state condition is reached
and maintained until to the end of the measurement. In particular, for rich-
magnesium intermetallics regions, characterized by a very unstable OCP before
immersion, a stable OCP was detected after 12 hours immersion in cerium solu-
tion. The heterogeneous electrochemical behaviour of AA2024 was stabilized by

the interaction with the cerium in solution.
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Figure 7.5: Open circuit potential in 0.05M NaCl after immersion in cerium nitrate

Figure 7.6 shows a detail of the AA2024 surface modified by the cerium in-
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teraction. The Figure shows the surface morphology of a rich-iron intermetallics
region (with cathodic behaviour) after 12 hours immersion in 0.05M NaCl con-
taining 5gL~! Ce(NOj3)3-6H,0. From the picture, it is possible to recognize a
very thin film on the intermetallic only because a crack is visible on it. On the
surrounding matrix, it is not possible to recognize the film. This does not mean
that the film is not present but it can mean that the film is only too thin to be
observed. SEM-EDXS analysis performed on the region considered in Figure 7.6
are not able to identify the cerium signal because the penetration depth of the
electron beam into the specimen is in the range of micrometers while the film
thickness is probably in the range of a few nanometers. Hence, the contribution
of the thin cerium film on the X-ray generation is not enough to guarantee a
clear cerium signal. As well known in literature [5], cerium precipitation occurs
on regions where cathodic reactions take place. As shown in Figure 7.7, cerium
compounds were also observed on anodic intermetallics (Al-Cu-Mg-based) as in-
tense precipitates. Figure 7.7 will be detailedly discussed in the next part of
this section. In AA2024 aluminum alloy, immediately after immersion Al-Cu-
Mg intermetallics behave anodically [8] but they can behave cathodically after
magnesium dissolution. Since magnesium dissolution is very fast, it is possible
that cerium precipitation occurs on the magnesium-depleted intermetallics which
in the meantime might behave similar to a binary intermetallic rich in copper
and aluminum. Binary Al-Cu intermetallic is more noble than both the ternary
Al-Cu-Mg and the Al-Cu-Fe-Mn types [11]. It is reported [11] that in sodium
chloride, the corrosion potential of the Al-Cu binary compound is -0.32 mV vs.
SCE while that of the Al-Cu-Mg type is -0.92mV vs. SCE. The difference in cor-
rosion potentials can explain the preferential cerium precipitation occurring on
magnesium-depleted intermetallics. The fast magnesium dissolution is associated
to a considerable electrons flow available in the surrounding areas for cathodic
reactions. Since magnesium-depleted intermetallics are rich in copper, it is possi-
ble that cathodic reactions directly occur on magnesium-depleted intermetallics
promoting the local pH variation needed for cerium compounds precipitation.
Figure 7.7 shows the surface of a marked AA2024 region before and after
immersion in the solution containing cerium. Image reported in Figure 7.7(b)
was acquired after the OCP measurement carried out on the surface modified
by the immersion in the cerium solution. In Figure 7.7(a) and in Figure 7.7(b),

the arrows indicate the same region containing a large number of rich-magnesium
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EHT =20.00 kV Signal A = SE1 Date :10 Aug 2010
WD =10.5 mm Mag = 20.00 K X Time :10:22:35

Figure 7.6: Surface morphology of rich-iron intermetallic after immersion

intermetallics before and after immersion in cerium nitrate solution. From Figure
7.7(b), it is possible to recognize that on the marked region a wide precipitation
occurred covering the magnesium-rich intermetallics. The dark matrix region
appears smoother than the bright rich-magnesium intermetallics, suggesting that
the precipitation occurred on the matrix was not as strong as on rich-magnesium

intermetallics.

Table 7.2 shows the EDXS micro-chemical composition of the region contain-
ing the magnesium-rich intermetallics which is indicated with the arrows in Fig-
ure 7.7(a) and (b). Before immersion, a high amount of magnesium was detected
(7.46 %(wt)) which was not detected after immersion. On the other hand, an
intense signal of cerium and oxygen was detected suggesting that a heavy cerium
precipitation occurred in this region. Since after immersion the aluminum signal
drastically decreases, the precipitate is probably thick enough to shield the metal
substrate. EDXS analysis does not allow to acquire signals deeper than a cou-

ple of micrometers (depending on the material under investigation), and the low
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Figure 7.7: Surface morphology before and after immersion of a AA2024 marked

region

aluminum signal acquired is a consequence of this limitation. On the contrary,
EDXS measurements carried out on intermetallics rich in iron 7.6, were not able
to recognize the cerium signal because the layer deposited in this region was not
enough thick. This evidence enables to confirm that the preferential sites for

cerium precipitation are those rich in magnesium.

Al Cu | Mg Ce O

Before immersion | 64.78 | 26.39 | 7.46 / 1.11
After immersion | 4.81 | 2.12 / | 55.45 | 37.26

Table 7.2: EDXS chemical composition before and after immersion in cerium solution

of the marked region of Figure 7.7

However, since cerium precipitation occurred on the entire AA2024 surface,
the film growth can be explained by considering the island-growth mechanism
proposed by Hughes et al. [48] for aluminum alloys. According to this mechanism,
the island-growth considers the microstructure of metal substrates as a collection
of micro-anodes and micro-cathodes where cerium precipitation can constantly
occur. Cerium precipitation is stopped when all the entire surface is covered
by the spontaneous film deposition. However, it is not still clear on what sites
cerium precipitation starts and it has to be still clarified the role of the different

intermetallic types.
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7.3.5 Potentiodynamic Polarization Curves After Immer-

sion in Cerium Nitrate

Figure 7.8 shows potentiodynamic polarization curves in 0.05M NaCl after immer-
sion in the solution containing cerium for the three areas of interest: the matrix
region (solid line), the region containing rich-iron intermetallics (long-dash line)
and the region containing rich-magnesium intermetallics (dash-dot line). Poten-
tiodynamic polarization curves were performed on the same area exposed to the
electrolyte during OCP measurements (see Figure 7.5). After cerium immersion,
for all the three regions, F,... shifts towards more noble values confirming OCP
results. By comparing E.,.. values before and after immersion in cerium solu-
tion, it is possible to evaluate the variation due to the surface interaction with
cerium. In the case of the matrix region, E.,,, shifts from -400mV to -100mV vs.
Ag/AgCl provoking a AFE,,,.. equal to 300mV. For the region containing iron-rich
intermetallics, E.. shifts from -360mV to -200mV vs. Ag/AgCl while it changes
from -800mV to -300mV vs. Ag/AgCl for the region rich in Al-Cu-Mg inter-
metallics. For the rich-iron intermetallics region, AE.,,, is around 160mV while
this A is in the range of 500mV for the magnesium-rich intermetallic region. Re-
gions containing rich-magnesium intermetallics exhibit the largest AE,,... Due
to the immersion in cerium solution, i....s are also subjected to a strong reduc-
tion. In the case of matrix regions, 7., changes from 0.2 uA-cm=2 (Figure 7.3)
to 0.03uA - cm™2 (Figure 7.8). For the region containing rich-iron intermetallics,
before immersion, i.op is 2uA - cm ™2 while it is reduced to 0.03uA - cm =2 after im-
mersion. Regions containing rich-magnesium intermetallics evidence the largest

2 while after immersion it decreases

Aiorr: before immersion igyp.. is 20puA - em™
down to 0.06uA-cm™2. It is important to point out this evidence because regions
containing rich-magnesium intermetallics, before immersion in cerium solution,
tend to corrode faster than both the matrix and the regions containing rich-iron
intermetallics. After cerium precipitation, corrosion current densities measured
on the entire surface are more close to a common value than before immersion.
Moreover, areas containing rich-magnesium intermetallics display a very wide pas-
sive region (Figure 7.8) which is larger than that exhibited by both the matrix
and the rich-iron intermetallics regions. The anodic behaviour of rich-magnesium

intermetallics regions (Figure 7.8(a)) is considerably improved by the immer-

sion in cerium solution. After immersion in cerium solution, the passive current
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densities are two orders of magnitude lower than those before immersion. The
breakdown potential is around +50mV vs. Ag/AgCl which is 100mV and 150mV
more noble than for the matrix and the rich-iron intermetallics region, respec-
tively. The effect of cerium precipitation can be also evaluated considering the
cathodic behaviour (Figure 7.8(b)). Reduction reactions occurring on the entire
substrate are strongly reduced by cerium precipitation. In particular, cathodic
current densities measured on regions containing rich-magnesium intermetallics
are strongly limited since they are reduced more than two order of magnitude.
The strong current reduction observed for the rich-magnesium intermetallic re-
gion, can be related again to the high amount of cerium compounds precipitated
on this region. However, the inhibition of cathodic reactions exhibited by the

entire surface confirms that cerium precipitation involves all the microstructure.
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Figure 7.8: Potentiodynamic Polarization Curves in 0.05M NaCl after immersion in

cerium nitrate

Figure 7.9 shows a region containing a large intermetallic with a very com-
plex chemical composition. The three images ((a), (b) and (c)), were acquired
after the anodic polarization carried out subsequently to the immersion in the
solution containing 5 gL' cerium nitrate. Table 7.3 shows the average chemical
composition acquired on the whole intermetallic before immersion in cerium. In
Table 7.3 are also reported the chemical compositions of Region 1 and Region 2
after immersion in cerium nitrate. As can be seen in Table 7.3, Mg, Al, Cu, Fe,
Mn and Si signals were detected in the average composition of the intermetallic
before immersion in cerium. The latter three elements with Cu and Al, form in-
termetallics with cathodic behaviour [10] while intermetallic types containing Mg,

Al and Cu behave anodically with respect to the matrix. Hence, the intermetallic
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observed in Figure 7.9 is probably made of second phase particles with different
micro-electrochemical behaviour. The intermetallic is probably formed by the
combination of a part rich in Al-Cu-Mg (Region 1) and another part containing
Al-Cu-Fe-Mn (Region 2).
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Figure 7.9: AA2024-T3 surface morphology after anodic polarization in 0.056M NaCl.

Sample immersed in cerium solution for 12 hours

In Figure 7.9(a), the sign produced by the contact between the capillary mouth
and the AA2024 surface defines the area exposed to the electrolyte during the
measurement. It corresponds to a diameter mark in the range of 50-60 pm which
corresponds to the glass capillary size. Figure 7.9(c) shows the localized corrosion
attack at the matrix in correspondence to the interface with the intermetallic (Re-
gion 2). The corrosion attack occurred in correspondence with a restricted edge.
In the opposite part of the intermetallic (Region 1), no evidences of corrosion
are observed (Figure 7.9(b)). In Figure 7.9(b), it is also possible to recognize a
strong cerium precipitation (see Table 7.3) which was most likely able to protect

the metal substrate when the anodic polarization measurement was carried out.

||A1|Cu|Mg|Fe|Mn|Si|Ce|O

Average Composition
. . 70.62 | 10.38 | 2.23 | 6.71 4.69 | 2.25 / 3.11
Before immersion

Region 1
. . 18.85 | 7.57 / / / / 41.62 | 30.35
After immersion

Region 2
52.33 | 8.77 / 15.46 | 10.97 / 1.29 7.12

After immersion

Table 7.3: Chemical composition of the mixed intermetallic of Figure 7.9

The micro-chemical analysis carried out on the intermetallic region repre-

sented in Figure 7.9(c) exhibits a weak signal of cerium and oxygen while intense
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peaks of iron and manganese were detected. Then, the pitting corrosion of the
matrix visible in Figure 7.9(c), occurred in correspondence with the intermetallic
interface rich in iron and manganese. The small amount of cerium detected and
the morphology observed in Figure 7.9(c) indicate that a very thin film covers
this part of the intermetallic and the surrounding matrix. The same evidence
was observed for the rich-iron intermetallic of Figure 7.6. The corrosion attack
identified at Region 2 is probably related to a limited protection provided by
cerium compounds while the Region 1 is completely covered by a thick cerium
precipitate. This aspect evidences one time more that on intermetallic regions
rich in iron and manganese, cerium precipitation is less intense than on regions
rich in magnesium-intermetallics. On the contrary, it is confirmed that regions
containing an high amount of magnesium are preferential sites for cerium precipi-
tation. Despite the fact that EDXS analyses performed after cerium precipitation
on Region 1 and Region 2 were not able to recognize the magnesium signal, which
was instead detected before immersion as an alloying element of the average com-
position of the entire intermetallic , it seems to be reasonable to hypothesize that
the magnesium signal detected before immersion was mainly emitted by Region
1. This hypothesis is based on the considerations made on Figure 7.7.

The behaviour of the mixed intermetallic of Figure 7.9 should definitively con-
firm that regions containing magnesium tend to promote an intense cerium pre-
cipitation. Considering the results obtained, the cerium precipitation on rich-
magnesium intermetallics could be related to two different precipitation mech-
anisms related to the magnesium dissolution kinetic proposed for MgSi inter-
metallics in Al-Mg-Si alloys [37]. The first deposition mechanism can be related
to the fast magnesium dissolution which should be able to supply electrons for
cathodic reactions occurring very close to the anodic region. This mechanism
considers that magnesium dissolution and cathodic reactions occur together on
intermetallics rich in magnesium which are immediately covered by cerium pre-
cipitation. The second mechanism proposed is based on a slower cerium precip-
itation kinetic. Measurements shown in Figure 7.2, evidence that the OCP for
rich-magnesium intermetallics can shift from very negative potentials to poten-
tials typical to the matrix in a very limited length of time. As already discussed,
it is possible to suppose that the total amount of magnesium completely dissolves
before that cerium precipitation strongly occurs. If this happens, intermetallics

are depleted in magnesium (and aluminum) and become more rich in copper. The
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modified intermetallics are probably more cathodic than the others [10] and they
are able to promote a more intense cerium precipitation. It is very difficult to
prove what mechanism is more probable. A combination of the two routes may
be a reasonable hypothesis.

The results obtained by means of micro-electrochemical measurements have
shown that regions containing rich-magnesium intermetallics are very reactive
and cerium precipitation seems to be promoted on these regions. It was also
found that cerium precipitates are not always able to cover homogeneously the
metal substrate. As in the case observed in Figure 7.7, some cracks are observ-
able on cerium precipitates. Hence, the corrosion protection provided is therefore
affected by the compactness of cerium compounds . Some polarization measure-
ments carried out on regions containing rich-magnesium intermetallics evidenced
a complex electrochemical behaviour. Figure 7.10 shows one example of this. The
Figure displays the cathodic branch of a polarization curves performed in 0.05M
NaCl on a region containing rich-magnesium intermetallics. The sample was pre-
viously immersed in 0.05M NaCl containing 5gL " C'e(NOs)3- 6 H,O for 12 hours.
Table 7.4 shows the partial data list of the measurement shown in Figure 7.10.
The cathodic curve starts 50 mV more positive than the measured OCP. The first
E.,.. evidenced by Figure 7.10 can be identified in the data list shown in Table
7.4 as -375 mV vs. Ag/AgCl. This value is similar to those acquired for identical
regions containing rich-magnesium intermetallics and modified by cerium action
(Figure 7.5). By evaluating the values reported in Table 7.4, it is possible to
point out that the current densities initially measured were positive. In corrosion
studies, positive currents are associated to anodic reactions. Therefore the first
branch corresponds to oxidation reactions occurring at the working electrode.

For potentials more negative than the first E.,,.., the acquired current densities
were rightly negative because reduction reactions occur at the surface electrode.
By polarizing the substrate at more negative potentials, cathodic current den-
sities continuously increase. At -497 mV vs. Ag/AgCl, the sign of the current
changes from negative (cathodic) to positive (anodic) reaching 4000uA - em™2 in
a very limited length of time. This behaviour seems to be correlated to the acti-
vation of the metal substrate due to the damage of the cerium film covering the
exposed region. It is possible to suppose that the electrolyte reached the metal
substrate through cerium film defects similar to those observable in Figure 7.7.

Once this happens, the metal substrate is not protected and the electrochemical
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V [mV] i [Aem™?]
—374.510 || 7.78- 107°
—374.815 || 6.22- 107
—375.119 1.56- 107
—375.424 || —7.89- 107°
—497.010 || —1.00- 107°
—497.315 || —1.00- 107°
—497.924 || 4.26- 102
—498.229 || 4.17- 107°
—498.534 || 4.12- 107°
—936.732 || 5.31- 107°
—936.036 || 5.46- 10~°
—937.341 || 2.16- 10°¢
—937.646 | —1.62- 1077
—937.832 || —2.06- 107°
—937.951 || —1.51- 107©

Table 7.4: Partial data list of the V/I diagram of Figure 7.10

behaviour is then related to the underneath microstructure rather than to the
cracked cerium layer. Therefore, anodic current densities are due to the metal
substrate oxidation and probably to the activation of the amount of magnesium
not still dissolved. For a further reduction of the applied potentials , a second
Eecorr can be identified at -937 mV vs. Ag/AgCl. This equilibrium point is most
probably related to the reactions occurring on an electrode rich in magnesium.
Indeed, rich-magnesium intermetallics exhibited similar E,,,.. values as observed
in Figure 7.3. For potentials lower than -937mV vs. Ag/AgCl, current densities
become negative again, suggesting that cathodic reactions occur on the uncovered
metal substrate. At these potentials, cathodic current densities are very similar
to those detected for rich-magnesium intermetallic regions displayed in Figure
7.3.

It seems reasonable to sink the hypotheses made. This example shows that
cerium precipitates are not able to uniformly cover the metal substrate. There
are some weak point where a corrosion attack can occur more easily than on

other regions. The example of Figure 7.10 also shows that underneath cerium
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Figure 7.10: Cathodic polarization on cracked cerium film deposited on rich-

magnesium regions

film, an amount of magnesium is still available. This means that on the region
considered in Figure 7.10, the cerium precipitation cover the intermetallics rich
in magnesium before that magnesium completely dissolves. This aspect has to
be pointed out because it can be related to one of the mechanisms proposed
for the explanation of the cerium deposition. Based on this evidence, further
studies have to be performed to verify and confirm the hypotheses formulated
on the inhibition mechanism associated to cerium precipitation on AA2024-T3

aluminum alloys.

7.4 Conclusions

The electrochemical micro-cell technique has been employed for the micro-evaluation

of the effect of cerium nitrate on the corrosion behaviour of 2xxx aluminum alloys.
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Magnesium-rich and iron-rich intermetallics have been considered as well as the
matrix region.

The regions containing an high amount of magnesium-rich intermetallics are very
reactive. The electrochemical activity is strongly affected by the fast magnesium
dissolution coupled with the intense reduction reactions occurring.

The corrosion behaviour of AA2024-T3 samples immersed for 12 hours in the
solution containing the cerium nitrate salt is significantly improved. The regions
rich in magnesium tends to be more stable and the current flow related to Faradic
processes is strongly decreased for the entire microstructure. The precipitation of
a thin layer film improves both the anodic and the cathodic behaviour indicating
that cerium can be considered as a general inhibitor. However, the regions rich in
magnesium are sites on where a more intense cerium precipitation occurs. This
behaviour is most likely related to the intense reduction reactions occurring on
the intermetallics themselves which produce the pH increase necessary for cerium

precipitation.
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Chapter 8

Zirconium Oxide from
Metal-Organic Precursors

containing Cerium Nitrate

Aluminum alloys are widely employed in many industrial and building applica-
tions due to the good combination of mechanical properties and low density. In
particular, alloys of the 6xxx series like AA6060 are extensively employed in rolled
and extruded products. Sol-gel coatings represent an alternative corrosion protec-
tion method to chromate based systems, which must be replaced. Recently, it was
shown that ZrO, based sol-gel coatings deposited on AA6060 can provide good
corrosion protection to AA6060. However, ZrO; based sol-gel systems cannot
provide self-healing effect, which is a peculiar property of chromate conversion
coatings. Indeed, the structure of the zirconium oxide does not contain species
able to restore barrier properties when defects or damage impairs coating protec-
tion. In this chapter, ZrO, based sol-gel coatings doped with cerium nitrate were
deposited in order to evaluate the inhibition effect of cerium ions on the corrosion
behaviour of ZrOs sol-gel coated AA6060 aluminum alloy. The cerium nitrate
was added to the solution containing the zirconium alkoxide precursor. Three
types of samples were produced: a non-inhibited type consisting of 3 layers of
Z1rQOy, an inhibited system consisting of two layers of ZrOy with an intermediate
layer doped with cerium nitrate and an inhibited system consisting of two layers

containing cerium nitrate with a top layer of ZrQO,.
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8.1 Introduction

Aluminium alloys are usually protected with a paint system consisting of a con-
version layer, a primer and a top coat. Chromium-based pre-treatments are
extensively employed as conversion coatings because they provide very good ad-
hesion for primers and top coats associated with good barrier properties [1].
Chromate conversion coatings exhibit self-healing ability [1]. However, the use of
chromate conversion coatings is restricted and alternative pre-treatments should
be employed for the corrosion protection of aluminum alloys [1, 2, 3, 4]. Coatings
obtained with sol-gel techniques are a possible replacement for chromate conver-
sion coatings [5, 6]. In previous works, our research group followed the strategy
of developing thin sol-gel coatings for different aluminium alloys [7, 8]. Thin
ZrQOy amorphous films (100-200 nm) were deposited on AA1050 with dip-coating
technique [7]. These films promote the adhesion of organic coatings to the metal
substrate. ZrQs sol-gel films were further deposited on AA6060. Barrier proper-
ties of sol-gel coated AA6060 were similar to those of chromate conversion coated
AA6060 when a continuous layer was deposited on the surface through successive
dipping steps in the sol-gel solution [8]. Moreover, ZrO; films deposited with
sol-gel technique improved corrosion resistance of aluminium alloy AA2024 [5, 6].
It was proved that cerium and rare-earth salts inhibited corrosion behaviour of
aluminium alloys in aqueous solutions containing chlorides [9, 10, 11]. The addi-
tion of cerium ions as chloride compounds to the electrolytic solution promoted
the formation of a compact film of cerium hydroxide/oxide on the metal surface
[12, 13]. Several works [14, 15, 16, 17, 18, 19] considered the deposition of cerium-
containing layers for the replacement of chromate based conversion coatings. In
our recent works [20, 21], interesting results were obtained adding cerium nitrate
to organic-inorganic hybrid sol-gel systems deposited on AA2024 aluminum al-
loy. Coated AA2024 with hybrid coatings containing cerium evidenced corrosion
rates lower than those detected for coatings without cerium. Cerium ions in the
coating structure were probably involved in the overall corrosion processes oc-
curring at the metal surface providing an additional protection. In this chapter,
Z1rQOy sol-gel coatings containing cerium were deposited on AA6060 in order to
combine barrier properties, previously observed for ZrOy based systems on the
same substrate [8], with the additional protection guaranteed by cerium species

introduced in the coating [21].
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8.2 Experimental Procedures

The substrate for the deposition of ZrO, pre-treatments was AA6060 aluminum
alloy. Prior deposition, the metal substrate underwent pickling procedure con-
sisting of an alkaline etching followed by an acid etching. Sol-gel solutions were
prepared using a metal-organic precursor of zirconium (0.1M Zr(OPr™),) in an-
hydrous ethanol. Cerium species were introduced directly in the metal-organic
[70]

molar ratio equal to 30"

Coatings were produced by means of dip-coating technique with 5 em min=*

[zirconium)]

solution precursor as cerium nitrate with an :
[cerium)]

and 22 em min~! withdrawal rates. In this work, three different zirconia-based
coatings have been considered. The coating systems were produced as the combi-
nation between layers deposited with solutions containing the zirconium precursor
and solutions where, in addition to the zirconium precursors, cerium nitrate was
added. Coatings were produced applying three layers by dipping. For the first
sample, the three layers were deposited from the zirconium precursor solution
non containing cerium nitrate (sample A). For the second sample, the two layers
near the metal substrate were produced with the zirconium precursor solution
containing cerium species, while the top layer was produced with the zirconium
precursor solution non containing cerium nitrate. In the case of the third sample,
the intermediate layer was deposited starting from the precursor solution contain-
ing cerium nitrate while the other two layers were produced from the undoped
solution (sample B). The deposited sol-gel layers underwent thermal treatment
in order to promote the formation of a cross-linking network. Thermal treatment
was carried out at 250 °C' employing two different drying time. For a first group
of samples, each layers was held at 250 °C' for 5 minutes (samples A, B, C). For
the second group of samples, the drying time was increased to 10 minutes for the
first two layers and to 20 minutes for the top layer (sample D). Table 8.1 shows
the thermal treatment times and the names used in this chapter to recognize the
systems. In order to evaluate the redox ratio Ce*™/Ce’™ within zirconia based
sol-gel films, Zr-Ce coatings were deposited on Si0y substrates on which UV-
visible spectra were recorded. Spectra were recorded in a range between 190 nm
and 1000 nm.

Samples produced in this work were characterized by means of SEM-EDXS in
order to investigate the morphology of the sol-gel pre-treatment. Film thickness

and composition were evaluated by means of glow discharge optical emission spec-
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Sol-gel System Thermal Treatment Time | Sample name
[min)]
7r02-7Zr02-ZrO2 5+5+5 A
Zr02-Zr0O2Ce-ZrO2Ce 5+5+5 B
Zr02-7Zr02Ce-Zr0O2 94545 C
7r02-7Zr02Ce-Zr0O2Ce 10410420 D

Table 8.1: Sol-gel systems deposited on AA6060

troscopy (GDOES). The electrochemical behaviour of the samples was studied
by means of potentiodynamic polarization and electrochemical impedance spec-
troscopy in diluted Harrison solution (0.05 wt%NaCl, 0.35 wt% (N Hy)2S0y)).
The scan rate used for polarization curves was 0.2 mV s~!. Impedance measure-
ments were carried out at open circuit potential with AC voltage amplitude of 10

mV and frequency range from 10 mHz to 100 kHz.

8.3 Results

Since the discussion on the procedure sol-gel synthesis has been already explained
in detail in Chapter 3, it has not been further considered in this part. Figure 8.1
shows the viscosity curves obtained for both the zirconium sol (solid line) and the
zirconium sol doped with cerium (dash line). Apart the behaviour at low shear
stress, it is possible to observe that the viscosity for doped sol is almost 3 times
higher than for the undoped. This behaviour is most likely due to the addition
of cerium nitrate to the initial sol. Cerium nitrate promotes an increasing in the
hydrolysis kinetics which are directly related to the viscosity of sols. From an
industrial point of view, a low sol viscosity is preferred for spraying depositions
because higher sol viscosity does not allow to easily perform coating depositions.
However, the viscosity of the doped and the undoped zirconium sols is not much
far from typical values of aqueous solutions (1 mPa- s) and it remains stable for
a length of time enough long to allow the deposition on the metal substrate.
The oxidation state of cerium in nitrate compounds is +3 but, as already
explained in Chapter 6, during the sol-gel synthesis or the deposition of cerium
based chemical conversion coatings, the cerium oxidation state can change. It

is possible that Ce** oxidizes to Ce** during the synthesis of zirconia doped
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coatings. Both oxidation states can be involved in the chemical precipitation of
cerium oxide/hydroxide following the mechanisms described in literature and re-
ported in Chapter 6. Another fact is that the oxidation reaction involving Ce3"
to form Ce** is a competitive reaction of aluminum dissolution. Therefore, C'e*
added to zirconia sol-gel coatings can be oxidized to C'e** rather than the oxida-
tion of the aluminum occurs. On the contrary, Ce** can not be further oxidized
but it can be only reduced, being a non competitive reaction with the aluminum
dissolution. This aspect has to be taken into account because Ce3t oxidation
can act as an additional protection of the metal substrate. The determination
of the Ce*T/Ce*t ratio can be useful to understand how cerium can heal the
metal substrate when corroded. As just observed, cerium ions can chemically
precipitate without the change of the oxidation state (Ce*, Ce*t) or can elec-
trochemically precipitate changing the oxidation state (C'e®"). In order to study
the redox ratio Ce3t/Ce*t, UV-visible spectra were recorded between 190 and
1000 nm on Zr-Ce coatings deposited on Si0, substrates and treated in similar
conditions than metals (AA6060, 10 minutes at 250 °C). These measurements
and their evaluation were carried out at the Glass Ceramic Institute of Madrid
as a part of a wider collaboration. Figure ??(a) shows the absorption spectra of
Z1-Ce thin coatings with a % Zr/Ce molar ratio deposited on SiO, substrates,
compared with the spectrum of pure ZrO, coatings. Two main bands appear in
both spectra, one centred around 200 nm assigned to Ce*t charge transfer, and

another wider band around 260 nm. The latter can be resolved in two bands,
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at 260 and 310 nm associated to Ce**. This evidence is most clear in the spec-
trum relative to the sol-gel coating deposited from the solution 0.4M (Zr) which

contains an higher amount of cerium.

Wavelength (nm) Wavelength (nm)
1000 500 333 250 200 4500 490 333 286 250 222 200
4 h ! e : i i n N
Zr0.1M ! i
——— 70Zr-30Ce-0.1M | ' i g
———— 70Zr-30Ce-0.4M | © ~
3 1 8 8 R
! i g
s I g = | o
1S .
32 s! s HEEE 3
< & 1 Y « <
|
|
1 | ~
/ g
i
/
0 e L 0

10000 20000 30000 40000 50000 20000 25000 30000 35000 40000 45000 50000

Wavenumber (cm'1 ) Wavenumber (cm‘1 )

Figure 8.2: a) Absorption UV-vis spectra of Zr-Ce coatings deposited on SiO2 sub-
strates. b) Deconvolution of Zr-Ce 0.4M spectra to determine the redox Ced+/Ce3-+

ratio

The deconvolution of the spectrum (0.4M zirconium precursor) confirm the
visual approach exhibiting three bands centered at 193 nm 257 nm and 306 nm
(Figure 7?(b)). For the calculation of the C'e*™/C'e*" redox ratio is required the
molar absorptivity (¢) corresponding to the different transitions observed. The
molar absorptivity (¢) can be derived from the combination of the absorption

coefficient o (equation 8.1) and the extinction coefficient k (equation 8.2):

o= B (8.1)
Ak

= 2

€ Y (8.2)

where ) is the wavelength of the incident light and C is the ions concentration.
Ce*t is a 4f9 system and cannot present f — f transitions; the color of Ce**
salts arises from the tail of a strong charge transfer band in the UV, centered on
200 nm. Although the wavelength of this electronic transition is near constant,
the molar absorptivity changes depending on the nature of the complex and the

L in silicate glasses, up

electronegativity of the ligands, from 3800 L mol™! cm™
to 4000- 7000 L mol=! em™!, in CeO, crystalline films deposited by different
techniques or with different nanostructures. Ce3* has a 4f! ground electronic

configuration with two free ion states separated by about 2000 c¢m~!. The first
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excited configuration is 5d and the optical spectra of C'e*" consists of one f — f
transition in the near IR ,that is Laporte forbidden, with very low molar absorp-
tivity and two f — f transitions (*F5; —? Djja5/2), that is Laporte allowed
nf — n — 1fd transitions in the UV. The maxima band corresponding to these
transitions mainly depends on the neighbour ligands, being situated at 262 nm,
298 nm and 328 nm in ethanol solvent. Since cerium glass-like coatings are pre-
pared from alcoholic sols, and the UV-visible absorption bands appear at similar
wavelengths (267 nm and 310 nm), it is reasonable to assign the molar absorp-
tivity corresponding to the bands 480 and 150 L mol™! em™!. This assumption is
needed for the semi-quantitative calculation of C'e3t concentration. The band at
328 nm is not visible because ¢ is very low. From these data the redox ratio has
been calculated leading to Ce*t/Ce*t ~ 1. The Figure 8.2 shows the spectrum
of a sodium-silicate glass containing cerium [22] where it is possible to observe
the strong dependence of the redox ratio Ce™ /Ce3" on both the oxygen partial
pressure during melting (Figure 8.2(a)) and the glass composition (Figure 8.2(b)).
By comparing Figure 7?7 and Figure 8.2, it is possible to confirm that cerium in
glass-like Zr-Ce coatings is present in ionic state (C'e®™ and Ce®T) similar to that
observed in silicate and other glasses. This is, cerium is present as Ce** and Ce?*
with similar geometry coordinations that in glasses. In the conditions applied to
produce these coatings, the redox equilibrium is clearly shifted to reducing con-
ditions with more than 90% of Ce3T. Thus, the diffusion of Ce?" ions will be
much easier and faster than that occurring in the case of crystalline CeOs, like
in conversion coatings or C'eO, nanoparticles added to the coatings.

The sol characterization was followed by the evaluation of the ZrO; sol-gel
coatings deposited on AA6060 aluminum alloy. Figure 8.4 shows the morphology
of zirconia-based sol-gel coating deposited on pickled AA6060 substrate. The im-
age was acquired by means of scanning electron microscopy. The coating system
shown in Figure 8.4 is composed of three layers of zirconia (sample A) deposited by
the dipping in a solution containing the metal-organic precursor without cerium
nitrate. In the image, it is not possible to clearly recognize the deposited sol-gel
film. Otherwise, it is possible to observe the morphology of the metal substrate
due to the pickling procedure carried out prior deposition. The pickling proce-
dure employed enables to remove the oxide layer and the intermetallic particles
from the metal substrate. It is possible to recognize a selective attack at the

grain boundaries (which are electrochemically more reactive than the center of
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composition glasses

the grains) producing a metallographic-like attack. The deep cavities are most
probably generated by a localized attack due to presence of intermetallics. Since
the zirconia-based sol-gel film deposited on the metal surface is very thin and
defect-free, it is very difficult to recognize it on the pickled AA6060 surface. The
morphology of sol-gel systems constituted by the combination between layers de-
posited from solutions containing cerium nitrate and layers without the inhibitor
(sample B, sample C and sample D) appears very similar to that observed in

Figure 8.4 for the sample A.
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}mm—1 Zr0, sol-gel pre-treatment (three layers of ZrO))

Figure 8.4: SEM micrograph for AA6060 coated with a ZrO2 sol-gel pre-treatment
(three layers of ZrO2)

In order to evaluate the composition and the thickness of the coatings, chemi-
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cal compositional profiles were acquired by means of glow discharge optical emis-
sion spectroscopy (GDOES). In particular, this technique was used to detect the
profile of cerium contained in the inhibited system. Figure 8.5 shows the chemical
composition profiles acquired by means of GDOES on coated systems listed in
Table 8.1. Measurements were performed on coatings produced with 22 em min =1
withdrawal rate. The profile displayed in Figure 8.5(a) shows the composition in
depth of the sol-gel coating non containing layers with cerium. In this profile,
the signals of zirconium, oxygen, carbon and aluminum are visible. It can be ob-
served that a not negligible amount of carbon was acquired. This is probably due
to a fraction of organic compounds not eliminated during the thermal treatment.
Indeed, the temperature of the drying step was 250 °C' which was probably not
enough to allow the complete elimination of the organic fraction contained in the
sol. Zirconium and oxygen signals are related to the presence of the ZrO, based
coating which was not clearly visible in Figure 8.4. The thickness of the coating
can be approximately evaluated where the aluminium signal tends to rapidly in-
crease and zirconium signal starts to decrease. According with this procedure,
the thickness of sample A can be identified in the range of 120 nm. Figure 8.5(b)
shows the profile of the sol-gel system composed of two doped inner layers and
a top layer without cerium. In this case, the cerium signal was also detected
in addition to carbon, zirconium, oxygen and aluminium. The profile suggests
that cerium is localized in the region at the interface with the metal substrate
confirming that the top layer deposited using a cerium-free solution contains only
zirconium, oxygen and carbon. The thickness of the sample B, is in the range of
160 nm which is 40 nm thicker than that of sample A. This is due to the different
viscosity of the sols. Since the viscosity of the solution containing cerium is higher
than the one non containing cerium, the inhibited layers are usually thicker than
those produced without the inhibitor. Figure 8.5(c) shows the compositional pro-
file for the sol-gel system with the intermediate layer containing cerium (sample
C). It is possible to recognize a smaller cerium amount compared to that acquired
for sample B which is instead composed of two inhibited layers. The thickness
of sample C can be evaluated in the range of 140 nm which is lower than that
measured for sample B while it is higher than the one evaluated for the sam-
ple A. These results confirm that systems containing inhibited layers are thicker
than those non containing cerium. By comparing cerium profiles acquired, it is

possible to evidence that the maximum of the cerium amount is localized in the
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middle of the coating for the sample C while it is shifted towards the substrate
for the sample B. As expected, in the sample B the cerium amount is located
more close to the metal surface with respect to the sample C. Since inhibition
mechanisms related to cerium ions depend on the diffusion path of cerium ions,
the inhibition phenomenon should be more effective for the sample B rather than
for the sample C. Figure 8.5(d) shows the compositional profile obtained on the
sol-gel system with the same structure of the sample B but subjected to a longer
thermal treatment (as listed in Table 8.1). It is possible to compare the profiles
of the two systems evidencing that in the case of the system treated for a longer
time (Figure 8.5(d)) the intensity of the zirconium signal starts to decrease at
erosion depths lower than those observed for the system of Figure 8.5(b). The
longer heat treatment employed enables to shrink the sol-gel structure reducing
the coating thickness to about 60 nm. The thickness was therefore reduced more
than 60% indicating that a significant amount of organic fraction is still contained

into the coating subjected to the shorter thermal treatment.
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Figure 8.5: GDOES composition profile for AA6060 coated with a sol-gel pre-
treatment composed of three layers of ZrO2 (A), two layers of ZrO2-Ce and a top
layer of ZrO2 (B),two layers of ZrO2 and an intermediate layer of ZrO2-Ce (C) and
two layers of ZrO2-Ce and a top layer of ZrO2 with a long thermal treatment (D)

170



Table 8.2 shows the film thickness of sol-gel systems produced by dipping

Land 22 em min™!

with two different withdrawal rate: 5 cm min~ (sample A
sample B, sample C). In the Table 8.2 is also reported the thickness of the sol-gel
system containing two doped cerium layer treated at 250 °C for a longer time
(sample D). In the Table is possible to observe that the film thickness increases
as the number of doped layers increases. An higher sol viscosity (i.e. sol doped
with cerium) strongly affects the thickness of sol-gel multi-layer systems. By
considering a withdraw rate of 5 em min~!, the sample B, which consists of two
layers containing cerium and the undoped top layer, is two times thicker than
the undoped system (A). Moreover, it is possible to observe in Table 8.2 that
there is a strong influence of the withdraw rate on the sol-gel thickness. The

1'is two times thicker

than the same sample system produced with a withdrawal rate of 5 cm min=1.

sample A produced with a withdrawal rate of 22 em min~

This is due to the inertia related to the withdrawal of the aluminum sheet. The
faster the withdraw rate is, the higher the sol-gel thickness is. For withdraw rates
commonly used for the sol-gel deposition by dipping, shear stresses are directly
dependent on the derivate of the withdraw rate. For this reason, sols can be
considered a Newtonian fluids. In these conditions, the sol-gel thickness deposited
by dip-coating technique can be approximately calculated by the Landau— Levich
equation 8.3, which considers also important parameters the sol viscosity, the force

of gravity and the withdrawal angle [23, 24].

. M Vi1/6 n-U 1/2
d=0.94-(— — 8.3
(Lo (83

where, d is the thickness, 1 is the sol viscosity, v the withdraw rate, p the sol
density, v;, the surface tension and g the force of gravity. However, the withdraw
rate is one of the most influent parameters on the sol-gel process. The maximum
thickness which is possible to deposit by means of sol-gel processes is basically
limited by the defect formation. Cracking phenomena is more probable to occur in
thick coatings where the sol-gel system shrinkage, due to the solvent evaporation,
is more critical. It was found that zirconia based coatings with thickness higher
than 200 nm are widely defected [25]. Tt was further found that on sol-gel coatings
ticker than 300 nm, delamination and cracking can occur together [25]. In order to
minimize these drawbacks, in this work the deposition of the inhibited system was

carried out limiting both the withdraw rate (22 em min~!) and the concentration
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of the inhibitor ({gg = %). In this way, sol-gel multi-layer structures with a total

thickness lower than 200 nm were produced, as already confirmed by GD-OES

profiles shown in Figure 8.5.

System type Withdraw rate [cm/min| | Thickness [nm]
5 60
Zr-Zr-Zx (A)
22 120
) 110
Zr-ZrCe-ZrCe (B)
22 160
) 30
Zr-ZrCe-Zr (C)
22 130
Zr-ZrCe-ZrCe (D) 22 70

Table 8.2: AA6060 sol-gel film thickness

The thickness of sol-gel systems can give only a rough information about their
corrosion behaviour because it does not take into account local defects and/or the
physical barrier properties. It is possible that thick sol-gel coatings can be not
as protective as thin systems. S.E.M. analysis showed that all the sol-gel coat-
ings deposited on AA6060 (Table 8.1) are homogeneous and defects are seldom
observed. In order to evaluate how the withdraw rate affects the sol-gel bar-
rier property, potentiodynamic polarization curves were performed on systems
produced with different withdraw rates. Figure 8.6 shows the potentiodynamic
polarization curves in diluted Harrison solution for the undoped zirconia sol-gel
system produced with 5 cm min~! (solid line) and 22 cm min~! (dash line). The
potentiodynamic polarization curve for bare AA6060 is also reported as reference.
By comparing the electrochemical behaviour of sol-gel coatings produced with 5
em min~! withdraw rate with that of the bare AA6060, it is possible to point out
that the sol-gel coating is able to reduce the corrosion current density more than

I withdraw

one order of magnitude. For the system produced with 5 ¢m min~
rate, the anodic current densities are shifted to lower values with respect to the
bare AA6060. Moreover, a passive behaviour (50 mV wide) is exhibited by the
sol-gel system produced by using 5 em min~! withdraw rate. The protection
provided by this system is however not good because of the coating thickness is
very limited (as seen in Table 8.2). The electrochemical behaviour of undoped

1

sol-gel coatings produced by dipping with 22 ¢m min™" withdraw rate is better
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than that of the sol-gel coatings produced with lower withdraw rate (Figure 8.6).
The corrosion protection guaranteed by thick sol-gel coatings is due to the higher
amount of sol deposited on the metal substrate which subsequently is dried to
form the protective coating. By considering the sol-gel coating as the insulating
material of parallel plate capacitors, it is possible to estimate the influence of
the sol-gel thickness on the barrier properties provided. The equation correlat-
ing physical and electrical properties of parallel plate capacitors shows that the

insulating ability is directly proportional to the coating thickness (eq. 8.4):

€0Er2
d

where Cly: is the sol-gel coating capacitance, ¢j is the vacuum permittivity,

C(coat = (84)

g, is the relative permittivity, > is the capacitor plate area and d is the sol-gel
thickness. The equation 8.4 indicates that the lower the sol-gel coating capaci-
tance is, the higher the insulating ability is. Therefore, thicker sol-gel systems
are able to provide better insulating properties against the attack of aggressive

species.
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Figure 8.6: Influence on corrosion behaviour of withdraw rate

Figure 8.7 shows the potentiodynamic polarization curves in diluted Harrison

1

solution for the sol-gel systems of Table 8.1 produced with 22 em min™" withdraw

rate. The potentiodynamic polarization curve for bare AA6060 is also reported
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as reference. The barrier property provided by the sol-gel coatings is strongly
influenced by the number of layers deposited with the solution containing cerium.
Sample A (consisting of three layers without cerium) evidences a corrosion current
density almost 3 order of magnitude lower than that observed for bare AA6060.
It also displays a wide passive region ranging from the corrosion potential to
0V as Ag/AgCl. Sample C (one intermediate layer containing cerium) evidences
lower barrier properties than those evidenced by sample A. Hence, the corrosion
current density is higher than that for sample A. In addition, the passive current
densities displayed by sample C are higher than those shown by sample A. In
the case of sample C, the breakdown potential can be localized 100mV more
negative than that observed for sample A. Furthermore, the barrier property
evidenced by sample B (2 layers containing cerium and one top layer without
cerium) is lower than that exhibited by sample C. The barrier property of the
sol-gel systems is strongly influenced by the number of the inhibited layers. For
the inhibited systems, the network developed during the heat treatment is most
probably influenced by the presence of cerium ions which does not allow the
formation of a dense cross-linked structure able to protect the metal substrate.
In order to improve the cross-linking, sample D underwent thermal treatment for
an extended time (see Table 8.1). A longer thermal treatment enables to obtain
a more dense structure because the further elimination of organic compounds
allows the formation of a more compact structure. Sample D evidences a better
electrochemical behaviour than the one observed for the same system treated
at 250 °C' for a shorter time (sample B). Although sample D consists of 2 layers
containing cerium and a top layer without cerium, its barrier properties are better
than those evidenced by sample C which contains only one layer with cerium. The
improvement of the barrier properties related to the densification of the sol-gel
coating is therefore due to the formation of a more dense sol-gel structure.
Figure 8.8 shows the Nyquist plot representation of the electrochemical impedance

measurements carried out in diluted Harrison solution on the undoped sol-gel sys-
tem (sample A). During the first 7 hours of immersion, the evolution described by
the spectra evidences that the barrier property tends to be reduced as a function
of the immersion time. After 7 hours of immersion, the shape of the impedance
spectrum is quite different if compared to the one related to the spectrum acquired
immediately after immersion. For longer immersion time, the electrochemical be-

haviour is further modified. After 23 hours of immersion, the barrier property of
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Figure 8.7: Potentiodynamic polarization curves in diluted Harrison solution for
AA6060 coated with three layers of ZrO2, with two layers of ZrO2 and a layer of
ZrO2 containing Ce (intermediate layer) and with two layers of ZrO2 containing Ce
and a layer of ZrO2 (outermost layer). The potentiodynamic polarization curve for as

received AA6060 is also reported in the figure.

the undoped coating is strongly reduced. By comparing the Nyquist plot acquired
immediately after immersion and the one detected after 47 hours, is it possible to
observe that the real part of the impedance (X-axis) at low frequency is strongly
reduced. Since the real part of the impedance can be considered equal to the
resistance correlated to the Faradic processes, its strong reduction suggests that
corrosion processes occur at the metal substrate. Therefore, impedance measure-
ments carried out on sol-gel systems without layers containing cerium evidence a
gradual deterioration of the coating properties due to the progressive loss of the
initial barrier.

Figure 8.9 shows the Nyquist plot representation of the electrochemical impedance
measurements carried out in diluted Harrison solution on the sol-gel system com-
posed of two layers with cerium and one top layer without cerium (sample D).
In the first hours of immersion, the coating displays a gradual degradation due
to water diffusion, as seen for sample A. The impedance data acquired imme-
diately after immersion (Oh) exhibits lower barrier property if compared to that

evidenced by sample A. Immediately after immersion, sample D is not able to
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Figure 8.8: Nyquist plot of electrochemical impedance measured in diluted Harrison

solution for AA6060 coated with three layers of ZrO2

guarantee the same protection of sample A, as it has been already shown by the
polarization curves. After 2 hours of immersion, the impedance spectrum for
sample D is very similar to that detected after 47 hours of immersion on sam-
ple A. The following measurements carried out on sample D evidence a different
evolution. After 3 hours, the impedance modulus tends to increase rather than
to decrease. Moreover, after 9 hours of immersion, the shape of the impedance
spectrum is similar to that of the spectrum acquired immediately after immersion
(Oh). The corrosion resistance tends to be improved as a function of immersion
time. The maximum of the impedance modulus is reached after 47 hours of im-
mersion. This behaviour can be associated to the interaction between the metal
substrate and cerium ions contained in the coating. The improvement of the cor-
rosion behaviour of the system D can occur because cerium ions diffuse towards
the metal substrate. The inhibition provided by cerium species can be supported
by the comparison between the electrochemical impedance behaviour of the in-

hibited (D) and the non-inhibited samples (A). No recovery of the electrochemical

176



behaviour has been seen for the system without cerium which is in contrast with

the trend observed for the inhibited system.
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Figure 8.9: Nyquist plot of electrochemical impedance measured in diluted Harrison
solution for AA6060 coated with two layers of ZrO2 containing Ce and a layer of ZrO2

(outermost layer).

The evaluation of the electrochemical behaviour of the inhibited and the non
inhibited systems can be studied thoroughly by fitting EIS data. As already ex-
plained in Chapter 2, EIS data can be fitted using an equivalent electric model as-
sociated to the corroding system. The sol-gel coatings investigated in the present
chapter was modeled with an equivalent circuit consisting of two RC meshes.
In the equivalent circuit employed, the constant phase element (CPE) was used
instead of an ideal capacitor to explain the deviations from the ideal behaviour.
The circuit used is shown in Figure 8.10 where Ry, is the solution resistance,
R.oat is the sol-gel coating resistance, R is the charge transfer resistance, Coqs
is the sol-gel coating capacitance and Cy; is the double layer capacitance.

Figure 8.11 reports the trends of the sol-gel coating resistance (Reoqt), for the

inhibited (sample D) and the non-inhibited (sample A) systems as a function of
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Figure 8.10: Equivalent circuit employed for data fitting.

immersion time. Immediately after immersion, for the inhibited and the non-
inhibited systems, the R..; does not take on the same value. The R . is higher
for the inhibited system because it is thicker and denser than the non-inhibited
one. After the first hours, for the non-inhibited system, the R, trend exhibits
a fast decrease which is probably related to the progressive water diffusion into
the coating. The R, trend for the inhibited system shows instead a uniform
behaviour. Indeed, the initial value is held constantly for the entire test. This
value is equal to the one observed for the non-inhibited system after 1 day. From
these results, it might be possible to hypnotize that the inhibited sol-gel system
is not able to provide an effective physical barrier. This was expected because
the inhibited sol-gel coatings are not as denser as the non-inhibited ones. Dense
sol-gel structures are required to provide good barrier properties but are not re-
quired for the development of porous systems where embedded chemical species
have to be able to diffuse. This is exactly our case because the target of the work
was to develop a thin ceramic layer as a primer providing self-healing ability.
The cerium inhibition effect on the corrosion behaviour of AA6060 can be there-
fore evaluated by considering the charge transfer resistance trends shown in Figure
8.12. Immediately after immersion, the non-inhibited system shows a R, which
is almost 10 times higher than that exhibited by the inhibited sol-gel coating.
Since the corrosion rate of AA6060 aluminum alloy is the same for both, in the
case of the doped system, the area exposed to the electrolyte is 10 times larger.
This is due to the addition of cerium to the initial sol which does not allow the
formation of a linked sol-gel structure. The higher porosity of doped systems is
also evidenced by the R, trend (Figure 8.11) which shows lower barrier proper-
ties for the inhibited coating. For longer immersion time, the trends of the charge

transfer resistance R, are substantially different. In the case of the non-inhibited
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Figure 8.11: R, for the inhibited and the non-inhibited systems as a function of

immersion time

system, the R.; continuously tends to decrease due to the progressive increase of
the substrate areas involving in the corrosion processes. After 2 days of immer-
sion, the R, is very close to that of bare AA6060 aluminum alloy shown in our
previous works [26]. The behaviour exhibited by the inhibited system follows a
different evolution. Immediately after immersion, the R, values are very similar
to that estimated for the non-inhibited system after 2 days. For longer immer-
sion time, the R starts to decrease down to a minimum corresponding to the
impedance spectrum acquired after 2 hours (Figure 8.9). From this point, Ry
starts to increase exceeding, after 20 hours immersion, the R, value of the non-
inhibited system. In correspondence with this point, the corrosion rates for the
inhibited and the non-inhibited systems can be considered identical. For longer
immersion time, the R of the inhibited system continues to increase reaching
6- 10% Q em? after 48 hours. This value is 3 times higher than the one estimated
immediately after immersion. The improvement in the corrosion behaviour of
AA6060 aluminum alloy depicted by the R, trend, can be likely related to the
diffusion of cerium-free ions towards the substrate. Once cerium ions reach the
metal, the corrosion inhibition is due to the cerium precipitation following the
mechanisms proposed in Chapter 6 and Chapter 7. As it can be seen in Figure

8.12, the full additional protection related to cerium precipitation needs several
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hours to occur due to the fact that the cerium diffusion is slow. The diffusion rate
of cerium ions depends on the compactness of the sol-gel structure. Dense Zr0O,
sol-gel coatings developed in this work, did not show the increase of R proba-
bly because a compact sol-gel structure hindered the cerium diffusion. However,
dense sol-gel coatings are able to provide better physical barrier against the diffu-
sion of water and aggressive ions. The additional protection provided by cerium
precipitation is limited by the amount of inhibitors embedded in the coating.
Since cerium leaching occurs towards the test solution, a not negligible amount
of cerium ions can not diffuse towards the metal substrate for the improvement
of the AA6060 corrosion behaviour. The deposition of the primer and the top
coat on the inhibited sol-gel coated aluminum alloys should be able to limit the

leaching towards the solution test.
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Figure 8.12: R for the inhibited and the non-inhibited systems as a function of

immersion time

8.4 Conclusions

Sol-gel coatings produced by dipping have been considered for the corrosion pro-
tection of aluminium alloy AA6060. ZrO, based sol-gel coatings were deposited
from a solution containing metal-organic precursor of zirconium. In order to

produce a protective system with self-healing ability, cerium nitrate was directly
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added to the sol. Different coating systems were produced as the combination
between layers deposited with solutions containing only the zirconium precursor
and solutions in which cerium nitrate was added in addition to the zirconium pre-
cursor. Morphology of ZrO, coatings was investigated by means of SEM-EDXS.
Film thickness and composition were studied by means of GDOES. Barrier prop-
erties were characterized by means of potentiodynamic polarization. The inhibi-
tion effect due to the interaction between cerium ions and the metal substrate
was studied by means of the electrochemical impedance spectroscopy.

Sol-gel ZrOy based coatings deposited on AA6060 are uniform and defect-free.
The film deposited appears colorless and covers the entire metal surface. Critical
areas for the sol-gel deposition, like cavities produced by the pickling procedure,
are also coated. The coating consisting of layers containing cerium shows a very
similar surface morphology to that of the non-inhibited system. Since the ad-
dition of cerium nitrate to the starting solution increases the sol viscosity, the
inhibited layers are thicker than the non-inhibited ones. The undoped systems
display a strong barrier effect, as indicated by the passive behaviour of AA6060
aluminum alloy coated with three layers of ZrO,. The barrier property associ-
ated to the sol-gel systems is strongly influenced by the inhibited layers. Inhibited
systems are generally not able to guarantee the same protection evidenced by sol-
gel systems without cerium. Electrochemical impedance measurements indicate
that the gradual decrease of the corrosion behaviour of ZrO;y coated aluminum
alloys can be recovered only if cerium nitrate is added to the starting sol. The
improvement of the corrosion behaviour of coated AA6060 is due to the beneficial

action of cerium ions diffusing towards the metal substrate.
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Chapter 9

Critical aspects in the
electrochemical study of unstable

coated metallic substrates

Electrochemical methods are largely employed for the study of coated metallic
substrates. Electrochemical techniques are very useful for investigation of coating
performances also in the field of corrosion protection of aluminum alloys where
replacement of chromate based coatings is an important issue. Application of
sol-gel technique has recently made available thin inorganic protective coatings
that can be considered as an alternative to chromate systems. Therefore, it is
important to evaluate the electrochemical behaviour of defect free inorganic films
which can be considered an inert material. As a consequence, investigation of
this inert material might generate critical aspects related to rapid fluctuations of
its open circuit potential and current density during open circuit potential and
potentiodynamic polarization measurements. Moreover, the unstable nature of
the sol-gel very thin films is a critical issue also in electrochemical impedance
measurements carried out under potential control because variation of the open
circuit potential of the system during data acquisition might lead to sample dam-
age. Impedance measurements under current control is an alternative method for
data acquisition. This technique is considered in the present chapter for the in-
vestigation of AA2024 substrate coated with a thin sol-gel layer and for chromate

conversion coated alloy.
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9.1 Introduction

Aluminum alloys like AA2024 are widely employed in aerospace industry for the
favourable weight /mechanical properties ratio. By alloying aluminum with other
metals, physical and chemical properties are changed and mechanical properties
can be improved [1]. The alloys of the 2xxx series undergo thermal treatments in
order to precipitate hardening particles in the matrix. The hardening mechanism
is related to alloying elements like copper and magnesium. However, alloying with
copper and magnesium in combination with existence of intermetallics containing
iron and silicon render AA2024 susceptible to localized corrosion [2, 3, 4]. In order
to improve AA2024 corrosion behaviour it is necessary to protect this alloy with
a coating. Nowadays, the protective system employed in aerospace industry con-
sists of three different layers: the inner layer is deposited on the metallic substrate
using a chemical conversion process or by anodizing. The intermediate layer is es-
sentially an organic primer containing corrosion inhibitors and other compounds.
The outer one is an organic topcoat. A conversion coating should provide three
different properties: first of all, it should promote adhesion between the metallic
substrate and organic coating. Moreover, the conversion layers should provide
good barrier properties and possibly self-healing ability. Chromate based coat-
ings are extensively employed in the aircraft industry because they guarantee a
good combination of properties. The self-healing ability is due to the presence
of a residual amount of Cr®" in the conversion coating that is able to repair
the oxide layer in case of damage. Unfortunately, conversion coatings containing
Cr5t are dangerous and not environmental friendly [5, 6, 7]. Therefore, industrial
processes involving Cr%t species are restricted for aircraft applications. Develop-
ment of alternative technologies and chemical conversion processes is one of the
most interesting topics in research about aluminum protection in order to replace
chromium based systems. Different methods like plasma deposition, anodizing or
sol-gel synthesis have been employed to produce alternative systems to chromate
based conversion coatings [8, 9, 10]. In particular, sol-gel technology enables to
obtain inorganic systems or hybrid inorganic-organic systems at low temperature
[11, 12, 13, 14, 15]. In some cases, it is possible to produce thin homogeneous
inorganic films for long time protection of metallic substrate by controlling depo-
sition parameters and curing temperature for the densification of the sol-gel layer

[16]. Electrochemical characterization of thin inorganic films deposited by sol-gel
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technique is often problematic due to difficulty to reach a steady state condition.
Moreover, properties of these systems are strongly dependent on deposition pa-
rameters. Therefore, surface reactivity of these systems might be affected by film
defects, loss of adhesion and possible formation of nano-cracks during immersion
in an aggressive solution [17, 18]. Electrochemical studies of corrosion behaviour
of thin inorganic sol-gel films can employ two different methods: DC and AC tech-
niques. Among AC techniques, electrochemical impedance spectroscopy (EIS)
enables to obtain information about corrosion behaviour of the system investi-
gated as a function of immersion time [19]. Moreover, it is necessary to validate
impedance data in order to obtain reliable information. This can be done if the
electrochemical system verifies three fundamental conditions: causality, linearity
and stability [19]. The condition of causality imposes that system response must
only be due to the input perturbation signal and noise. Moreover, the response
must not contain signal components deriving from spurious source. The condi-
tion of linearity requires that the input perturbation and the output response
must be described by a set of linear differential laws. This condition implies that
the impedance, which represents the transfer function of the system, must be
independent from the amplitude of the input signal perturbation. The condition
of stability imposes that the system must return to its original condition when
the input perturbation is removed. The three fundamental conditions mentioned
above imply that a number of boundary requirements must be also satisfied. If
the angular frequency w tends to zero or to infinite, the impedance measured must
be finite-valued. Finally, the impedance spectrum must be a continuous function
in the range between w = 0 and w = infinite; that is, impedance spectrum
does not contain singularity over all frequency range [19]. Many mathematical
methods have been developed to verify the fundamental conditions for impedance
spectra obtained experimentally, like Kramers-Kronig relations [19]. Orazem et
al. suggested the use of these relations in order to verify the validity of impedance
spectra carried out by means of stepped sine excitation [20, 21, 22]. An alter-
native approach for the validation has been proposed by Popkirov and Schindler
[22, 23, 24, 25]. If an electrochemical system does not satisfy one of the funda-
mental conditions, impedance spectra are necessarily altered because the output
response does not represent the real situation. Although a lot of electrochemical
systems are not linear, EIS measurements can be equally performed applying an

input perturbation of small amplitude. Indeed, the behaviour of an electrochem-
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ical system can be approximated to a quasi-linear system reducing the amplitude
of input perturbation. Theoretically, the amplitude of input perturbation should
tend to zero in order to improve the approximation for a non-linear system. At
the same time, the output signal/noise ratio leads to poor measurement accuracy
when the input signal amplitude amplitude is too small [25]. Urquidi-Macdonald
et al. have demonstrated that impedance spectra performed on corroding iron
electrode in 1M HyS0, with an amplitude of perturbation in the range from
5mV to 150mV lead to very different responses [26]. The quasilinear behaviour
of this system becomes non-linear when a large amplitude perturbation is applied.
As a consequence, different impedance spectra are detected with respect to the
non-linear condition. Impedance spectra can be recorded for the electrochemical
studies in the frequency and in the time domain. The frequency domain method
is based on a voltage or current sinusoidal perturbation applied to the sample.
The input signal is separately applied for each frequency. In this method, each
impedance value is calculated at the end of every perturbation step [27, 28]. The
time domain method (also known as white noise method) is based on Fast Fourier
Transform (FTT). In this last case, a frequency-rich perturbation signal is ap-
plied on the sample at the same instant time [25, 29, 30, 31, 32]. Experimental
activities described in this work have been developed in order to find an instru-
mentation set-up which is able to assure reliable and reproducible impedance
results. Impedance measurements were performed with the frequency domain
method (FRA) on a very complex electrochemical system. This system consist
of a very thin ZrQO, sol-gel film deposited on a reactive substrate like AA2024.
The combination between an homogenous ceramic thin film and a reactive sub-
strate constitutes a system which exhibits transient open circuit potential during
impedance measurements. In particular, this chapter focuses on experimental
aspects associated to the test conditions and to critical system features in or-
der to improve accuracy of impedance measurements. It assesses the possibility
of acquiring reliable electrochemical information using current control method
on not completely stationary systems, which are usual studying corroding met-
als. The work is not focused on checking system linearity or system causality
both under voltage control and under current control. Nevertheless, there is a
common procedure to perform impedance measurements under voltage control
to avoid linearity loss. Impedance measurements carried out under voltage con-

trol on conversion coatings are usually performed applying a perturbation with
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10 mV amplitude which it is normally considered small enough to keep the sys-
tem response in the linear behaviour. Considering the impedance measurements
performed under current control in this work, the amplitude of the currents set
in the experimental procedure has been chosen as the lowest values providing a
reliable response possibly within a linear behaviour. However, the investigation
does not propose a check validation of the impedance data but it considers an
alternative method to acquire reliable impedance data when not stable systems

are considered.

9.2 Experimental

AA2024-T3 was employed as substrate for deposition of ZrO; based film. Chemi-
cal conversion coatings and pre-treatments used to improve corrosion behaviour of
metals require surface preparation of materials. Before deposition of sol-gel film,
AA2024 sample underwent surface preparation consisting in an alkaline cleaning,
an alkaline etching and an acid etching. ZrO, sol-gel films were deposited on
AA2024 employing a water-based solution containing the precursor of the metal
oxide. The solution used to produce inorganic films was 0.4M ZrO(NOj)s in wa-
ter. Film deposition was carried out by means of spraying technique controlling
parameters like air pressure gun, distance between gun and sample and general
set-up of the robot. Optimization of the spraying process enables to obtain very
homogeneous ZrQO, thin films, with limited crack formation and with good ad-
hesion properties on AA2024. These films are nearly crack-free and exhibit very
good adhesion to the substrate [33]. Procedure of sample preparation, optimiza-
tion of deposition parameters and a film characterization are described in detail in
the other chapters of the thesis. In addition chromate conversion coated AA2024
was also investigated as a reference. Corrosion behaviour of sol-gel ZrO, film
deposited on AA2024 was investigated by means of different electrochemical tech-
niques employing an AUTOLAB PG-STAT 30. DC and AC methods were em-
ployed for the analysis. In order to study the stability of the system, open circuit
potential (OCP) was measured as a function of immersion time in an aggressive
electrolyte. Barrier properties of ZrOs films were evaluated by means of poten-
tiodynamic polarization. Potentiodynamic polarization measurements performed
immediately after immersion in the electrolyte provide only limited information

about the physical barrier associated to the pre-treatment. In order to check the
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evolution of the barrier properties of the systems investigated in this work as a
function of immersion time, electrochemical impedance spectroscopy technique
(EIS) was employed. Moreover, it is possible to quantify adhesion properties,
barrier properties and self-healing ability associated to any electrochemical sys-
tem employing an electrical model correlated to the system investigated. There-
fore, EIS technique provides very useful information about corrosion behaviour
of electrochemical systems. DC and AC electrochemical measurements were per-
formed in a solution containing 0.05M NaCl using a standard three electrode
configuration (working, reference and counter electrode). The working electrode
area was 3.6 cm?. Ag/AgCl electrode was employed as reference and a platinum
wire constituted the counter electrode. Open circuit potential was recorded for
15 h. Potentiodynamic polarization measurements were performed with a scan
rate of 0.2 mV s~ ! starting at -100mV relative to OCP. EIS measurements were
performed with two different approaches consisting of a voltage and a current
method. With the first method the input perturbation of 10mV was applied
at OCP and frequency range from 100mHz to 100 kHz while with the second
one the input signal was applied at the zero current condition. The AUTOLAB
PG-STAT 30 potentiostat/galvanostat equipped with FRA software version 4.9
and available in our laboratory does not enable to carry out impedance measure-
ments under current control with an auto-setting configuration but a detailed
experimental procedure has to be employed. The experimental procedure used to
perform measurements under current control is carefully described and discussed
in the following part of the chapter. The morphology of the pre-treatments was
investigated by means of scanning electron microscopy (SEM) in order to provide

information about the sample surface after deposition.

9.3 Results

Before considering electrochemical measurements carried out on AA2024 coated
with sol-gel ZrO, thin film, it is important to consider some aspects related to
the three fundamental conditions described in Chapter 2 for an electrochemical
system. It can be assumed that the systems investigated in this work satisfy the
conditions of linearity and causality. Therefore, the stability of the system is the
only condition that can invalidate impedance spectra. A system is considered sta-

ble when stationary conditions are retained for the open circuit potential during
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the time necessary for the acquisition of the impedance spectrum. In this work,
an attempt is made to compare impedance measurements performed on a stable
system with those on an unstable system. It is clear that non-stationary systems
do not satisfy the stability requirement. Therefore, it might seem that it is not
possible to perform impedance measurements on systems that are unstable. An
alternative instrumental set-up approach to EIS measurements is considered in
order to obtain helpful impedance results also in the case of systems that are not
stationary during data acquisition. It is well known in literature [34], that chro-
mate conversion coatings are auto-repair systems. Chromate based coatings can
be considered stable systems because Cr®" compounds in the layer can restore
barrier properties after mild corrosion attack. Moreover, chromate based coatings
can improve the barrier properties with the self-healing mechanism. Therefore,
after an initial transient due to a passivation of the substrate, chromate conversion
coatings provide continuous active protection when immersed in the electrolyte.
The initial transient can be seen in Figure 9.1, which shows the open circuit po-
tential for chromate conversion coating deposited on AA2024 in 0.05MNaCl (-
- - short dash). Immediately after immersion in the electrolyte the OCP value
exhibit a transient between -500mV and -440 mV vs. Ag/AgCl. This behaviour
is most likely associated to auto-repair mechanism due to Cr%" species leading
to an improvement of barrier properties. However, a steady state condition is
observed for longer immersion time. Therefore, we can assume that the chromate
conversion coating becomes a stable system after 10 h immersion in 0.05M NaCl
(Figure 9.1).

Figure 9.2 shows the anodic polarization curve in 0.056M NaCl after 15 h im-
mersion for AA2024 coated with chromate conversion coating (- - - short dash).
E.,. value identified by the potentiodynamic polarization curve is about -550mV
vs. Ag/AgCl, in accordance with the open circuit potential showed in Figure
9.1.Moreover, the potentiodynamic polarization curve exhibits a very limited cur-
rent noise.

Figure 9.3 shows a SEM micrograph of AA2024 coated with sol-gel ZrQOs
thin film. The sol-gel ZrOy film is very homogeneous and covers the entire
substrate. This is confirmed by Glow Discharge Optical Emission Spectroscopy
(GDOES) measurements reported in previous publications [33]. GDOES mea-
surements shows that film thickness is less than 100nm for the coating considered

in this work. This is in accordance with X-ray Photoelectron Spectroscopy anal-
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Figure 9.1: OCP for stable system

ysis (XPS) carried out on similar samples showing that film thickness ranges
between 100 nm and 200 nm depending on deposition parameters [35, 36]. En-
ergy dispersive X-ray spectroscopy confirms that the zirconium film is uniform on
the substrate [33]. Therefore, AA2024 is coated with a very thin inorganic film
which is nearly defect free. It can be expected that a significant variation of elec-
trochemical behaviour occurs when defects in ZrOs film are formed. In contrast
with chromate conversion coating that are auto-repair systems, sol-gel ZrO, thin
film are not able to restore the initial uniform protective layer after damage or
corrosion attack. This means that no self-healing ability is observed for sol-gel
Zr0Oy films. Plugging phenomena can occur due to formation of corrosion prod-
ucts inside film defects leading to a partial stabilisation of the properties of ZrO,
film. However, the protection provided in case of plugging phenomena is signif-
icantly lower relative to a defect free film. Therefore, electrochemical behaviour
of ZrO, thin film is dependent on quality of the deposited coating. Hence, it can

be stated that ZrOs thin film can easily become an unstable system.

Figure 9.4 shows open circuit potential in 0.05M NaCl for sol-gel ZrOy thin
film deposited on AA2024 (-solid line). The open circuit potential is not sta-
ble and exhibits strong oscillations during the entire measurement. The OCP
evidences very fast oscillations in the range of 150 mV. This behaviour can be
associated to a complex system constituted by the deposition of a inert ZrO2 film

on a very reactive substrate like AA2024. In addition, the solution containing
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chlorides promotes meta-stable conditions, i.e. pitting corrosion. The equilibrium
of the system is affected by the electrochemical reactions that can take place on
the metal substrate. Open circuit potential oscillation visible in Figure 9.4 are
a critical aspect for electrochemical impedance spectroscopy since it is clearly
recognizable that the alloy coated with a very thin ZrO, film does not show

stationary behaviour and can be considered as an unstable system.

Figure 9.5 shows the potentiodynamic polarization curve in 0.05M NaCl for
sol-gel ZrOy thin film on AA2024 (-solid line). The curve acquired is very noisy
suggesting unstable (non-stationary) conditions for the electrochemical system.
In addition, the poten- tiodynamic curve shows significant scatter in the region of
E.,. This can be associated to incapability of the instrument to detect an unique
value for this potential. Moreover, the anodic branch exhibits low anodic current
density which is also characterized by significant scatter. This is due to excel-
lent barrier properties related to the deposition of a defect free film. This result
is in line with OCP measurements visible in Figure 9.4 and further strengthens
the conclusion that on ZrO, films is very difficult to carry out accurate electro-
chemical measurements because are unstable systems. DC techniques provide
information about stability and barrier properties of these systems while it is not
possible to study the electrochemical behaviour of the system as a function of
immersion time. This can be done with electrochemical impedance spectroscopy

for systems that maintain stable conditions for the open circuit potential during
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Figure 9.3: SEM micrograph for a sol-gel film on AA2024

the measurement.

Figure 9.6 shows the input signal acquired during an impedance measurement
for AA2024 coated with chromate conversion coating after 24 h immersion in
0.05M NaCl. The impedance measurement is carried out under voltage control,
also referred as potential approach. A schematic representation of input signal V;,,
for measurement under voltage control is represented in Figure 9.7(a). A voltage
input perturbation with amplitude of 10mV is applied to the system at the open
circuit potential (Figure 9.6). The OCP is measured for 60 s before acquisition
of impedance data. The open circuit potential measured after 60 s represents
the mean value of input sine wave voltage perturbation for the successive EIS
measurement. The mean value of the OCP is -520mV vs. Ag/AgCl and remains
stable during the impedance measurement, as can be seen by the trend of the
input signal in Figure 9.6. In Figure 9.6 it can be clearly seen that a constant

sine wave amplitude is applied during the frequency scan.

An alternative method to carry out electrochemical impedance measurement
can be proposed based on a galvanostatic approach. The same was previously
done for polarization resistance measurements (R,). Jones [37] demonstrated the
effectiveness of such an approach for the study of unstable electrodes. In order to
measure R, a triangular sine is imposed and the system response is measured.

R, is equal to the ratio between voltage and current according to equation 9.1:
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The accuracy of results is better when the input signal is a current than

R, (9.1)

when it is a voltage for R, measurements performed on systems with unstable
open circuit potential [37]. Moreover, Guyader et al. [38] compared R, values
obtained from electrochem- ical impedance spectroscopy and linear polarization
resistance measurements under potentiostatic and galvanostatic control. In their
studies, the galvanostatic method provided better results than the potentiostatic
one when the corrosion potential was not constant as a function of immersion
time.

Based on these results, a current control method is proposed in order to
perform electrochemical impedance spectroscopy on unstable systems. Measure-
ments under current control were initially carried out on AA2024 coated with
chromate conversion coating, which can be considered as a stable system since it
does not evidence significant potential fluctuations during the time necessary to
carry out impedance measurements. These measurements are performed impos-
ing a Al perturbation at a finite direct current value. The mean value of sine
wave corresponds to a current that is equal to zero. This current is directly cor-
related to the open circuit potential of the system. Figure 9.7(b) shows a scheme
of the input current perturbation I, on a stable system. In Figure 9.7(b), the

perturbation signal changes in amplitude because the impedance measurements
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carried out under current control have to be performed following the detailed
procedure mentioned in the experimental section, which will be then explained
for unstable systems. It is possible to observe in Figure 9.7 that the open circuit
potential is the mean value for the sine wave under voltage control (Figure 9.7(a)
while the zero current condition is the mean value under current control (Figure
9.7(b). Since the OCP is the value of the potential for which the net current
of red-ox processes is equal to zero, measurements under current control must
give the same response of those carried out under potential control. An exam-
ple is given in Figure 9.8, which shows Bode module and phase angle plots for
impedance measurement performed on AA2024 coated with chromate conversion
coating in 0.05M NaCl under voltage and current control. These measurements
have been carried out after 72 h immersion in order to have stationary conditions
for the open circuit potential. In the case of a stable system, it can be seen that
the plots of impedance modulus and phase angle overlap for the two systems.
This indicates that measurements carried out under current and voltage control
lead to the same system response in the case of stable sample. It is important to
consider the behaviour under current and voltage control for an unstable system
like the AA2024 coated with sol-gel ZrOy thin film investigated in this work.

Figure9.9 reports a scheme for impedance measurements associated to voltage
and current control in the case of the unstable system. In Figure 9.9(a) it is pos-

sible to see the effect of a non-stationary open circuit potential on the impedance
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measurements under voltage control. In the example in Figure9.9(a) the open
circuit potential becomes more negative during the impedance measurement. A
mean value of sine wave corresponding to open circuit potential measured af-
ter 60 s immersion times is imposed under voltage control when the impedance
measurement is started. This value is maintained constant during the entire
measurement. Since the open circuit potential of the system is changing during
the test, the sample is polarized at an anodic over-potential (). In particular,
the extent of the polarization becomes significant at low frequency because the
potential shift might be rather large due to the duration of the measurement.

Therefore, the instability of the system will impair the impedance measurement.

In addition, anodic polarization of the sample at low frequency might lead to
extensive damage of the sample. As a consequence, it is not possible to obtain re-
liable information for impedance measurements carried out under voltage control
on unstable systems. Indeed, these measurements cause accelerated degradation
of the coating. An example is given in Figure9.10, which shows the input signal
acquired during an impedance measurements under voltage control for AA2024
coated with sol-gel ZrOy thin film after 1 h immersion in 0.05MNaCl. The equip-
ment performs the open circuit potential measurement during the first 60 s. The
open circuit potential rapidly shifts from -580mV to -40mV vs. Ag/AgCl after
about 10 s and from -40mV to -880mV vs. Ag/AgCl after about 15 s. This

clearly represents a non-stationary condition for the open circuit potential. Dur-
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ing the impedance measurement a AV perturbation is superimposed to the value
of OCP measured after 60 s. Constant potential oscillations are visible for the
duration of the measurement in Figure 9.10. Due to the strong variation of the
OCP it is likely that an over-potential is applied to the sample as considered in
Figure9.9(a).

Figure 9.11 reports Bode module and phase angle plots for the system re-
sponse corresponding to the input perturbation shown in Figure 9.10. The trend

of impedance modulus and phase angle in Figure 9.11 clearly shows that for fre-
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quencies lower than 10 Hz the spectrum is not a continuous function resulting
in an evident instability. The impedance measurement cannot be validated in
this case and no reliable information can be obtained about the system under
investigation. Figure 9.9(b) shows a scheme of the input signal for an impedance
measurement under current control for the unstable system. The trend of the
input signal is the same as for that shown in Figure 9.7(b) for the stable system.
This is important because it confirms that current method is not dependent on
variations of the open circuit potential. As it can be seen in Figure 9.9(b), the

mean value of current perturbation corresponds to the condition of zero current.

However, the amplitude of the oscillations is not constant during the mea-
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Figure 9.11: Impedance voltage control for unstable system

surements because the impedance response of the system is a function of the
input signal frequency. This is the theoretical assumption for interpretation of
impedance spectra by means of equivalent cir- cuit employed in literature for the
study of systems like the ones investigated in this work. The impedance of the

system is a transfer function that can be expressed in equation 9.2:

1
1]

where I is the applied current (input signal) while V is the response of the sys-

12(w)| 9.2)

tem (output signal). Under current control, equation 9.2 implies that the output
signal (V) tends to increase at low frequency if the input signal (I) is constant in
the entire frequency range. This is due to the increase of the impedance of the

electrochemical system, as can be seen in the example reported in Figure 9.8 for
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a chromate conversion coated. The increase of | Z(w)| might determine conditions
for which the linearity of the system is not retained. Therefore, the amplitude of
the input signal must be carefully selected for measurement under current control
in order to obey to the linearity condition for the complete scanned frequency
range. In particular, linearity issues might be avoided selecting the input current
as a function of the frequency. The equipment employed for impedance mea-
surements shown in this work enables to apply a specific current amplitude for
different frequency ranges. Accordingly, a current amplitude which satisfies the
linearity condition can be selected for a specific frequency range. This is shown in
Figure 9.12 where four distinct input currents are applied for different frequency
ranges. This approach enables to apply a relatively high current perturbation
at high frequency (AI) between 10* — 10*> Hz and a small current (Al) be-
tween 10° — 107! Hz in order to maintain the linearity of the system.Moreover,
intermediate current perturbation amplitudes ((Aly, (Al3) are imposed to the
system between 10? — 10° Hz in order to guarantee the continuity of impedance
function. The variation of the input signal during measurements under current
control is an important difference relative to those under voltage control, which
have constant input signal. The application of different values of amplitude per-
turbation is an important issue concerning signal amplification during impedance
measurements under current control. The signal amplification is controlled by an
operational amplifier (OA) which determines optimum values of gain and resolu-
tion at each frequency of the impedance scan [39]. Since the equipment employed
for impedance measurements under current control in this work enables to select
only one current range (current auto-range function is available in voltage control
set-up), it is important to define the input perturbations ((Al;) in order to have
optimal gain and resolution for the operational amplifier. Gain and resolution
are defined automatically by the equipment as a function of the applied current.
From an experimental point of view, it is important to ensure a smooth transition
for the different input AI; perturbations in order to obtain a continuous spec-
trum. This condition is generally verified when the operational amplifier works
with a resolution gain between 40% and 70%.

The use of a single current range might affect accuracy of measurement carried
out under current control. It is desirable to select a low current range in order to
have a very high resolution for the zero current during the measurement. As an

example, it is not possible to measure with good resolution a current of 0.01 pA
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Figure 9.12: Variation of the input current perturbation

with a current range of 1A. With reference to the measurement shown in Figure
9.12 the use of a small current range is desirable at low frequency. In contrast, this
is not the case for measurements at high frequency, for which the input current
should be high enough to determine a favourable signal /noise ratio for the output.
The reduction of available frequencies is a drawback related to the selection of a
small current range. In particular, this is a limitation for high frequencies. As
an example, the maximum available frequency is 10* Hz with a current range
of 100p A. The maximum frequency is reduced to 10° Hz with a current range
of 10p A. This is an intrinsic aspect related to the limits of the equipment for
data acquisition at high frequency with small current ranges. It is important
to point out that the drawbacks discussed above about measurements carried
out under current control are not encountered for those under voltage control.
Indeed, the gain and resolution of the operational amplifier and the current range
are automatically selected for each frequency in the case of measurements under
voltage control.

The main advantage of measurements under current control is that the out-
put signal follows the variation of the open circuit potential, as shown in Figure
9.8(c). This guarantees the stability condition during the entire impedance scan.
In the case of unstable systems, this approach preserves the sample from degra-

dation due to the possible over-potentials which can be applied in the case of
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Figure 9.13: Output Signal for unstable system current controlled

measurements under voltage control. Figure 9.13 shows the output voltage signal
detected during an impedance measurement carried out after 24 h immersion in
0.05M NaCl on AA2024 coated with a sol-gel ZrOs thin film. The mean value
of the output signal corresponds to the open circuit potential of the system dur-
ing impedance data acquisition. It can be seen that the open circuit potential
significantly changes during the measurement confirming that the sample under
investigation is an unstable system. Moreover, it can be seen that the oscilla-
tion of the output signal follows the trend of the open circuit potential during
the measurement. It can be also seen that the amplitude of the output signal
increases during the measurement due to the increase of the impedance |Z(w)| of
the system. This measurement was performed with a current range of 100 pA.
Table 9.1 reports the parameters selected for the impedance measurement. Four
sine wave amplitude were applied in four distinct frequency ranges. The sine
wave amplitude ranges from 5 pyA to 1.1 pA. It is important to point out that
the input parameters should be defined for each electrochemical system under

investigation.

Frequency Range [Hz] | 10 — 10" | 10 — 10° | 10° — 10! | 10! — 102
Input Sine
Wave Amplitude [pA]

) 2.5 1.2 1.1
Table 9.1: Input Parameters
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Figure 9.14 shows in more detail the trend of voltage output signal at high
(a) and low frequencies (b). The trend of the mean value evidences that the
variation of the open circuit potential is tracked at high (Figure 9.14(a) and low
(Figure 9.14(b)) frequencies. Moreover, the oscillations of the output signal effec-
tively follow the open circuit potential in accordance with the theoretical scheme
shown in Figure 9.9(c). This is a very important aspect related to validation of
impedance measurements.
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Figure 9.14: Output signal zoom for current and unstable system

In order to improve accuracy of impedance measurements carried out under
current control, a zero current condition can be imposed before each frequency
scan for 20 s. This is shown in Figure 9.15, which reports the output signal during
an impedance measurement carried out after 24 h immersion in 0.05M NaCl on
AA2024 coated with a sol-gel ZrOs thin film. The imposition of the zero current
condition favours the achievement of a steady state after each frequency scan.
This improves data acquisition for unstable systems. The approach of applying
a zero current condition before each frequency scan is an important advantage
of measurements under current control relative to those under voltage control.
Indeed, the equipment employed in this work does not enable to apply a similar
procedure to reach a steady state for data acquisition under voltage control.

Figure 9.16 displays the Bode module and phase angle plots after 24 h im-
mersion in 0.05M NaCl on AA2024 coated with a sol-gel ZrO, thin film. This
measurement was carried out under current control imposing a zero current condi-
tion for 20 s before each frequency scan. Input parameters were selected according
to Table 9.1. The Bode plot for impedance module does not show singularities
meaning that the impedance is a continuous function of the frequency. How-

ever, the Bode phase angle plot evidences a very small discontinuity probably
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due to a change of the parameters of the operational amplifier in correspondence
of the variation of the input current amplitude at 10~ Hz. In general, it can be
stated that accuracy of the measurement is very good and that the linearity of

the system is preserved during the measurement.
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Figure 9.16: Impedance plot for unstable under current control

Figure 9.17 reports Nyquist plots for impedance measurement carried out un-
der voltage and current control after 1 h immersion in 0.05M NaCl on AA2024
coated with a sol-gel ZrO, thin film. Figure 9.17(a) shows that impedance data
for this unstable system can be acquired only under current control without dam-
age of the sample during the measurement. In contrast, the Nyquist plot shown

in Figure 9.17(b) with higher magnification evidences that data acquisition is not
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successful under voltage control due to polarization of the sample. The absence of
sample damage guaranteed under current control enables to study the evolution
of the system as a function of immersion time in the solution. This information
is not accessible by means of impedance measurements under voltage control on

these unstable systems.

oooooooo

-100000 +
O VOLTAGE CONTROL | O VOLTAGE CONTROL
+  CURRENT CONTROL { + CURRENT CONTROL

uuuuuuuu

Figure 9.17: Comparison between under and voltage control

9.4 Conclusions

In this work, critical aspects related to electrochemical study of non-stationary
coated metallic substrates are considered with particular attention to electro-
chemical impedance measurements. Impedance measurements were carried out
on two different systems. The first is a chromate conversion coated AA2024,
which is characterized by high stability in terms of open circuit potential dur-
ing acquisition of impedance spectra. The second system is the same substrate
coated with a sol-gel ZrO;y thin film. This system evidences a marked insta-
bility in open circuit potential and potentiodynamic polarization measurements.
This paper discusses experimental aspects related to impedance measurements
carried out under voltage and current control. Experimental results evidences
that impedance measurements under voltage control are successful only for the
stationary system while quality of results is strongly impaired in the case of
AA2024 coated with a sol-gel film. In order to obtain reliable data for such
system, measurements under current control were performed. The main advan-
tage of measurements under current control is that it is possible to avoid sample
damage due to system polarization that might occur when the open circuit po-
tential significantly changes during the measurement. This is the typical case of

unstable systems like AA2024 coated with a sol-gel film. This enables to follow
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the evolution of the system as a function of the immersion time without signif-
icant damage of the sample due to the method employed for the measurement.
Moreover, the current control approach guarantees the stability of the system
during the impedance measurement. Therefore, impedance measurements under
current control performed on non-stationary systems can be validated. Never-
theless, some drawbacks are related to data acquisition under current control.
The frequency range available for the measurements is reduced for measurements
under current control due to the intrinsic operation mode of the equipment em-
ployed in this work. In addition, the output signal/noise ratio can be altered for
measurements at high frequency due to the possibility to select only one current
range for the entire frequency scan under current control. Finally, it is important
to consider that input parameters must be carefully selected depending on the

system investigated for measurements under current control.
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Chapter 10
Industrial Scale-up

Development of chromium-free coatings is an important issue for replacement of
chromate conversion coatings in aerospace and automotive industry. This aspect
was targeted in the development of this thesis in which the research approach
considers the production of thin ZrO, coatings (100-200 nm) by means of sol-
gel technology for several types of aluminum alloys. ZrO, films were deposited
employing solutions of Zr precursors. Two preparation routes were followed: the
first employed a metal-organic precursor in an alcoholic solution; the second one
used a water-based solution of a Zr salt. Coating application was carried out by
dipping and spraying technology at a laboratory scale. Corrosion inhibitors like
cerium nitrate and mercaptobenzothiazole were introduced in the films in order
to improve corrosion behaviour of the sol-gel coatings. In addition, substrates
pre-treated with ZrQO, films were painted with an organic primer and top coat
in order to evaluate paint adhesion and electrochemical behaviour of painted
systems. At a later stage of the project, coating deposition was carried out
with a robot-controlled air pressure gun in spraying cabins in order to evaluate

industrial production of the ZrQO, films.

10.1 Introduction

Aluminum alloys are usually protected with a paint system consisting of con-
version layer, primer and top coat. Chromium-based pre-treatments are exten-
sively employed as conversion coatings because they provide very good adhesion
for primer and top coat associated with good barrier properties [1]. Moreover,

chromate conversion coatings exhibit self-healing ability [1]. However, use of
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chromate conversion coatings is restricted and alternative pre-treatments should
be employed for aluminium alloys [1, 2, 3, 4]. Activities carried out in the the-
sis showed that coatings obtained with sol-gel technique are a possible replace-
ment for chromate conversion coatings for aluminium and magnesium substrates
[5, 6, 7). Moreover, sol-gel coatings were also applied to steel substrates. The
development of Cr-free coating systems has been previously targeted with the at-
tempt to replace chromate conversion coatings with a thin sol-gel layer (typically
50-200 nm) [8]. This approach is new because sol-gel coating systems are usually
thick (in the micrometer range) and are generally regarded as complete coating
systems. The good adhesion behaviour of thin Zr and Si-based sol-gel films rel-
ative to chromate conversion coatings is the main advantage of developing thin
coatings. In previous work, our research group followed the strategy of developing
thin sol-gel coatings for different aluminium alloys [9, 10]. Thin ZrOy amorphous
films (100-200 nm) were deposited on AA1050 with dip-coating technique [9].
These coatings promote adhesion of organic coatings to the ZrO, pre-treatment.
Moreover, the electrochemical behaviour of AA1050 coated with ZrO, films is
strongly dependent on deposition parameters, which affect film quality. ZrO,
pre-treated AA6060 exhibits barrier properties similar to chromate conversion
coated AA6060 when a continuous layer was deposited on the surface through
successive dipping steps in the sol-gel solution [10]. Moreover, ZrO; films de-
posited with sol-gel technique improve corrosion resistance of aluminium alloy
AA2024 and magnesium alloy AZ31 [5, 6, 7]. The development of thin ZrO,
sol-gel pre-treatments targeted the industrial scale up of the coatings by means
of spraying technology. This lead to production of demonstrators for application
in different fields like aerospace, automotive and domestic appliances. The work
presented in this part of the thesis targets the characterization of demonstra-
tors coated with ZrQO, films focusing on adhesion behaviour of paints applied on
sol-gel pre-treatments. Demonstrators were coated with a corrosion protection
system consisting of a ZrOy pre-treatment, a primer and a top coat. The ZrO,
films were developed and optimized for deposition by spraying at the Univer-
sity of Udine while they were applied on demonstrators by means of spraying
technology using a robot controlled air pressure gun at Fraunhofer Gesellschaft
IPA. Three types of demonstrator were produced: AA6013 panel with AA6061
stringers for application in the aerospace industry (EADS Deutschland GmbH);
AA7075 skin with holes for rivets for application in the aircraft industry (Hellenic
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Aerospace Industry S.A.) and AA3105 sheets for coil-coating application in the
field of domestic appliances industry (Plalam SpA).

10.2 Experimental Procedure

The substrate for development and optimization of ZrQOs pre-treatments by means
of sol-gel technology was mainly AA2024 in the framework of MULTIPROTECT
project. In addition, ZrO, films were applied to other aluminium alloys like
AA3105 and AA6060. The ZrO, sol-gel films were produced starting from
metal-organic (0.1M Zr(OBu™), in anhydrous n-butanol) and inorganic (0.4M
ZrO(NOj3)s in water) zirconium precursors. The inorganic precursor eliminates
organic compounds in the deposition process of ZrOs pre-treatment. The water-
based solution of the inorganic precursor was selected for the production of
demonstrators. Three types of demonstrator were produced: AA6013 panel with
AA6061 stringers for application in the aerospace industry; AA7T075 skin with
holes for rivets for application in the aircraft industry and AA3105 sheets for
coil-coating application in the field of domestic appliances industry. The chemi-
cal composition of the aluminum alloys is given in Table 3.1. The application of
the ZrOy pre-treatment was performed by means of spraying technology using
robot controlled air pressure gun at Fraunhofer Gesellschaft IPA. After deposition
of the sol-gel film, the demonstrators were subjected to thermal treatment, which
was performed at 120 °C for 4 min. Thermal treatment was followed by drying
at room temperature. The demonstrators were successively coated with a primer
and a top coat. The AA6013 panel with AA6061 stringers and the AA7075 air-
craft skin were coated with a water-based two component epoxy primer and top
coat (Mankiewicz Seevenax 313-02 and 311-03). These demonstrators are shown
in Figure 10.1 and Figure 10.2. The AA3105 sheets were coated with a polyester
primer and top coat (Basf CP22-0422 and C124-0095 P S). Primer and top coat
did not contain corrosion inhibitors.

Samples produced in the development and optimization phase were charac-
terized by means of SEM-EDXS in order to investigate the morphology of the
ZrQq pre-treatment. Moreover, film thickness and composition were evaluated
by means of glow discharge optical emission spectroscopy (GDOES). Barrier prop-
erties were studied by means of potentiodynamic polarization curves and electro-

chemical impedance spectroscopy. The demonstrators produced were character-
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AAS061 stringer
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Figure 10.1: Demonstrator (AA6013 and AA6061) produced at EADS Deutschland
GmbH in the framework of MULTIPROTECT project. The substrate was coated at
Fraunhofer Gesellschaft TPA with a ZrO2 sol-gel film prior to application of an epoxy

based non inhibited primer and top coat

ized by the end users. The AA6013 panels with AA6061 stringers were subjected
to salt spray test (ISO 9227), filiform corrosion test (EN ISO 3665) and alter-
nate immersion emersion test (DIN EN 3212) at EADS Deutschland GmbH. The
AAT075 aircraft skin demonstrator were characterized at Hellenic Aerospace In-
dustry S.A. by means of cross cut test in dry and wet conditions according to ISO
2409 and impact resistance test (ISO 6272). The AA3105 demonstrator under-

went adhesion on embossing and on T-bend tests and salt spray test at Plalam
SpA.

10.3 Results

Figure 10.3(a) shows a SEM micrograph of AA2024 coated with a ZrO, film
deposited by spraying technology with a robot controlled air pressure gun. This
is the typical morphology observed for samples coated with a thin (less than
100 nm) film deposited with sol-gel technology. The GDOES semi-quantitative
composition profile in Figure 10.3(b) displays signals relative to Zr, O and Al.
The trend of Zr and O signal can be associated to the deposition of the ZrO, sol-
gel film on the substrate. The thickness of the film can be arbitrarily estimated
by the marked decrease of Zr and O signals and by the increase of the Al signal
related to the metal substrate. Film thickness is about 70 nm for the profile in

Figure 10.3(b). This was confirmed by SEM measurements carried out on cross
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AA7075 skin

e

Figure 10.2: Demonstrator (AA7075) produced at Hellenic Aerospace Industry S.A. in
the framework of MULTIPROTECT project. The substrate was coated at Fraunhofer
Gesellschaft TPA with a ZrO2 sol-gel film prior to application of an epoxy based non

inhibited primer and top coat
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Figure 10.3: SEM micrograph (A) and GDOES semi-quantitative composition profile
(B) for AA2024 coated with a ZrO2 sol-gel pre-treatment applied by spraying technol-
ogy at Fraunhofer Gesellschaft IPA (Stuttgart, Germany)

It has been shown that the adhesion of the ZrO, film to the substrate is
very good. In general, Zr(O, pre-treatments deposited with a robot controlled
air pressure gun are uniform and defect free provided that film thickness remains
below 100 nm. Coating quality tends to be reduced by deposition of rather
thick films due to a marked susceptibility of sol-gel films to form cracks during
thermal treatment. Thin ZrO, films evidence a barrier effect in potentiodynamic
polarization curves carried out on AA2024 and AA6060 alloys [5, 6, 10]. In the
view of industrial application of ZrO, films applied with sol-gel technology, it is
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very important to study the behaviour of painted systems because the ZrO; films
are developed as a pre-treatment for aluminium substrates. In particular, barrier
properties and paint adhesion are critical in order to provide corrosion protection
to the substrate. Therefore, demonstrators were subjected to industrial tests in

order to evaluate corrosion resistance and paint adhesion for different application
fields.

Figure 10.4: Demonstrator (AA6013 and AA6061) produced at EADS Deutschland
GmbH after 1000h salt spray test according to ISO 9227

Figure 10.4 shows a demonstrator produced at EADS Deutschland GmbH
after 1000h salt spray test. The panel is made of AA6013, while AA6061 is used
for the stringers. The substrate was coated at Fraunhofer Gesellschaft IPA with a
ZrQOsq sol-gel film before application of epoxy based non inhibited primer and top
coat. The area of the scratch evidences tarnishing (visible also in Figure 10.5(a))
interesting the entire exposed area in the scratch. The corrosion occurring in
the cut area is expected since the Zr(O, pre-treatment does not contain corrosion
inhibitors. Moreover, the primer and the top coat applied on the sol-gel film are
not inhibited. Paint creepage form the scratch is very limited during salt spray
test. This is only 1 mm or lower after 1000h salt spray test. No filaments are
visible at the edges of the scratch. This indicates that the adhesion of the paint
on the sol-gel film is very good, as can be seen in Figure 10.5(a).

The surface of the panel (AA6013) does not exhibit blistering or filiform cor-
rosion in the salt spray test suggesting good corrosion resistance. The Z7r0O,
pre-treatment is uniform on the panel surface because this is the area with the

best accessibility in the application process. This leads to very good adhesion of
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Figure 10.5: Demonstrator (AA6013 and AA6061) produced at EADS Deutschland
GmbH after 1000h salt spray test according to ISO 9227: scratch (A) and stringer (B)

the paint and good corrosion protection of the substrate in the test. In contrast,
the stringers are critical parts to be coated by spraying due to limited accessi-
bility to the inner surfaces of the component as can be seen in Figure 10.1 and
in Figure 10.5(b). As a result, the inner surfaces of the stringers often exhibit
reduced paint thickness relative to areas with easy access. The inner surfaces
of the stringers are susceptible to pitting, while the outer ones show higher re-
sistance. As an example, Figure 10.5(b) shows no or very limited attack in the
outer surface of the stringer. Moreover, the outer edges of the stringers exhibit
good resistance in the salt spray test. This confirms that the ZrO, pre-treatment
provides good barrier effect in the regions where it is possible to deposit a thin
and uniform film by spraying technology. The inner edges of the stringers show
higher susceptibility to pitting and creepage than other areas of the demonstrator
because film defects might be present at the edges due to the limited accessibil-
ity in the spraying process. Figure 10.6 reports an image of the demonstrator
produced at EADS Deutschland GmbH after 960h filiform corrosion test. The
surface of the panel far from the scratch does not show blisters or delamination
after 960h test indicating a very good corrosion resistance. This can be related
to a barrier effect of the ZrO, pre-treatment, which strongly reduces corrosion
of the aluminum substrate. This has a positive effect on the resistance to anodic
undermining, which determines the filaments growth. In addition, delamination
phenomena are most likely reduced due to the good adhesion of the paint on the
Z1rQOsy sol-gel film. In the region of the scratch, the AA6013 substrate is directly
exposed to the electrolyte. Therefore, filament formation can be expected in this
region. However, only 2 filaments could be detected in the scratch area after
500h filiform corrosion test. The maximum length of the filaments is less than 2

mm, which can be considered an indication of very good corrosion resistance in
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the scratch area. Moreover, the number of filaments does not increase after 960h
test. The maximum filament length becomes longer than 2 mm (respectively 2.2
mm and 3.6 mm for the two samples tested) for this exposure time. This is still
an indication of good corrosion resistance in the scratch area. Since the barrier
effect of the pre-treatment is not present in the scratch area, the low number
of filaments and their limited growth can be related to good adhesion between
ZrQy film and the substrate and between paint and ZrO, film. The edge of the
AA6013 panel is a critical point in the filiform corrosion test. The edge of the
panel exhibits a higher number of filaments than the scratch, as can be seen in
Figure 10.6. Most importantly, the growth of the filaments is very limited after
960h. This emphasizes the good corrosion resistance provided by sol-gel film and
paint. The stringers made of AA6061 show susceptibility to blistering in the re-
gion of the edges. In addition, the inner edges of the stringers are initiation sites
for filaments. However, these filaments exhibit limited growth, as observed for
the scratch area. As considered above, the inner edges of the stringers display
higher susceptibility than other regions of the panel due to poor quality of the

coating related to low accessibility during coating application by spraying.

Figure 10.6: Demonstrator (AA6013 and AA6061) produced at EADS Deutschland
GmbH after 960h filiform corrosion test according to EN ISO 3665

Figure 10.7 shows the demonstrator produced at EADS Deutschland GmbH
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after 1000h alternate immersion-emersion test. The scratch area evidences rel-
evant corrosion, as seen for the salt spray test. The susceptibility to corrosion
of the exposed substrate is due to the absence of inhibitors in the ZrO, film
and in the paint, as already considered above. The amount of creepage from
the scratch is very low in alternate immersion-emersion test. This is in line with
the behaviour observed in salt spray and filiform corrosion tests. Hence, the
good barrier effect of the coating (ZrO; pre-treatment and paint) is further ev-
idenced. The inner surfaces and edges of the stringer are critical zones also in
the alternate immersion-emersion test. Blistering is observed in these areas of
the stringer (an example is evidenced with a blue marker on the external surface
of the stringer). Moreover, pitting is often observed along the edges, where the
coating is not uniform or even absent due to limited accessibility during coating
application. This behaviour indicates that it is extremely important to improve
coating quality in the inner surfaces of the stringer in order to provide corrosion
resistance as good as for the panel surface, which is uniformly coated. In general,
it can be stated that the ZrO, pre-treatment provides good barrier properties in
combination with non inhibited epoxy primer and top coat. The strong adhesion
of the paint to the sol-gel film contributes to the barrier behaviour. Results ob-
tained for samples pre-treated with sol-gel film are in line with those observed
for chromate conversion coated samples. In addition, it can be expected that the
corrosion resistance of the demonstrators might be further improved by addition
of inhibitors. This could be done in the sol-gel layer or in the primer and top-coat.

Figure 10.8 shows the AA7075 aircraft skin produced at Hellenic Aerospace
Industry S.A. after dry and wet cross cut test. The AAT075 skin coated with
the ZrO, pre-treatment, primer and top coat (same paint as for demonstrators
produced at EADS Deutschland GmbH) passed the cross cut test in dry and wet
conditions according to the standard employed by Hellenic Aerospace Industry
S.A. (ISO2409). Moreover, the demonstrator coated with a sol-gel film evidences
similar behaviour to chromate conversion coated reference sample.

The pictures of the skin after the cross cut test shown in Figure 10.8 indicate
that the adhesion of the paint to the substrate is very good. This result is in accor-
dance with the behaviour of the demonstrators produced at EADS Deutschland
GmbH. The sol-gel films investigated in this work promote adhesion of primer
and top coat. This can be associated to the ceramic nature of the film deposited.

However, brittle behaviour of sol-gel films might be a possible drawback. Indeed,
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Figure 10.7: Demonstrator (AA6013 and AA6061) produced at EADS Deutschland
GmbH after 1000h alternate immersion emersion test according to DIN EN 3212.

the demonstrator coated with ZrOy pre-treatment, primer and top coat did not
pass the impact resistance test (ISO 6272), as can be observed in Figure 10.9.
It is likely that this result might be strongly influenced by the paint applied on
the ZrO, pre-treatment because it can be expected that the contribution of the
sol-gel film to impact resistance is very small. Nevertheless, the impact test might
evidence a critical aspect for application of ZrQOy films in aircraft skins.

Figure 10.10 displays demonstrators produced at Plalam SpA after adhesion
on embossing and T-bend tests. Figure 10.10(a) shows that paint adhesion in the
embossing test is limited for the AA3105 sample pre-treated with a ZrO; sol-gel
layer. This result was considered not acceptable according to evaluation standards
employed by Plalam SpA for characterization of coatings to be applied in the coil
coating industry. However, it should be considered that the embossing test is a
demanding condition for thin ZrOs pre-treatments applied on the demonstrators.
The paint adhesion was considered acceptable in the T-bend test, which evidence
crack formation after 4 bends. As considered above, the adhesion behaviour in
embossing and T-bend tests is mainly determined by the paint thickness with a
little influence of the sol-gel layer.

Demonstrators produced at Plalam SpA evidenced good corrosion resistance
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Figure 10.8: Demonstrator (AA7075) produced at Hellenic Aerospace Industry S.A.
after dry (A) and wet (B) cross cut test according to ISO 2409

Figure 10.9: Demonstrator (AA7075) produced at Hellenic Aerospace Industry S.A.

after impact resistance test according to ISO 6272

as compared to reference samples (with Cr free conversion layer) in the salt spray
test. The scratch area visible in Figure 10.11 exhibits limited blistering and little
or no creepage. The blisters are located within 1 mm from the scratch. Therefore,
corrosion penetration from scratch can be considered very low. In addition, the
ZrQOy pre-treatment and the paint did non contain corrosion inhibitors. This
strengthens the observation that the ZrQO, sol-gel film can provide an efficient

barrier against corrosion.

10.4 Conclusions

Aluminium alloys of the 2xxx, 3xxx, 6xxx and 7xxx series with application in dif-

ferent fields have been coated with a ZrO, film deposited by sol-gel technology
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Figure 10.10: Demonstrator (AA3105) produced at Plalam SpA after adhesion on
embossing and T-bend tests according to ISO 6272

Figure 10.11: Demonstrator (AA3105) produced at Plalam SpA after salt spray test

as an alternative to chromate based coatings. Demonstrators coated with a ZrO,
pre-treatment and primer and top-coat have been produced in the framework of
the research project. These demonstrators have been subjected to industrial tests
like salt spray, filiform corrosion and alternate immersion-emersion tests in order
to evaluate their corrosion resistance. The paint adhesion has also been investi-
gated by means of industrial tests. The sol-gel technology enables deposition of
thin ZrO, layers on different aluminium substrates by means of spraying technol-
ogy. A ZrO, film could be successfully deposited on different components with
this application technique. In general, the Zr(O, pre-treatment is uniform on the
demonstrators investigated in this work with the exception of zones with difficult

accessibility like the inner areas of aircraft stringers. Demonstrators coated with
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a primer and top coat (specific for each demonstrator) in addition to the sol-gel
layer evidence efficient corrosion resistance in industrial tests due to the marked
barrier effect provided by the sol-gel layer. Moreover, the sol-gel layer promotes
paint adhesion limiting creepage and blister formation in the scratch area in salt
spray, filiform corrosion and alternate immersion emersion tests. Paint adhesion
is good in cross cut tests performed under dry and wet conditions. However,
specific tests for the coil coating industry (adhesion on embossing and T-bend
tests) reveal that the ceramic nature of the ZrO; pre-treatment might be a draw-
back when the demonstrators undergo strong deformations. Similar behaviour
is shown in impact tests. It can be concluded that ZrO, sol-gel films applied
by spraying technology can be considered as an alternative to chromate based
pre-treatments for aluminium alloys due to combination of barrier behaviour and

paint adhesion promotion.
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Chapter 11
Conclusions

Zirconium Oxide from Metal-Organic Precursors Thin ZrO, coatings
(100-200 nm) were applied by sol-gel technology on AA2024. The ZrOy pre-
treatment uniformly covers the substrate as confirmed by SEM micrograph and
GDOES semi-quantitative composition profiles. The film morphology is strongly
affected by surface preparation (alkaline cleaning, alkaline etching and acid etch-
ing) leading to the formation of rather large cavities due to the inhomogeneous
attack of AA2024 substrate. This has a negative effect on the quality of pre-
treatments, which might exhibit defects like discontinuities or cracks. However,
the number of defects in ZrO, pre-treatment can be minimized modifying depo-
sition parameters. ZrQO, pre-treatments applied with sol-gel technique improve
corrosion resistance of AA2024. This can be attributed to a barrier effect of
deposited pre-treatments. However, ZrOs sol-gel coatings do not show a pas-
sive range in potentiodynamic polarization scans. This might be related to the
existence of defects in the ZrO, layer behaving as initiation sites for localized

corrosion attacks.

Zirconium Oxide from Inrganic Precursors Thin and well-adherent ZrO,
pretreatments from water-based precursors can be deposited on AA2024 by means
of the sol-gel technique by either dipping or spraying at laboratory scale. In par-
ticular, characterization of film morphology and electrochemical behavior indi-
cates that ZrO, pretreatment is suitable for application by spraying technology,
which improves film quality. The barrier properties of water-based ZrQOs films are
good evidence of a marked reduction of the corrosion current density in potentio-

dynamic polarization curves. The electrochemical behavior can be improved by
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the addition of corrosion inhibitors like MBT and BT in the ZrOs pretreatment

structure.

Zirconium Oxide from Metal-Organic Precursors containing Cerium
Nitrate  Sol-gel coatings produced by dipping have been considered for the
corrosion protection of aluminium alloy AA6060. ZrO, based sol-gel coatings
were deposited from a solution containing metal-organic precursors of zirconium.
In order to produce a protective system with self-healing ability, cerium nitrate
was directly added to the sol. Different coating systems were produced as the com-
bination between layers deposited with a solution containing only the zirconia-
precursor and another solution where, in addition to the precursor, cerium nitrate
was added. Sol-gel ZrO, based coatings deposited on AA6060 are uniform and
defect-free. The deposited film appears colorless and it is able to cover the metal
surface. Critical areas for the sol-gel deposition, like cavities produced by the
pickling procedure, are also protected. The coating composed of layers contain-
ing cerium shows a very similar morphology to the one observed for the system
without cerium. Since the addition of cerium nitrate to the starting solution in-
creases the sol viscosity, the layers deposited with the solution containing cerium
are thicker than the ones without cerium. Potentiodynamic polarization mea-
surements display a strong barrier effect for the non containing cerium systems,
as indicated by passive behaviour of AA6060 aluminum alloy coated with three
layers of Zr(O,. The barrier property associated to the sol-gel systems is strongly
influenced by the presence of cerium in the sol. Layers deposited with solu-
tions containing cerium are generally not able to guarantee the same protection
evidenced by sol-gel systems without cerium. Electrochemical impedance mea-
surements indicate that the gradual decrease of the electrochemical behaviour
of ZrOy based coatings can be recovered only if cerium nitrate is added to the
starting solution for the deposition. Indeed, coatings containing cerium can lead
to an improvement of AA6060 corrosion behaviour due to the action of cerium

ions diffusing towards the metal substrate.

Macro-Evaluation of Cerium Inhibition The inhibition effect of cerium ni-
trate on the electrochemical behaviour of AA2024-T3 aluminum alloy has been
investigated by means of DC techniques like open circuit potential measurements

and potentiodynamic polarizations. The evaluation of the effectiveness of two
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cerium nitrate concentrations (5 gL~ and 0.5 gL™') was carried out.

Cerium compounds precipitate on AA2024-T3 aluminum alloy as hydroxides or
hydrated oxides. The precipitation involves the entire surface producing a very
thin film even if local intense cerium precipitations have been detected. The so-
lution containing 5 gL™! of cerium nitrate strongly affects the electrochemical
behaviour of AA2024-T3 aluminum alloy while a smaller effect has been observed
for the less concentrated solution (0.5 gL™1).

Chlorides significantly decrease the inhibition effect due to the presence of cerium
nitrate ions in solution. Instead, cerium salts are able to homogenize the electro-
chemical behaviour of AA2024-T3 aluminum alloy in a pH range between 3 and
8.

The cerium precipitation phenomenon occurs faster on AA2024-T3 surfaces rich
in magnesium. The precipitation is most probably promoted by the intense redox
reactions correlated to the fast magnesium dissolution.

The observation of the surfaces of macro-anodes (aluminum sheet) and macro-
cathodes (pure copper sheet) connected together in a solution containing cerium
nitrate, evidences that cathodic sites are preferential sites for cerium precipita-
tion. However, the mechanism of cerium deposition on AA2024-T3 (consisting of
micro-anodes and micro-cathodes) is not clear yet. For cathodic inhibitors, the
mixed-potential theory indicates that E.,,. shifts to more active values. Since the
results obtained are not in accordance with the theory, the cerium nitrate salts

are most likely able to inhibit both the anodic and the cathodic behaviours.

Micro-Evaluation of Cerium Inhibition The electrochemical micro-cell tech-
nique has been employed for the micro-evaluation of the effect of cerium nitrate
on the corrosion behaviour of 2xxx aluminum alloys. Magnesium-rich and iron-
rich intermetallics have been considered as well as the matrix region.

The regions containing a high amount of magnesium-rich intermetallics are very
reactive. The electrochemical activity is strongly affected by the fast magnesium
dissolution coupled with the intense reduction reactions occurring.

The corrosion behaviour of AA2024-T3 samples immersed for 12 hours in solu-
tions containing the cerium nitrate salt is significantly improved. The regions rich
in magnesium tend to be more stable and the current flow related to the Faradic
processes is strongly decreased for the entire microstructure. The precipitation of

a thin layer film improves both the anodic and the cathodic behaviour indicating
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that cerium can be considered as a general inhibitor. However, the regions rich in
magnesium are sites on which a more intense cerium precipitation occurs. This
behaviour is most likely related to the intense reduction reactions occurring on
the intermetallics themselves which produce the pH increase necessary for cerium

precipitation.

Industrial Scale-up Demonstrators coated with a ZrO; pre-treatment, a primer
and a top-coat have been produced by using an industrial process. In general, the
ZrQy pre-treatment is uniform on the demonstrators investigated in this work
with the exception of zones with difficult accessibility like the inner areas of air-
craft stringers. Demonstrators coated with a primer and top coat in addition to
the sol-gel layer highlight efficient corrosion resistance in industrial tests due to
the marked barrier effect provided by the sol-gel layer. Moreover, the sol-gel layer
promotes a good paint adhesion limiting creepage and blister formation in the
scratch area in salt spray, filiform corrosion and alternate immersion-emersion
tests. Paint adhesion is good in cross cut tests performed under dry and wet
conditions. However, specific tests for the coil coating industry reveal that the
ceramic nature of the ZrO, pre-treatment might be a drawback when the demon-
strators undergo strong deformations. Similar behaviour is shown in impact tests.
It can be concluded that ZrO,y sol-gel films applied by spraying technology can
be considered as an alternative to chromate based pre-treatments for aluminium

alloys due to combination of barrier behaviour and paint adhesion promotion.

Critical aspects in the electrochemical study of unstable coated metallic
substrates Impedance measurements were carried out on two different systems.
The first is a chromate conversion coated AA2024, which is characterized by high
stability in terms of open circuit potential during acquisition of impedance spec-
tra. The second system is the same substrate coated with a sol-gel ZrO, thin
film. This system evidences a marked instability in open circuit potential and po-
tentiodynamic polarization measurements. EIS results underline that impedance
measurements under voltage control are successful only for a stationary system
while quality of results is strongly impaired in the case of AA2024 coated with a
sol-gel film. In order to obtain reliable data for such system, measurements un-
der current control were performed. The main advantage of measurements under

current control is that it is possible to avoid sample damage due to system po-
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larization that might occur when the open circuit potential significantly changes
during the measurement. This is the typical case of unstable systems like AA2024
coated with a sol-gel film. This enables to follow the evolution of the system as
a function of the immersion time without significant damage of the sample due
to the method employed for the measurement. Moreover, the current control
approach guarantees the stability of the system during the impedance measure-
ment. Therefore, impedance measurements under current control performed on

non-stationary systems can be validated.
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