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Microstructuur-gecorreleerde Eigenschappen van
Conversielagen op Aluminium Legeringen

Stellingen

Fenomenen op nano- en microschaal bepalen het microscopische elektrochemische
gedrag van een systeem. Daarom moeten in het onderzoek ook technieken gebruikt
worden met een resolutie gelijk aan de afmetingen van deze details.

[This thesis, chapters 4, 5, 7, and 8]

De SKPFM techniek verschaft nuttige en betrouwbare informatie betreffende de
kathodische an anodische gebieden op een metaalopperviak, hetgeen van belang is bij
het bepalen van het elektrochemisch gedrag. Nochtans moeten de resultaten
geinterpreteerd worden met de nodige voorzichtigheid omdat het niet altijd duidelijk is hoe
de experimentele omstandigheden de gemeten potentiaal beinvioeden. Bijkomende
beperkingen zijn er wanneer metingen uitgevoerd in lucht, gebruikt worden om
fenomenen die plaatsvinden in oplossing te begrijpen.

[This thesis, chapters 5, 7, and 8;

V. Guillaumin, P. Schmutz, G.S. Frankel, “Characterization of Corrosion Interfaces by the Scanning
Kelvin Probe Force Microscopy Technique”, J. Electrochem. Soc. 148 (2001) B163]

Vanweg het beperkte frequentie gebied gebruikt bij EIS metingen is het meest geschikte
equivalente circuit om het impedantie gedrag van het bestudeerde systeem te modelleren,
dat circuit dat alleen de elementen meeneemt die binnen zo’n range vallen en niet een
circuit dat alle mogelijke elementen beschouwt.

[This thesis, chapter 6]

De studie van de beschermende eigenschappen van organische deklagen wordt
aanzienlijk verbeterd, wanneer men complementair aan de impedantiemetingen, meet-
methoden toepast zoals ATR-FTIR spectroscopie voor de studie van wateropname in de
film en op het grensvlak. Dit is beter dan koste wat kost berekeningen uit te voeren aan de
kwantitative modellering van de impedantiemetingen om de graad van coating-
delaminatie te bepalen.

[L. Philippe, Novel Spectroscopic Techniques for studying Protective Organic Coatings, PhD
Thesis at the Corrosion and Protection Center UMIST, University of Manchester, 2002

E.P.M. van Westing, Determination of Coating Performance with Impedance Measurements, PhD
Thesis at TUDelft, 1992

F. Mansfeld, C.H. Tsai, Corrosion, 42 (1991) 12]
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Elk experiment, zeifs de visuele observatie, veroorzaakt veranderingen in het bestudeerde
systeem. Dit ligt aan de basis van iedere meting, omdat datgene dat wordt waargenomen,
de respons is van het systeem op externe interacties, in plaats van het systeem zelf.
Daarom kan een correcte interpretatie van experimentele resultaten slechts plaatsvinden
wanneer de opgewekte veranderingen bekend of verwaarloosbaar zijn.

[D. Chidambaram, G.P. Halada, C.R. Clayton, Development of a Technique to Prevent Damage of
Chromate Conversion Coatings during X-ray Photoelectron Spectroscopy Analysis”, Applied
Surface Science 181 (2001) 283]

De aanwezigheid van intermetallische deeltjes aan het aluminium oppervlak is niet een
noodzakelijke voorwaarde voor corrosie langs de korrelgrenzen. Daar de zwakte van de
natuurlijke aluminiumoxidelaag langs de korrelgrenzen en de verarming of verrijking van
de legeringselementen aldaar, de initiatie en propagatie van de corrosie langs de
korrelgrenzen veroorzaakt, kunnen de intermetallische deeltjes slechts dit effect
bevorderen.

[J.R. Flores, H. Terryn, JH.W. de Wit “Intergranular Corrosion of AA2024-T3 Initiation and
Propagation” in the Proceedings of the Conference of Metallurgists COM2002, 10-16 August 2002,
Montreal, Canada]

Een gelijke naamgeving voor een zelfde entiteit zou de interactie tussen wetenschappers
met een verschillende opleiding sterk verbeteren.
[This thesis, chapter 4, section 4.2]

Een nieuw figuur aan een oud artikel toevoegen maakt het geen nieuw artikel. Dit zou het
aantal artikelen per auteur sterk reduceren.

Europeanen, in ieder geval die van de huidige generaties, zullen zich altjid eerder
ltaliaans, Duits, Frans, Nederlands, Belgisch, Spaans, etc. dan Europees voelen. Het
bestaan van landspecifieke euromunten is daar het bewijs van.

Internationale mobiliteit behoort nog niet tot de normale mentaliteit: degene die het niet
vanzelfsprekend vindt naar het geboorteland terug te keren, wordt als vreemd ervaren.

Het opmerken van verschillen tussen menselijke rassen is geen activiteit van een racist,
het prioriteren van de verschillen is echter de basis van racisme.

Als je schreeuwt, word je gehoord, maar dat betekent nog niet dat er naar je geluisterd
wordt.

De enige mensen die werkelijk van levensbelang voor je zijn, zijn je ouders, en aan de
andere kant ben jij alleen voor j6uw kinderen van levensbelang.

De tijdsduur van een avondmaal, doelend op de sociale gebeurtenis in plaats van op het
simpelweg nuttigen van eten, is omgekeerd evenredig met de geografische breedtegraad.
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Chapter 1

Introduction

1.1 Background and general introduction

Aluminium when alloyed with small amounts of other materials is an essential and
valuable metal in the aerospace, architectural, transportation, packaging and manufacturing
industries because of its high specific strength. Other interesting properties of aluminium
alloys include high thermal and electric conductance, especially in relation with their low
specific weight, high ductility and resultant low working cost [1].

As concern the corrosion behaviour, aluminium and its alloys show a relative good
corrosion resistance in chloride-free environments with pH ranging from 4 to 8.5, due to the
formation of a thin oxide film when exposed to air. However, this natural oxide layer is
amphoteric, i.e. dissolves both in strong acid and strong alkaline media, and contains flaws
and defects, the concentration of which increases with the concentration of alloying elements
and through which aggressive species can reach the metal surface leading to corrosive
attack [2]. Therefore, the natural aluminium oxide film does not provide adequate corrosion
protection in many conditions and has to be replaced by a layer having better corrosion
resistance, a so-called conversion layer. This layer is meant also to enhance the paint
adhesion through the generation of mechanical (micro-pores) and chemical (reactions with
the organic coating) bonds.

The conversion freatments are usually distinguished in chemical, which consist of
immersion in a bath containing oxidizers without the use of external current, and
electrochemical, which require an external current or voltage source [1]. The conversion
processes, either chemical or electrochemical, involving the use of chromates and
dichromates are generally considered to provide the best corrosion protection for aluminium
and its alloys. Only films formed in chromate solutions meet the stringent corrosion
resistance requirements of the military specifications MIL-C-81706 [3]. Besides, the chemical
chromate conversion treatment is quick, cheap, and simple and forms a layer able to
withstand forming operations, which is the main requirement for use in coil coating
processes. For these reasons, chromate-based treatments, especially the chemical ones,
have been widely used for the corrosion protection of Al alloys for more than 40 years [4].
However, the production, storage, and application of chromate solutions cause large
environmental and health related problems, since they contain hexavalent chromium
compounds that have a wide range of toxic effects [5]. As a consequence, governments
have lowered exposure limits and tightened control resulting in increase of the costs of
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processes using chromate species. The position taken by the industries with respect to this
problem is different depending on the area. For example, the automotive industry decided to
restrict the use of hexavalent chromium species in the car body, which includes pigments,
conversion layers on Al, Mg and Zn, inhibitars, etc. to less than 2 g/m? per car starting from 1
July 2003, whereas the building and aerospace industries have not yet shown such concrete
will of replacing these toxic compounds. Nevertheless, it is expected that soon or later all the
industrial areas will follow the example of the automotive industry. Therefore, several
attempts have been made to find alternative systems able to reproduce the excellent
properties of the chromate treatments but with a less detrimental impact on health and
environment. This growing interest on chromium-free treatments has involved not only the
industrial world but also the academic world, as is evident from the large amount of papers
on this topic presented in several conferences during the last few years [6, 7]. Different types
of chromium-free conversion processes have been developed using a variety of chemical
compounds: molybdates, rear earth metal salts, zirconium and titanium fluoride, lithium salts,
permanganate, silanes, cobalt, silicon and/or zirconium and/or yttrium and/or cerium oxide
sol-gel. Nowadays, most of these treatments are still in the experimental phase and not yet
suitable for industrial application, however some examples of companies that have replaced
the chromate treatment with a chromium-free one, as that based on zirconium and titanium
compounds, do exist.

Similar to the corrosion processes that can take place at the aluminium surface, the
formation of some of the conversion layers, either chromate or alternative systems, involves
the occurrence of electrochemical reactions, i.e. cathodic reduction of oxidizing species and
anodic attack of aluminium. Therefore, the presence of local anodic and cathodic sites on
the aluminium surface may be expected to play a very important role not only in the type and
rate of corrosion but also in the nucleation, growth and final properties of the conversion
films. Local anodes and cathodes in the aluminium alloys are mainly related to the
intermetallic particles, which are distinguished in constituent particles or inclusions,
dispersoids, and strengthening precipitates depending on their size [8]. Anyway, all three
types of intermetallics give rise to galvanic coupling with the Al matrix since they have a
different chemical composition and as a consequence a different surface potential in
comparison with the Al matrix. The strong influence of the composition, size and distribution
of intermetallics on the corrosion behaviour of different aluminium alloys has been widely
investigated by many researchers. In general, the intermetallics rich in elements that are
more noble than aluminium, such as copper, iron and silicon, behave as cathodic sites and
therefore in contact with aggressive species lead to local dissolution of the aluminium matrix
in their proximity, whereas the intermetallics rich in elements less noble than aluminium, as
magnesium and zinc, act as anodic sites and then dissolve during exposure in aggressive
environment. Therefore, from a corrosion point of view while the anodic intermetallics are
almost non-influential, since once dissolved they do not affect anymore the corrosion
behaviour of aluminium, the presence of cathodic intermetallics is extremely deleterious.
Indeed, many authors have found that the intermetallics that act as local cathodes are
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preferential nucleation sites for pitting and enhance the susceptibility to both intergranular
and filiform corrosion.

On the other hand, the effect of the intermetallic particles on the nucleation, growth
and final properties of conversion coatings has started to be considered only in the last few
years. As concern the chromate film, although Brown et al. [9] at the beginning of the
nineties highlighted the important role in the growth of the chromate coating played even by
minor surface heterogeneities in aluminium (99.98% pure) associated with grain or cellular
boundaries, the first study mentioning the influence on the chromate film properties, in
particular the thickness, of much more evident heterogeneities, as the intermetallics, is dated
1994 [10]. After this work, as far as we know, only at the end of the nineties, beginning of the
new century the effect of the intermetallic particles on both the final properties and the
nucleation, growth of the chromate layer has been considered by some research groups,
who proposed different and sometimes contradicting theories. Regarding the innovative
chromium-free treatments, only the cerium-based processes, both the one developed by
Mansfeld in US [11] and that developed by Hinton in Australia [12], have been investigated
taking into account the influence of the intermetallics on the formation and as a consequence
on the morphology and composition of the conversion film, whereas for all the other
alternative systems a uniform and homogeneous formation of the film has always been
supposed.

However, the comprehension of the exact role played by the intermetallic particles on
the formation of conversion layers on Al alloys is a necessary condition both for a better
understanding of the mechanisms of nucleation, growth and corrosion protection of the
chromate conversion coating and for finding out what could be done to improve the
chromium-free systems. Besides, a better understanding of the chromate corrosion inhibition
is a prerequisite for the development and improvement of alternative chromium-free
systems, as highlighted by a recent view of the aircraft coating technology [13].

1.2 Outline of the thesis

This thesis deals with the correlation between the microstructure, in particular the
intermetallic particles, and the electrochemical behaviour of aluminium alloy 2024-T3, both
clad and bare. Two aspects related to the electrochemical behaviour are considered, that is
the corrosion attack occurring in aggressive environments and the formation of conversion
layers, either chromate and alternative systems. Amongst the proposed chromium-free
processes, the cerium-based conversion coating is studied, since it is very interesting both
from an industrial point of view, due to its promising properties, and from an academic point
of view, since its formation consists of a redox process and then a comparison with the
chromate treatment is a valid approach of investigation.

Chapters 2 and 3 review the corrosion and the surface treatments of aluminium alloys,
respectively. Regarding the corrosion, the attention is mainly focused on the local type of
attack caused by the presence of intermetallic particles at the surface, and for the surface
treatments the chromate and the cerium-based ones are those discussed in more detail. In
the other chapters the experimental results and their interpretation are reported. Chapter 4
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deals with the influence of small changes in the heat treatment procedure on the
microstructure and as a consequence on the corrosion resistance of bare 2024 aluminium
alloy. Besides, in this chapter the use of the SKPFM technique and its applicability for the
study of the micro-electrochemical behaviour of aluminium alloys are discussed in detail.
Chapters 5 and 6 focus on the effect of the intermetallic particles on the formation and
corrosion resistance, respectively, of the chromate conversion coating formed on Alclad
2024 alloy. In chapter 7 the nucleation, growth and final properties of the chromate film are
considered in the case of bare 2024 alloy. In particular, the role of both the intermetallics and
that of the Cu-rich smut, which can eventually form during the surface preparation
procedure, is discussed and the differences of the chromate layers formed on the bare and
the clad alloys are also reported and related to their different microstructure. Finally, chapter
8 deals with the influence of the same microstructural features, i.e. intermetallics and Cu-rich
smut, on the formation of the cerium-based conversion coating on bare 2024 aluminium
alloy.
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Chapter 2

Corrosion of aluminium and its alloys

2.1. Introduction

Corrosion is usually defined as the destruction or deterioration of a material because of
its reaction with the environment, which in the case of metals involves anodic oxidation of
the metal itself and cathodic reduction of oxidizing species [1]. Corrosion is a spontaneous
phenomenon and then is always governed by energy changes, that means the corrosion
process is always occurring with a release of free energy [2]. Since the nature tends to
minimize energy, higher is the amount of free energy realised in the oxidation reaction of a
metal higher is its tendency to undergo corrosion. From this thermodynamic point of view
aluminium should be a very active metal towards corrosion, second only among the
structural metals to magnesium, beryllium and zinc. However, aluminium generally shows a
good corrosion resistance in natural atmosphere, fresh waters, many soils and chemicals [3].
This is due to the fact that the result of the high oxidation reactivity of aluminium is not the
dissolution of the metal but the formation of a thin oxide film on its surface, which is able to
protect the aluminium substrate against corrosion in many environments. Indeed, it is
recognized that the air-formed amorphous oxide film on aluminium, of thickness dependent
on the formation conditions and in the range of 1-10 nm, has a relative high band gap (~ 3
eV) and acts as a poor electron conductor [4]. Besides, if damaged this thin film re-forms
immediately in most environments and continues to protect the aluminium from corrosion. In
dry air the natural aluminium oxide film consists only of a pores-frée barrier layer of a
thickness dependent solely on the temperature of the environment, whereas in normal
atmospheres on top of this barrier layer a thicker and more permeable layer of hydrated
oxide develops. Two different forms of aluminium hydroxide are observed: bayerite, AI(OH),,
and boehmite, AIO(OH), predominant at low (< 70°C) and high temperature (> 100°C),
respectively. In addition, during the complex course of the aging of aluminium hydroxide
another trihydrated aluminium oxide, named gibbsite or hydrargillite, can form [3].

The extent of protection against corrosion provided by the natural oxide film to the
aluminium substrate is determined mainly by two factors: the type and aggressiveness of the
environment and the chemical, metallurgical properties and mechanical conditions of the
aluminium [5]. First of all, aluminium oxide/hydroxide is amphoteric, that means it is
thermodynamically unstable either at low (< 4) or at high (> 8.5) pH. Therefore, the
aluminium oxide film dissolves when exposed to non-oxidizing strong acid media, such as
phosphoric acid, and particularly to strong alkaline media, such as sodium hydroxide. Once
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the oxide layer is removed the aluminium can undergo corrosive attack leading to the
formation of AI** and AlO, ions in acid and alkaline media, respectively. Usually, in these
conditions of oxide film instability general corrosion of aluminium takes place, which is a type
of corrosion that involves the occurrence of cathodic and anodic reactions all over the entire
surface without spatially well-defined and distinguished anodic and cathodic areas. On the
other hand, in environments with a pH in the range between 4 and 8.5 where the oxide film
is thermodynamically stable, localized corrosion is more probable to occur. In this type of
corrosion the anodic oxidation of aluminium and the cathodic reduction of other species,
usually O, and H*, take place preferentially at different locations on the aluminium surface.

The occurrence of localized attack even in conditions where the oxide film should be
stable is due to the fact that this film is far from perfect and contains several defects and
flaws, which are weak spots where film breakdown can take place especially in presence of
aggressive species as chloride ions. In most cases, the defects in the aluminium oxide film
are related to microstructural aspects, as intermetallic particles, grain boundaries, etc., which
are determined by the chemical composition and the thermo-mechanical history of the
aluminium alloy. Localized corrosion can occur in different forms, which are described in
detail in the next section, depending again on the environment and especially on the
microstructure of the alloy. This last very important aspect is addressed in section 2.3, where
the localized corrosion is discussed for different families of aluminium alloys in relation with
the properties of the intermetallics and the grain boundaries.

2.2. Localized corrosion

Localized corrosion results from the formation of local electrochemical cells, where
anode and cathode are spatially separated, due to differences either in the alloy surface, e.g.
in the chemical composition, or in the environment, e.g. oxygen concentration profile. Due to
the separation of anodic and cathodic reactions, significant local changes take place in both
the solution and the surface as a function of time. Thus, localized corrosion on aluminium
alloys is a highly time dependent phenomenon. Generally, it occurs in an environment where
the oxide film is insoluble and it takes one of the forms described in the following sections.

2.2.1 Pitting

Pitting is one of the most destructive and insidious forms of corrosion since it is difficult
to detect, while perforation of the structure can occur with only a small overall weight loss;
therefore it often results in extreme sudden failures. For aluminium, pitting is most commonly
provoked by halide ions, of which chloride is the most frequently encountered in service [1,
3]. Figure 2.1 shows the typical active-passive behaviour of aluminium alloys characterized
by a passive range, where the current density is low and almost constant with the potential,
followed by a strong and sudden increase in current when the alloy is polarized above a
certain potential, which is called pitting potential (E,) and depends on parameters relative
both to the substrate (type of alloy, presence of conversion layers, etc.) and to the
environment (pH, T, presence of aggressive species, presence of inhibitors, etc.). This
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sudden increase in current is the result of the on-setting of stable pit growth, whereas
metastable pits form also below E,. It is important to note that E, can be reached not only by

Current density, Alin.2 application of an external potential to the
65 x 10°° 65 x 10 65 x 107 65 x 10°3 65 x 10-2 Sample, but also by addition of oxidizing
1 ’ species (O,, H,0,, etc.) that enhance the
o “---.‘s\ cathodic reaction rate (dashed lines in
E i “\\ Figure 2.1) and shift the open circuit
§ ZEL il o \\‘ potential (OCP = interception between
S~ r N N anodic and cathodic curves) to a value
Z ~ close to or higher than E,. Therefore, it is
g believed that the resistance to pitting
s corrosion of Al is truly represented by the
£ passive range (Apss = E,-OCP) rather than

§ by the solely value of pitting potential.
é _ﬁ?ﬁdza'?ai”g: When discussing the mechanism of
¢ == Cathodic reaction pitting it is necessary to distinguish between
initiation of the pit, which can occur also at
0.01 0.1 1 10 100 potential lower than E,, and propagation of
Current density, A/m? the pit, which takes place in conditions

Figure 2.1: Anodic polarization curve of Al alloy where E is higher than E,. The initiation of a
1100 immersed in neutral de-aerated NaCl solution pit is caused by the local breakdown of the
free of cathodic reactant [Ref. 3). oxide film on the aluminium surface that is a
multi-step process [6]. All the prevailing
theories claim that the first step consists of adsorption of aggressive anions, in most cases
Cl, on the passive Al surface due to the relative high isoelectric point (9:5) of aluminium
oxide [6-8]. Indeed, the isoelectric point corresponds to the pH of zero charge (pHy) of a
surface, which is the pH of the aqueous solution at which the hydroxyl groups present on the
outermost surface of the oxide film remain undissociated. At pH lower than the isoelectric
point the hydroxyl groups are protonated and the surface acquires a positive charge,
whereas at pH higher than the isoelectric point the hydroxyl groups are de-protonated and
the surface acquires a negative charge. Therefore, in an environment with pH < 9.5 the
aluminium oxide surface is positively charged and tends to adsorb anions. Analytical
techniques such as auto-radiography [9] and X-ray photoelectron spectroscopy [10] have
revealed the adsorption of CI” ions on Al oxide film at the open circuit potential as well as at
applied anodic potentials. Besides, the adsorption of the aggressive ions is assumed to be
localized at the location of active centers, as flaws and defects in the oxide film, which can
be mechanical flaws due to scratches and crystallographic asymmetry or residual flaws
originating from intermetallic particles [11].
The pit initiation, which leads to the final attack propagation of the exposed metal, has
been described using various theories:
v' Formation of soluble complexes: many authors have concluded that after the adsorption
of aggressive anions intermediate soluble complexes are formed between aluminium
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and halides, especially in the case of CI' that is the most widely investigated situation
[12-14]. One of the more often proposed mechanisms is a stepwise chiorination of
aluminium hydroxide, which leads to the formation of transitory compounds, Al(OH),CI
and Al{OH)CI,, and to aluminium chloride, AICI;. Since these compounds are soluble, a
thinning of the aluminium oxide takes place at the weakest spots of the film where cr
ions have been adsorbed.

v Penetration of aggressive species: this theory suggests that CI ions incorporate into and
migrate through the passive film resulting in film breakdown. The diameter of chloride
jons is 0.36 nm [15] and it is then conceivable that they can penetrate through the
defective sites of the aluminium oxide film with relative ease. Natishan et al. [16, 17)]
have actually shown by means of XPS and XANES techniques the incorporation of CI" in
the Al oxide film, which was attributed by the authors to migration of these species from
the solution/film interface to the interface of the metal with the passive film. Different
mechanisms have been suggested to explain how penetration of CI” ions can lead to
oxide film breakdown. One of these is the point defect model, which explains the growth
kinetics of a passive film and was extended to account for the chemical breakdown of the
film [18]. One assumption of this model is the diffusion of metal cations from the
metal/film to the film/solution interface, which causes the formation of metal vacancies at
the metalffilm interface that tend to submerge into the bulk of the metal. However, the
penetration of chioride ions in the passive film enhances the metal cations diffusion rate,
which becomes higher than the submergence of the metal vacancies, and as a
consequence the metal vacancies start piling up and form voids at the metal/film
interface that can in turn lead to local collapse of the oxide film. A different mechanism
was suggested by Burstein and Souto [19], who stated that when CI ions reach the
metalffilm interface islands of CI' or Cl-containing compounds may nucleate and grow
ieading to internal stresses, which can exceed a critical fracture stress of the Al oxide film
and thus causing film ruptures.

v Chemico-mechanical theory: this theory postulates that the adsorption of chloride ions
onto the film/solution interface results in “peptization” due to mutual repulsion of the
adsorbed charged species. When the repulsive forces are sufficiently high, the
breakdown of the film occurs [20, 21]. This approach has not been further considered in
recent years.

v Crack healing mechanism: according to Richardson and Wood [11], the natural oxide
film on aluminium surfaces contains flaws, which are caused by mechanical damages
and by microstructural heterogeneities. During exposure, depending on the
environmental conditions, two possible events can occur: the flaw either is repaired or
becomes a nucleation site for pitting. The presence of chloride ions, which preferentially
adsorb into these flaws, render the second possibility the predominant one inhibiting the
repair of the defect in the film.

The most probable mechanism is likely a combination of soluble complex formation and CI

ions penetration, leading to the result that the aluminium oxide film is locally thinned and/or

damaged and therefore a direct attack of the aluminium substrate can take place. At this
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moment, the initiation of the pit is concluded and the pit can either repassivate (metastable
pit) or propagate (sometimes called “stable” pitting).

After pitting has been initiated, the process propagates by anodic dissolution of
aluminium in the occluded pit environment and cathodic reactions on the surface adjacent to
the pit [1], as schematically shown in Figure 2.2. According to Hagyar and Williams [22]
inside the pit, after the rapid ionisation of Al to AI** the following reactions occur:

Al + H,0 & AI(OH)* + H* (2.1)
AI(OH)** +ClI” = AI(OH)CI* (2.2)
AIOH)CI" + H,0 < AI(OH),Cl+ H' (2.3)

From these reactions it appears clear that pitting is an autocatalytic process, i.e. is
producing by itself the conditions necessary to propagate. Indeed, the dissolution of Al tends
to produce an excess of positive charge inside the pit (reaction 2.7) leading to inward
migration of chloride ions, which in turn form compounds with Al (reaction 2.2) that hydrolyse
and decrease the pH of the solution inside the pit (reaction 2.3). The high concentrations of
H* and CI" in the occluded pit environment enhance the anodic dissolution rate inside the pit
itself and enable its propagation.

Cl, O, containing solution
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Figure 2.2: Schematic representation of pitting propagation on aluminium in chloride aerated solution.

Besides, since the solubility of oxygen in highly concentrated solution, as that present
in the pit, is very low a differential aeration cell is created between the pit, which is oxygen-
free and acts as anode, and the areas adjacent to the pit, which are oxygen-rich and act as
cathode. Since aluminium oxide is not a good conductor, the extension of the cathodic area
is very limited and located nearby the pit, where the oxide film is damaged and the
necessary pathway for the electrons is present (Figure 2.2). During the propagation of the pit
corrosion products can deposit and form a cap that completely or partially covers the pit
mouth.

However, it is obvious that a pit will develop only when the low pH and high CI
concentration are maintained within the pit. A first criterion for stable pit propagation was
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proposed by Galvele [23], who suggested that a pit would grow continuously if a critical
value of the parameter xsi (pit depth times pit current density) were exceeded. More
recently, Pride ef al. [24] have found that stabilization of the pit occurs on aluminium when
the ratio between the current within the pit and the radius of the pit (I,#/ri) is greater than 10"
2 AJcm. Both criteria are based on the ability of keeping a sufficient low pH inside the pit,
which leads to high Al dissolution rate and results also in the deposition of
aluminium/chioride salts inside the pit that are stable only at very low pH. As a consequence,
any phenomenon that leads to dilution of the pit electrolyte, as the rupture of the cap of
corrosion products due to hydrogen evolution or osmotic pressure, can cause the
repassivation of the pit that stops to grow.

2.2.2 Intergranular

Intergranular corrosion is a localized attack at and adjacent to grain boundaries
accompanied by little or no corrosion of the grains themselves, which can in the worst case
drop out from the surface. This form of localized corrosion arises from potential differences,
i.e. local electrochemical cells, between the grain and the grain boundaries area. The
formation of these local cells at the grain boundaries can have different causes: presence of
impurities, segregation of alloying elements, precipitation of intermetallic particles, depletion
of some elements in a band along the grain boundaries [1, 3]. Similarly to pitting corrosion,
two stages, i.e. initiation and prapagation, can be distinguished in the intergranular attack.

The initiation stage consists, as in all forms of localized corrosion, of local breakdown
of the passive film on the aluminium surface, which occurs in a similar way as described in
the previous section for pitting and is favoured by the presence of halide species in the
environment. it has been shown that grain boundaries and especially triple point boundaries
of the grains are locations of flaws and defects in the oxide film [25, 26]. Therefore, the
breakdown of the Al oxide film is more probable to take place at these sites, exposing grain
boundary areas to the aggressive environment. Whether this resuits in propagation of the
anodic dissolution along the grain boundaries, i.e. intergranular attack, or formation of a pit
depends on the nature and reactivity of the grain boundaries themselves, i.e. on the
presence or absence of strong galvanic couples. It has been often observed that first a pit is
formed as a consequence of the passive film breakdown and afterwards intergranular attack
starts to develop from either the bottom or the walls of the pit. Intergranular corrosion
penetrates more quickly than pitting but reaches a self-limiting depth due to limited transport
of oxygen and aggressive species down the narrow corrosion path [5].

2.2.3 Exfoliation

Exfoliation, also called layer corrosion or lamellar corrosion, is a form of selective
subsurface attack that proceeds along narrow strata parallel to the external surface [3, 5].
Usually, it takes place along the grain boundaries, and then is often ascribed as a special
case of intergranular corrosion that occurs in relatively thin products characterized by a
highly worked and directional microstructure, e.g. rolled sheets. However, exfoliation can
also result from intragranular corrosion along a layer associated with a high density of

10




Corrosion of aluminium and its alloys

intermetallics, which have been lined up during the thermo-mechanical treatments
undergone by the aluminium product. Aiso in the case of exfoliation the attack starts with the
breakdown of the passive film, usually at the sheared edge of the piece rather than at the
rolled or extruded surface, afterwards the corrosion process continues in the direction
parallel to the external surface due to the presence of galvanic cells lined up along this
direction, either at the grain boundaries or inside the grains. Alternate layers of thin,
relatively uncorroded metal and thicker layers of corrosion products characterize a sample
observed in cross section after the occurrence of exfoliation. Since the layers of corrosion
product occupy a larger volume than the original metal, their formation leads to swelling of
the metal itseif.

2.2.4 Filiform

Filiform corrosion occurs on aluminium surfaces coated with a thin organic film and is
characterized by the appearance of fine filaments emanating from one or more sources with
semi-random directions [5]. The initiation stage involves the formation of a differential
aeration cell due to the presence of a defect in the organic film, which can either be
originated mechanically, i.e. scratches, or chemically, i.e. osmotic blistering.

Indeed, at the location of the

>
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defects in the organic coating I ]

water and aggressive species
can reach the aluminium
passive film and cause its
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Figure 2.3: Propagation mechanism of filiform corrosion on

corrosion products, a o
aluminium [Ref. 27].

differential aeration cell is
created where oxygen is mainly reduced at the center of the blister and aluminium is mainly
dissolved at the edges. Once a differential aeration cell is established, the corrosion attack
underneath the coating can propagate and a transition from a circular to a uni-directional
filament growth may take place [27, 28].

The mechanism of filiform corrosion propagation on aluminium is anodic undermining,
which consists of anodic dissolution of aluminium occurring at the head of the filament and
cathodic reactions, mainly oxygen reduction, taking place at the back of the head or at the
front of the area where corrosion product are deposited (Figure 2.3). This spatial separation
of the anodic and cathodic sites, which is due to the differential aeration cell, resuits in
acidification and increase in chloride concentration in the head of the filament, similarly to
the occluded solution in a pit. This provides the necessary conditions for breakdown of the
passive film and further corrosion attack to continue in the head of the filament, and
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therefore for the propagation of the filiform corrosion. However, entrapment of chloride in the
corrosion products and decrease of the oxygen concentration gradient promote a stagnation
of the filament growth after considerable exposure time [27].

2.2.5 Other forms of localized corrosion

Localized corrosion can occur when an electrolyte is present in a crevice formed
between two facing aluminium surfaces, or between an aluminium surface and a non-
metallic material, as a gasket, sand or dirt deposit, etc. This form of localized attack is called
crevice corrosion and takes place in many mediums, although it is more intense in those
containing chloride [1, 3]. The corrosion attack is located inside the crevice due to the
formation of an occluded solution that is enriched in H" and CI" ions and depleted in oxygen.
Indeed, once the reduction reaction has consumed all the oxygen inside the crevice a
differential aeration cell is created between the crevice, where diffusion of oxygen is
hindered, and the areas adjacent to it. This results in the spatial separation of the anode,
located inside the crevice, and the cathode, located outside the crevice. In the case of
aluminium, the cathodic area is small and very nearby the crevice, since aluminium oxide is
a poor conductor. Inside the crevice dissolution of aluminium to AI** continues and this leads
to migration of chloride in order to maintain the charge balance, which in turn enhances the
corrosion attack in the crevice. Actually, the propagation mechanism of crevice corrosion is
virtually identical to that of pit, since the pit itself can be considered as a crevice.

Galvanic corrosion occurs when two metals or alloys with a different surface potential
are connected in the same electrolyte [1, 3]. The extent of the attack depends on the value
of the potential difference, which is the driving force for the anodic reactions to take place on
the less noble metal and the cathodic reactions on the more noble metal of the couple. This
form of corrosion can be localized, as in the case of coupling between aluminium matrix and
intermetallic particles that leads to local dissolution either of the matrix near the cathodic
intermetallics or of the anodic intermetallics.

Selective leaching is the removal of the less noble element from a solid alloy as a
result of corrosion processes [1]. This form of attack can occur also in the intermetallic
particles present in aluminium alloys when these are formed by elements with strong
difference in corrosion potential, as copper and magnesium.

Stress corrosion cracking (SCC) refers to sub-critical propagation of cracks caused by
the simultaneous presence of tensile stress and a specific corrosive environment, which
have a synergetic effect [1, 3]. During this type of attack the aluminium is virtually
uncorroded over most of its surface, while fine cracks progress through it generally along the
grain boundaries.

2.3. Localized corrosion and alloy microstructure

In aluminium alloys the intermetallics, which are classified as constituent particles or
inclusions, dispersoids, and strengthening precipitates depending on their size [29], strongly
influence the localized corrosion behaviour of the alloy especially when they are sufficiently
large in size or when they are concentrated by preferential precipitation on boundaries [30].
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Although it is recognized that also the alloying elements in solid solution affect the localized
corrosion process, the attention in the literature survey was principally focused on the role of
the intermetallics since it is of main interest for this work.

Intermetallic particles play a fundamental role both in the initiation and in the
propagation of localized attack. Indeed, the presence of intermetallics, either cathodic or
anodic to the Al matrix, favours the aluminium oxide film breakdown, which is the initiation
step for all forms of localized corrosion, since they are sites of flaws and defects in the oxide
film. In the case of cathodic intermetallics the effect on the breakdown process is even worse
due to alkalinisation of the electrolyte in their proximity, which renders the aluminium oxide
less stable, and due to the polarization of the matrix around them to a potential close to its
pitting potential. Moreover, the formation of galvanic cells between the intermetallics and the
matrix provides the driving force for the electrochemical reactions involved in the
propagation of the localized corrosion. In the remainder of this section the role played by the
intermetallics in the different forms of localized attack will be described and discussed for the
different families of aluminium alloys with major attention for AA2024, as it is the material
used in this study.

2.3.1 2xxx series: Al-Cu system

In the alloys of 2xxx series a heterogeneous microstructure is intentionally developed
by addition of large quantities of copper to optimise the mechanical properties. Among the
alloys of this family, AA2024 is the most investigated one since it is widely used in the
aircraft industry for numerous applications, like as fuselage, door skin, dorsal fin, bottom
wing skin, stringers, and trailing edge panels, due to its high strength-to-weight ratio, good
damage tolerance, and low cost. The typical composition of AA2024 is, on a weight
percentage basis, as follows: 90-93% Al, 3.8-4.9% Cu, 1.2-1.8% Mg, 0.5% Si, 0.5% Fe, 0.3-
0.9% Mn, 0.25% Zr, 0.15% Ti, 0.1% Cr, and 0.15% others, including Ni. The intermetallics
present in this alloy can be classified into three general categories: Al-Cu, Al-Cu-Mg, and Al-
Cu-Fe-Mn containing particles [31-34]. Differences in apparent composition are often
observed amongst particles with the same elemental constituents and in some cases even
amongst different regions of the same intermetallic. However, generally the Al-Cu and Al-Cu-
Mg containing intermetallics are assigned to the Al,Cu (8-phase) and Al,CuMg (S-phase)
chemical type, respectively. On the other hand, the assignment of the Al-Cu-Fe-Mn
containing intermetallics is more difficult since different chemical phases are
thermodynamically and kinetically possible: Alg(Cu,Fe,Mn), Al;Fe,Cu, Al,Mn;Cu, and
(Al,Cu)sMn that in some cases are enriched in silicon.

Amongst the coarse intermetallics, which are very large in size (up to 30 um), the most
heavily populated category is the round-shaped Al-Cu-Mg particles foliowed by the
irregularly shaped Al-Cu-Mn-Fe ones, whereas the Al-Cu category is not always present.
The smaller intermetallics are needle shaped Al,CuMg and Al,Cu strengthening particles,
which can precipitate both inside the grains and preferentially at the grain boundaries and
provide the increased strength performance of the alloy. A further improvement of the
mechanical properties is obtained by the addition of small amount of elements, as Cr, Zr,
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and Mn, which causes the precipitation of dispersoids, like as rod shaped Al,(Mn;Cu, small
intermetallics, that act as grain refiners retarding the recrystallisation kinetic [31].
All categories of coarse intermetallics strongly affect the pitting corrosion behaviour of
AA2024, but in different way and extent:
¥v" Al-Cu-Mn-Fe coarse intermetallics have been shown to have in air a more noble Volta
potential in comparison with the Al matrix [35], in good agreement with the corrosion
potential value measured for a bulk precipitate in chloride solution [36]. Therefore, these
intermetallics act as cathodic sites and promote the dissolution of the matrix around them

(Figure 2.4) that results in formation of pits, as observed by many authors after exposure

to chloride-containing electrolyte at neutral pH [33, 37-39]. Dissolution of the matrix

continues as long as the intermetallic retains electrical contact with the matrix and is
cathodically controlled due to the smailer area represented by the cathodic intermetallic.

In addition, the cathodic nature of the Al-Cu-Mn-Fe intermetallic particles leads to rapid

reduction of oxygen with consequent increase of the pH in their proximity (see O,

reduction reactions in Figure 2.2). This in turn causes alkaline attack of the Al adjacent to

these intermetallics, resulting in a trench-like attack morphology, which often forms a

perimeter around the particle [34, 38]. This is in agreement with Missert and co-workers

[40], who found that a highly alkaline solution environment with consequent deposition of

corrosion products is created in proximity of engineered copper islands in Al thin films,

which where used to model the cathodic intermetallics in AA2024.

However, the behaviour of Al-Fe-Cu-Mn intermetallics upon immersion in chloride
solution is not as simple as this model system.
First of all, a secondary effect of their cathodic
nature is the reduction at their location of Cu®
ions dissolved in solution, which leads to
nodular Cu deposits, as observed by Chen et al.
[37]. Besides, in some cases a dispersoid-free
zone was observed around these intermetallics,
which is supposed to enhance even more the
Figure 2.4: Al matrix dissolution around dissolution of the Al matrix around them [33].
an Al-Cu-Fe-Mn intermetallic [Ref. 39]. Another important aspect is the presence of

lateral Volta potential gradients in some Al-Cu-
Mn-Fe intermetallics that results in non-uniform dissolution of the intermetallic in
concentrated chloride media [35, 41]. Suter and Alkire [42] also observed preferential
dissolution of iron and manganese during anodic polarization, especially at the edges of
the particle, which gives rise to a spongy structure. In addition, as the high local pH in
proximity of these intermetallics stabilizes, it induces the hydrolysis of dissolved iron
cations, resulting in an iron oxide/hydroxide deposition on their surface {43].
Nonetheless, the main effect of Al-Fe-Cu-Mn intermetallic particles is to induce
breakdown of the passive film on the surrounding matrix and consequent Al dissolution
due to galvanic coupling and alkalinisation of the electrolyte.
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v Al-Cu coarse intermetallics, which are less frequently encountered in AA2024, behave
similarly to the Al-Cu-Mn-Fe particles. That means, they function as local cathodes and
induce pitting at their periphery, assisted by the attack due to the alkaline conditions
locally developed [44]. The cathodic trenching in standard corrosive solution (0.5M NaCl
pH=6) caused by this category of intermetallics seems to be more severe and faster than
in the case of Al-Cu-Mn-Fe containing particles [34]. Besides, they also undergo
selective dissolution of the more active element, i.e. aluminium, leaving behind a Cu-
enriched particle remnant. The dealloyed particle remnants are physically unstable and
have been observed to coarsen and emit 10 to 100 nm metallic clusters into corrosion
producis and surface films, which in turn become more conductive [44).

v Al-Cu-Mg coarse intermetallics are expected to preferentially dissolve, since the
corrosion potential of a bulk Al-Cu-Mg sample in solution has been found to be 0.3-0.4 V
lower than that of AA2024 [36]. However, the behaviour of this category of intermetallics
is not so simple and changes from particle to particle and even from region to region of
the same particle. Indeed, different phenomena have been observed to occur depending
on the conditions of exposure, but even simultaneously in the same sample on different
Al-Cu-Mg intermetallics: selective dissolution of Al and Mg in different extents leaving
behind a spongy structure enriched in copper [32, 33, 37, 38, 42, 43], complete
dissolution of the intermetailic [33, 37, 39, 41, 45], preferential dissolution of the
surrounding matrix (32, 33, 38, 39, 42, 43]. The first two phenomena would suggest an
anodic nature of the intermetallic particles, whereas the later would indicate that these
intermetallics serve as cathodic sites. In addition, Al-Cu-Mg intermetallics often undergo
both dealloying with formation of a porous system and dissolution of the Al matrix,
suggesting a reversal of the galvanic couple matrix-intermetallic during exposure.
Indeed, the common theory concerning the corrosion mechanism associated with Al-Cu-
Mg intermetallics states that these intermetallics are initially active with respect to the
matrix and are partly dissolved by dealloying resulting in a copper-rich remnant, which
than behaves as a cathodic site and induces peripheral matrix pitting.

Although this theory explains most of the phenomena observed, it does not take into
account that in some cases intact Al-Cu-Mg particles with a pit in the surrounding matrix
are observed, which suggests that matrix dissolution occurs before any evident
dealloying process has taken place due to exposure to the electrolyte [32, 33]. To
explain all these observations we believe that a muiti-step mechanism (Figure 2.5) for
the corrosion processes related to Al-Cu-Mg intermetallics must be considered. Before
immersion the Al-Cu-Mg intermetallics have a more noble surface potential with respect
to the Al matrix, as shown by Schumtz et al. [35], due to the presence of a quite dense
surface layer enriched in copper, which is itself catalytic for reduction reactions and
inhibits dissolution of the underlying material (step | in Figure 2.5). The cause of the
formation of this layer, which can be considered as a pseudo-passive film, is not yet
completely clear. However, considering the high reactivity of the Al-Cu-Mg intermetallics
[37, 46, 47] it can be supposed that partial dealloying of the outermost surface layer can
occur even during exposure in humid air, and afterwards this layer becomes dense as a
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result of the superficial cold-work caused by mechanical treatments, as rolling, polishing,
etc. [33].
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Figure 2.5: Schematic representation of the corrosion mechanism associated with Al-Cu-Mg
intermetallic particles.

Besides, also the polishing process can give rise to selective dissolution phenomena, in
accordance with the findings of Shimizu et al. [48], who observed the preferential
dissolution of Al during electropolishing leading to a few nanometers thick layer enriched
in copper even on the surface of pure aluminium containing only 30 ppm of Cu. Another
cause of the copper-rich film on the surface of Al-Cu-Mg intermetallics could be the
diffusion of copper from the bulk of the intermetallic towards the external surface.
Anyway, this copper-rich film on top of the Al-Cu-Mg intermetallics is an effective local
cathode capable of inducing dissolution of the surrounding matrix via galvanic coupling
and alkalinisation of the solution (step Il in Figure 2.5). In addition, destabilization and
breakdown of this modified surface layer can also occur during immersion in the
aggressive solution leading to exposure of the underiying Al-Cu-Mg intermetallic, which
acts as a local anode and undergoes selective dissolution of Al and Mg starting from the
edges (steps Il and IV in Figure 2.5). Obviously, anodic polarization [33, 42] speeds up
the breakdown of the Cu-rich surface layer and based on the findings of Schumtz and
Frankel [41] mechanical interactions, as rastering with the tip of the AFM, seem to have
a similar effect.
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After the dealloying has taken place, a spongy structure enriched in copper is left behind,
which serves again as cathodic site and further enhances the Al matrix local dissolution
(steps V and VI of Figure 2.5). It is important to note that the time extent of the different
steps can vary from particle to particle and even from area to area of the same particle,
depending on the stability of the pseudo-passive Cu-rich layer, thus explaining the very
different morphologies of attack observed by many authors. Indeed, when the Cu-rich
layer is very stable it is possible that steps | and Il last for the complete immersion time
resulting in an intact Al-Cu-Mg particle with a dissolved zone at its periphery, whereas
when the Cu-rich film is very instable steps | and |l are extremely short, or even absent,
and severe dissolution of the intermetallic occurs. Finally, in intermediate situations of
stability of this layer the duration of the different steps is similar leading to both local
matrix dissolution and dealloying of the intermetallic. It is reasonable to think, even if not
yet proved experimentally, that the stability of the Cu-rich layer is function of the
exposure conditions (T, pH, chloride concentration, etc.) and of the intermetallic
properties (amount of Mg, crystallographic structure, etc.). As a consequence, since in
one sample a range of different Al-Cu-Mg intermetallics exists, exposure to a certain
solution causes a range of different types of corrosion attack to these intermetallics, from
negligible to complete dissolution.

An important phenomenon associated with the corrosion process of Al-Cu-Mg
intermetallics is the copper redeposition observed at cathodic sites of the surface, as Al-
Fe-Mn-Cu particles. Buchheit and his co-workers extensively investigated this aspect
[36, 44, 49]. They suggested that the porous copper remnant coarsens to reduce its
surface energy and as a consequence clusters of metallic Cu, 10 to 100 nm in diameter,
become detached, are captured in the corrosion product gel and move away due to
mechanical transport related either to growth of the corrosion products or to solution
movement. This non-faradic detachment electrically isolates the copper clusters from the
substrate and therefore their potential rises from the OCP of the Al alloy to the OCP of
Cu enabling the oxidation of copper. Then copper ions are liberated into the solution and
can reduce at cathodic sites forming a copper deposits. A similar phenomenon was
found to occur during the corrosion process at Al,CuLi intermetallics present in Al-Cu-Li
alloys [44]. The redeposition of copper further decreases the resistance to localized
attack of AA2024, especially when together with chloride ions also sulfate ions are
present since they are aggressive species for copper and lead to micropits in the
proximity of the copper deposits [45, 50].

The pitting susceptibility of AA2024 is determined not only by the chemical
composition and size of the intermetallic particles but also by their distribution. If the
intermetallics are distributed in clusters and bands, as it is often the case for rolled products,
the localized corrosion in proximity of an intermetallic can expose subsurface intermetallics
to the electrolyte enhancing the pit growth in depth through further nucleation and
coalescence of pits [37, 39]. As pitting proceeds, the acidified loca! environment promotes
also pit growth in the classical sense, but the galvanic coupling between matrix and
intermetallics is expected to be a major contributor to the growth of the pit. Besides, it has
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been recently shown that the concentration and distribution of cathodic intermetallics on the
surface of a coated AA2024 plays a very important role in the propagation of filiform
corrosion [27].

As concern the intergranular form of localized corrosion, it is generally accepted that
the most important microstructural aspect is the formation of a copper-depleted zone
adjacent to the grain boundaries during the precipitation of copper-containing intermetallics
along the grain boundaries themselves [51]. Indeed, a galvanic coupling between this
copper-depleted zone (anode) and the aluminium matrix (cathode) exists and resulits in
preferential dissolution along the grain boundaries. This mechanism of intergranular
corrosion is confirmed by the fact that the intergranular attack is reduced by thermo-
mechanical treatments that decrease the heterogeneity in copper concentration in solid
solution [38, 52, 53], such as rapid quench, which limits the grain boundary precipitation and
therefore the extension of the depleted area, and artificial aging, which reduces the solid
solution copper concentration in the body of the grain. The influence of the intermetallics on
the extent of intergranular attack is considered to be only secondary and related to their
tendency to precipitate at the grain boundaries. As an example, the Al-Li alloy AA2090 was
found to be more susceptible to intergranular attack than AA2024 because the Al,CuMg
phase of AA2024 has a lower tendency to concentrate on boundaries than the ALCuLi
phase of AA2090. On the other hand, Robinson ef al. [54] attributed a more important role to
the type of intermetallics present at the grain boundaries. Indeed, these authors claimed that
the faster intergranular corrosion shown by AA2024 in comparison with AA2014 should be
attributed to the precipitation at the grain boundaries of Al,CuMg intermetallics, which
undergo anodic dissolution, in the former and of ALCu intermetallics, which are not
dissolved, in the later. However, keeping in mind the very complex behaviour of Al-Cu-Mg
intermetallics discussed above it appears evident that the role of these intermetallics in
enhancing intergranular attack is not so simple and straightforward.

In addition, it is well known that the parameters of the heat treatments, which are
always carried out on AA2024 in order to optimise its mechanical properties, strongly
influence the susceptibility of the alloy to all types of localized corrosion. Generally, the heat
treatment involves a solution treatment at a temperature within the range 460-530°C,
followed by quenching into water and then either aging at room temperature (natural aging)
or artificially aging at temperatures up to 190°C [55]. Quenching and specifically the cooling
rate, is the most critical step in the sequence of heat treatment operations not only to obtain
the best combination of strength and toughness, but also to limit the corrosion susceptibility
[29]. It has been shown that the cooling procedure after solution treatment and also the
aging procedure after quench result in drastic changes in the corrosion behaviour of AA2024
[56, 32] due to the precipitation of intermetallics that differ in size, shape, and distribution. In
particular, the quench rate and the temperature and time of aging have been found to affect
the pitting susceptibility [57], the intergranular and exfoliation corrosion extent due to
modifications of the grain boundary region [52, 58, 59], and the stress corrosion cracking
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resistance due to changes in the type of intermetaliic/matrix interface, i.e. coherent, semi
coherent, incoherent [60].

2.3.2 1xxx series: pure aluminium

This family includes super-purity aluminium (Al = 99.99%) and the various grades of
commercial-purity aluminium (Al > 99%) with a percentage of impurity up to 1%. Typical
applications are lithographic products, chemical process equipment, heat exchangers,
electrical conductors, capacitors, and packaging foils. Their corrosion resistance is relatively
high, but it decreases with increasing the impurity content, especially iron. It is well known
that commercial aluminium contains Fe impurities in the range of 0.3-0.7%, which leads to
the formation of Fe-containing intermetallics during solidification due to the extremely low
solubility of Fe in Al (0.004% at 400°C). Depending upon the melt composition and
especially the cooling rate different types of intermetallics can form: the equilibrium phase
Al;Fe, the metastable phases AlgFe, Al,Fe, Al,Feg, and the Si-rich phases o-Al-Fe-Si, B-Al-
Fe-Si, Al;FeSi, Al FeSi, when silicon is present [61]. Anyway, all the iron-rich intermetallics
have been found to be more noble than the aluminium matrix and as a consequence to
enhance the susceptibility of aluminium to pitting corrosion [62] in a similar way as the Al-Cu-
Mn-Fe intermetallics in AA2024, i.e. dissolution of the matrix in their surroundings due to the
weaker oxide film, the galvanic coupling and the alkalinisation of the solution. Besides, the
Fe-containing intermetallics can undergo preferential dissolution of Al during exposure and
become enriched in Fe, as observed by Nisancioglu [63] for Al;Fe in NaOH solution near the
corrosion potential. This phenomenon enhances the cathodic nature of the intermetallics
with consequent increase of matrix dissolution at their periphery.

2.3.3 3xxx series: Al-Mn systems

The microstructure of this series of aluminium alloys, widely used for packaging
applications, is characterized by the presence of two main categories of intermetallics: Si-
free Alg(Mn,Fe) phase and Si-containing «-Al-(Mn,Fe)-Si phase, often identified as o-
Al;2(Mn,Fe);Si. Both intermetallic particles are cathodic with respect to the aluminium matrix,
but on different extent. Indeed, it was found that the Si-containing intermetallics are more
noble than the silicon-free ones [64]. On the other hand, Nisancioglu [65] suggested that the
main factor in determining the electrochemical properties of these intermetallics is the iron
content rather than the presence of silicon. Anyway, the cathodic nature of these
intermetallics leads to pits nucleation at their location through preferential dissolution of the
surrounding aluminium matrix (Figure 2.6), with a mechanism similar to that observed for Al-
Cu-Mn-Fe intermetallics in AA2024 and described above [66].

Since manganese is less active than aluminium but more active than iron, the potential
difference between the intermetallics and the matrix, i.e. the driving force for the corrosion
process, is decreased by the increase of the amount of manganese content in solid solution
either in the matrix or in the intermetallic phase [67]. Therefore, the Mn content in solid
solution together with the density, size and distribution of intermetallic particles is expected
to strongly affect the resistance of these aluminium alloys to localized corrosion. Afseth et al.
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[66, 68] have recently carried out an extensive work on the influence of heat-treatments on
the filiform corrosion susceptibility of AA3005. They found that annealing at temperature >
350°C results in a significant increase of filiform corrosion with a change of the morphology
from a successive pitting type to a highly superficial attack.

The detrimental effect on filiform corrosion was
attributed fo the precipitation in the highly
deformed surface layer of a fine dispersion of
Ali;(Mn,Fe);Si intermetallics during the heat
treatment, which simultaneously leads to a
depletion of the matrix in noble alloying
elements. This high density of small
intermetallics provides both a larger area for
the cathodic reactions and a high density of
potential corrosion initiation sites that are both
negative for the filiform corrosion resistance, Figure 2.6: Crystallographic pit around a
and for the localized corrosion resistance in '279€ intermetallic on the surface of AA3005
general. It is worthwhile to note that the after 15 mi.nutes of immersion in 5 wi.% NaCl
formation of an active surface layer has been PH=3 solution [Ref. 661

observed in other families of alloys after different mechanical processes, i.e. rolling,
extrusion, etc., bringing in the foreground that the electrochemical properties of the bulk are
extremely different than those of the surface.

2.3.4 5xxx series: Al-Mg systems

These aluminium alloys, where the rriain alloying element is magnesium, find their
principal applications in the building, marine and automotive industries. The typical
intermetallic compounds encountered in Al-Mg alloys are coarse Alg(Mn,Fe) constituent
particles, whose amount depends on the manganese and iron content of the alloy, and
small, discretely distributed B-phase particles, which are usually given as Al;Mg, or AlgMgs.
The former is however outside the limit of existence, whereas the latter fits the composition
of the solid phase and most of the proposed structures [69]. Independently from the exact
composition, the B-phase is strongly anodic to the Al-Mg solid solution matrix in the presence
of many electrolytes {70, 71]. In contrast, as already observed for Al-Mn alloys, the coarse
Als(Mn,Fe) intermetallics serve as cathodic sites and therefore pitting starts preferentially at
their locations due to both the galvanic coupling and the local alkalinisation of the solution
[72].

Besides, precipitation of B-phase intermetallics has been observed to occur at the
interface of Alg(Mn,Fe) intermetallics and the Al matrix [70] resulting in a stronger local
potential difference, which can be expected to enhance the pitting susceptibility of the alloy.
However, it is generally accepted that the main role of the B-phase in the corrosion
behaviour of Al-Mg alloys is to decrease the resistance to intergranular corrosion and stress
corrosion cracking (SCC) {70, 71, 73, 74]. This is due to the fact that it forms initially at grain
boundary triple points and then along the grain boundaries. In particular, when the alloy
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contains an amount of Mg higher than 3.5% and is exposed to temperatures ranging from
50° to 200°C for sufficient time, a continuous band of the B-phase along the grain
boundaries is formed that anodically dissolves if exposed to an aggressive environment and
as a consequence causes severe intergranular corrosion and SCC when a stress is applied.
The strong influence of the presence of B-phase at the grain boundaries on the susceptibility
to SCC is confirmed by the observation that crack growth rate velocity increases with
increasing the volume of this phase [74]. It was suggested that the crack propagation is
enhanced not only by the anodic dissolution of the B-phase but also by the formation of
hydrogen during the corrosion process, which can be adsorbed in the alloy resuiting in brittle
crack advance. In addition, recently a more fundamental role of magnesium segregation at
the grain boundaries, which also would rapidly dissolve in contact with the solution, has been
proposed [70].

Another remarkable aspect from a corrosion point of view of the high magnesium
content in solid solution of this family of alloys is its tendency to oxidize and incorporate into
the surface oxide layer. Afseth et al. [75] have shown that after heat treatment on the surface
of AA5754 the oxide film consists of crystalline and amorphous separate phases and is
strongly enriched in magnesium, especially in the crystalline oxide particles. Such a film is
thought to be responsible for the observed increase in filiform corrosion susceptibility, since
it is less protective and has lower adhesion to organic coatings than the pure atuminium
amorphous oxide layer.

2.3.5 6xxx series: Al-Mg-Si systems

The aluminium alloys of this family are extensively used as extruded and rolled
products for construction, transport industries and architectural applications. The
strengthening particle B-Mg,Si, which forms during aging, characterizes the microstructure of
these alloys. When copper is added in quantities higher than 0.25 wt.% (e.g. 6061, 6056,
6013 aluminium alloys) other strengthening intermetallics can precipitate, such as Al,Cu and
AlsCu;MgsSis [76-78]. Besides, different types of coarse insoluble intermetallics are
observed in the aluminium alloys of 6xxx series: Al;Fe, AlgFe, AlgFe,Si, Al-Si-Mn-Fe and Al-
Mg-Si-containing particles [76,79]. Blanc and Mankowski [80] have found that even when the
copper content is relatively high (0.8 wt.%) as in AAG056 the coarse intermetallics are not
enriched in this element. The strengthening particles mainly affect the intergranular corrosion
behaviour of the alloys, whereas the bigger coarse intermetallics have a more significant
influence on the pitting susceptibility. During aging the B-Mg.Si phase, which has a more
active potential with respect to the Al matrix, precipitates pfeferentially at the grain
boundaries creating a zone along the grain boundaries depleted in silicon. Although, the
anodic dissolution of B-Mg,Si intermetallics resuiting in lined up pits along the grain
boundaries can enhance the intergranular corrosion, the main cause of the increase in
intergranular corrosion susceptibility with aging time until the peak strength is ascribed to the
formation of the Si-depleted zone, similarly to the Cu-depleted zone in 2xxx series alloys.
Indeed, this area along the grain boundaries is anodic with respect to the rest of the grain
and therefore preferentially dissolves during exposure to aggressive media [78, 79, 81].
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Several observations confirm the predominant role played by the depleted zone in the
intergranular corrosion process. When Si is in excess of the stoichiometric composition for
the formation of 3-Mg,Si, Si particles, which act as cathodic sites, tend to segregate at the
grain boundaries enhancing both the depletion extent and the galvanic coupling and as a
consequence resulting in more severe intergranular corrosion [79, 81]. The addition of
copper in the alloy has a similar effect since it enables the formation of cathodic
intermetallics (Al-Cu-Si and Al-Cu-Mg-Si) at the grain boundaries [76, 77]. Therefore, a
reduction of the potential difference between the depleted zone adjacent to the grain
boundaries and the grain center should be able to improve the intergranular corrosion
resistance. This has been shown by many authors and can be obtained either by limiting the
preferential precipitation at the grain boundaries and then the formation of the depleted
zone, through the addition of Cr [81] or the formation of a grain structure with low angle
boundaries [82], or by inducing the formation and growth of strengthening intermetallics
inside the grain through an over-aging treatment [83].

In these alloys is often observed that pitting and intergranular corrosion are dependent
upon each other since intergranular attack often initiates at the pit walls [77, 83] due to the
more aggressive environment formed inside the pit. On the other hand, the principle sites of
pit initiation and growth are the coarse intermetallics. In particular, the Al-Mg-Si ones
undergo selective dissolution of Al and Mg during exposure and are very deleterious for
pitting corrosion, whereas the Al-Si-Mn-Fe intermetallics serve as cathodes and induce
matrix dissolution at their periphery, whose extent depends on both the electrolyte and the
aging conditions [76, 80, 83]. The Fe-rich intermetallics, i.e. Al;Fe, AlsFe, show a similar
cathodic behaviour and lead to pitting of the surrounding matrix due to galvanic coupling and
alkalinisation of the solution at their location [84].

2.3.6 7xxx series: Al-Zn-Mg systems

These aluminium alloys find application in the aircraft structural components and other
high-strength products, like military vehicles. The strengthening particle of the Al-Zn-Mg
alloys is the n-MgZn, phase, which develops during aging and preferentially precipitates at
the grain boundaries. Since the MgZn; intermetallics are less noble with respect to the
aluminium matrix, their precipitation at the grain boundaries results in the formation of an
anodic path along the grain boundaries themselves, which in turn is responsible for the
susceptibility to intergranular corrosion, or intergranular stress-corrosion cracking in the
presence of tensile load, of this family of aluminium alloys [85]. However, the intergranular
corrosion is not caused only by the precipitation of MgZn, intermetallics but also by the
segregation of solute atoms (Zn and Mg) at the grain boundaries, which enhances their
anodic nature, and by the formation of a precipitate-free zone near the grain boundaries,
which increases the difference in potential between the matrix and the grain boundaries [86].

Since iron is always present as impurity in commercial aluminium, also the 7xxx
aluminium alloys are characterized by the presence of Fe-rich coarse intermetallics, as
AlsFe, Al,;CuFe,, Al;Cu,Fe, which serve as cathodic sites and have been observed to be
preferential nucleation sites for pitting [87, 88]. Benedetti et al. [88] have found that the
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presence of iron causes, in addition to the precipitation of cathodic intermetallics, a decrease
of the growth of MgZn, intermetallics leading to a matrix richer in Zn and Mg and therefore
more anodic. This makes Fe even more deleterious for the resistance to pitting corrosion of
Al-Zn-Mg alloys since the galvanic coupling between matrix and iron-containing
intermetallics becomes stronger giving rise to a higher dissolution of the aluminium in
proximity of these intermetallics.

2.4. Conclusions

The literature survey discussed in this chapter clearly shows the fundamental role
played by the microstructure of aluminium alloys on their susceptibility to localized corrosion.
On the other hand, it is well known that the microstructure is strongly affected by the heat
and mechanical treatments undergone by the alloy. Even very small changes in the heat
treatment procedure, which can easily occur during industrial practice, have drastic effects
on the microstructure and as a consequence on the corrosion behaviour of aluminium alloys.
Therefore, it is very important for both the producers and the users of aluminium alloys to be
aware of the influence of the different heat treatment parameters on the microstructure of the
aluminium alloys in order to avoid sudden product failures resulting from unexpected high
localized corrosion. Thus, a part of this PhD work, which is discussed in Chapter 4, has been
dedicated to the investigation of the influence of the time spent in air before water cooling,
referred to as quench delay time, on the microstructure and the corrosion resistance of
AA2024. The attention has been focused on this alloy because it is of interest from both an
industrial and an academic point of view. Indeed, 2024 aluminium alloy is widely used for
aircraft applications, where often the exposure conditions are quite severe and therefore the
corrosion resistance of this alloy is an important issue. On the other hand, the microstructure
of AA2024 is complex, especially in regard with the electrochemical behaviour of the
intermetallics, and further investigations are required to completely understand the relation
between microstructure and localized corrosion in this alloy.
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Chapter 3

Surface treatments of aluminium and its alloys

3.1 Introduction

The susceptibility to corrosion of aluminium alloys, described in the previous chapter,
can be significantly reduced by the use of an appropriate finishing process, which consists of
a conversion treatment usually, but not always, followed by the application of an organic
coating (primer and topcoat). Therefore, the conversion treatment should first of all provide a
good corrosion protection to the aluminium substrate and in many applications promote also
a strong and durable adhesion to the organic coating. One of the qualification tests for
commercial application of conversion coatings on aluminium is the ASTM-B117 salt spray
testing in a chamber fogging with 5% NaCl at 38°C for 336 hours.

The surface conversion coatings for aluminium alloys are usually divided into two main
categories: chemical and electrochemical, or anodic, conversion layers [1]. The former
involve the use of a chemical solution without the application of any external current and are
of great industrial significance, both in unpainted condition and as pre-treatment for organic
coatings. The latter are obtained by making the aluminium surface anodic in an appropriate
electrolyte and find a wide range of applications due to their properties, such as high
corrosion resistance, good paint adhesion, and resistance to wear. However, the anodizing
treatments can decrease the fatigue resistance, leading to premature failure of aluminium
components. In addition, the choice of the surface treatment is determined not only by the
quantity of corrosion protection or paint adhesion required but also by the costs involved. As
an example, on one hand the anodic layers provide the best corrosion protection for
aluminium and its alloys, but on the other hand the investment cost for chemical conversion
treatments is only a fraction of the cost of anodizing.

Since many decades, the chemical conversion treatments based on chromate or
chromate/phosphate solutions are widely used, especially in the aircraft industry, owing to
their excellent corrosion resistance together with relatively low cost of application. More
recently, the interest for phosphate conversion coatings on aluminium alloys has increased
mainly due to the automotive industry. Indeed, for “multi-metal cars” the aluminium car body
panels should be treated similarly to galvanized steel, i.e. zinc-phosphated, in order to
enable the use of the same existing paints line. Unlike the chromate layer, the main
characteristic of the phosphate one is the paint adhesion rather than the corrosion
protection. The anodic conversion process on aluminium and its alloys can be carried out in
many different electrolytes {2]. The most popular one was a sulfuric acid solution, used by
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about 99% of anodizers, particularly in the building industry. However, the retention of small
quantity of H,SO,4, which can occur in components of complicated shape and in welded or
riveted assemblies also after a neutralizing rinse, results in corrosion. Therefore, the aircraft,
automotive, and marine industries have started to use electrolytes, as chromic acid solution,
that inhibit corrosion if retained on the aluminium surface [3]. The use of phosphoric acid
anodizing for aluminium alloys is limited to specific applications, as structural adhesive
bonding in the aircraft industry, which require excellent adhesion to organic coatings.

Nowadays, the surface conversion treatments, either chemical or electrochemical,
based on the use of chromate species, i.e. chromate or chromate/phosphate conversion
coatings and chromic acid anodizing, are still the most used, in particular in airframe
structures, since they are considered to give the best improvement in corrosion behaviour of
aluminium alloys. On the other hand, the production, transport, storage and application of
hexavalent chromium bath pose an actual as well as long term risk, since Cr® ions have a
wide range of toxic effects: allergic skin and asthmatic reactions, ulcerations on the skin and
in the mucous membranes, lung cancer due to inhalation [4]. As a consequence, several
treatments for aluminium surfaces, which do not contain hexavalent chromium, are currently
under development. The early attempts to find alternative non-toxic systems focused on
metal oxianions analogous to chromate, as molybdates, tungstates, vanadates and
permanganates [5]. These compounds can form oxide/hydroxide fiims on the aluminium
surface similarly to the chromate species, but they provide lower corrosion protection. Other
chromium-free processes, based on the use of zrconium and/or titanium fluorides
complexes, are starting to be used in the packaging and automotive industries [6, 7). More
recently, new environmentally friendly chemical conversion coatings have been investigated,
which are formed by immersion in solution containing rare earth metal chlorides [8]. Further
studies involved the search for other film forming compounds suitable for aluminium, among
which are cobalt salts [9], lithium salts [10, 11], silanes [12, 13], other sol-gel systems [14,
15], and self-assembled films [16, 17].

The following of this chapter deals with a more detailed literature survey on both the
chromate and the cerium-based conversion coatings, since they are the surface treatments
investigated in this PhD project.

3.2 Chromate conversion coatings (CCC)

Two main conversion treatments are based on hexavalent chromium-containing
solution: the chromate and the chromate-phosphate conversion coating, named yellow and
green chromate layers, respectively. Both processes are carried out using an acid solution,
which contains one or more sources of hexavalent chromium and fluorides. In the case of
the chromate-phosphate conversion treatment, phosphoric acid is also added in the solution
at a concentration ranging between 20 and 100 g/l. Different application methods are
commonly used for these conversion layers: dipping, spraying, and no-rinse process. In the
following of the section the attention will be focused on the yellow chromate conversion
coating applied by dipping the aluminium substrate in an appropriate bath, since it is of
particular interest for this study.

28




Surface treatments of aluminium and its alloys

3.2.1 Formation, morphology and composition

Nowadays, chromate conversion coatings on aluminium alloys are obtained by contact
of the metal surface with a chromic acid (CrO,) solution containing fluoride compounds,
generally NaF, and Ki;Fe(CN)s, added as accelerator. The pH of the bath is lowered to a
value in the range 1.5-2. At this pH and at the relatively high concentration of CrQ; used in
the bath, the chromic acid exists in solution as either the chromate HCrO, or the dichromate
Cr,0;%. Both these hexavalent chromium [Cr(V1)] compounds are excellent oxidizing agents
and therefore the formation of the chromate film occurs via a redox process involving the
oxidation of aluminium:

241 241 +6¢” (3.1)
by the reduction of the Cr(V!) species:

Cr:07" +14H" +6¢” < 2Cr™ +TH,0 (3.2)
2HCrO; +14H" +6e” < 2Cr* +8H,0 (3.3)

The evolution of reactions 3.2 and 3.3 together with the reduction of hydrogen ions, as
secondary cathodic reaction, results in an increase of the pH of the chromate solution in
proximity of the aluminium surface to a value high enough to enable the precipitation of a gel
of chromium hydroxide:

Cr’* +3H,0 & Cr(OH), +3H" (3.4)

The addition of fluoride species to the chromate solution is a necessary condition for the
formation of the chromate film, since they strongly activate the aluminium surface, especially
in acid solutions, by partial or complete chemical dissolution of the natural aluminium oxide
film during the first seconds of immersion and prevent the repassivation of the surface by
forming soluble complexes with aluminium [18, 19]:

ALO, +6H" +xF~ < (24IF)™), +3H,0 (3.5)

Goeminne et al. {20, 21] have extensively studied the role of fluoride species on the
nucleation and growth of both chromate and chromate/phosphate conversion coatings on Al.
They found that the increase in HF concentration in the chromate bath gives rise to a
stronger and faster activation of the surface and then a thicker chromate film is formed after
the same conversion time. However, when the quantity of HF exceeds a certain value the
etching of the aluminium surface becomes too strong and the deposition of chromium
hydroxide does not take place. Based on their numerous results, these authors concluded
that the activation of the surface by the fluoride species dominates the electrochemistry of
the conversion process. However, the role of the fluoride compounds is not limited only to
the initial activation of the surface but continues also during the coating growth process [22].
Indeed, due to the increase of pH in proximity of the surface caused by the reduction
reactions not only the chromium ions (reaction 3.4) but also the aluminium ions (AI**) tend to
react with water and to form aluminium hydroxide, however due to the presence of fluoride
species other reactions become preponderant that give rise to the formation of soluble
aluminium fluorides:

Al* +3F < (AIF,) (3.6)

aq




Chapter 3

AP +6F < (4IF))

3 (37)
Therefore, the presence of fluoride species in the chromate bath strongly decreases or even
eliminates the co-precipitation of aluminium oxide/hydroxide in the chromate conversion
coating.

At the end of the seventies, Katzman and Malouf [22] proposed a first detailed
mechanism of formation of the chromate conversion coating on aluminium alloys. They
stated that in order for the film deposition to start the chromate solution must directly contact
the aluminium metal, i.e. the aluminium oxide must be completely removed. Afterwards, the
chromium hydroxide film precipitates on the Al surface and as the coating continues to grow
the aluminium metal is oxidized at the metal/film interface and the AI** ions diffuse through
the film to the interface with the solution, where they dissolve as fluoride compounds.
Simultaneously, the electrons are also drawn
through the film to the film/solution interface,
leading to the reduction of the chromate species
(reactions 3.2 and 3.3) adsorbed on the surface
(Figure 3.1). After a certain time of immersion,
the thickness of the chromate coating reaches a
constant value, i.e. a steady-state condition of
the film growth is established. The authors
foresaw two possible causes. One is that the
electronic resistivity of the coating reaches a
value high enough that the oxidizing power of

B AT SIS, the chromate solution is not longer felt at the
Figure 3.1: Mechanism of the chromate metal/film interface. The other is related to the
conversion coating growth [Ref. 22]. fact that chromium hydroxide is somewhat

soluble in presence of fluoride species, even if
in much lower extent than aluminium hydroxide:

Cr(OH), +3H" +xF~ & (CrF¥™), +3H,0 (3.8)

aq
Therefore, when the chromate film dissolves at the same rate as it precipitates a steady-
state value of its thickness is reached.

Although the mechanism described above explains several experimental observations,
it does not consider the formation of defects, flaws and thickness inhomogeneities always
encountered in chromate layers deposited on aluminium alloys and even on high purity
aluminium. More recently, Brown and co-workers [23, 24] developed a model of chromate
film growth based on spatial separation of the cathodic and anodic reactions on the
aluminium surface, which accounts for both the celluiar-like structure and the holes
characteristic of chromate conversion coatings on Al. The principal assumption of this model
is that the natural oxide covering the aluminium surface is not completely removed by
chemical dissolution in HF but thinned until appreciable tunnelling of the electrons becomes
possible (Figure 3.2). In the case of high purity aluminium [24], where the amount of minor
surface heterogeneities is very low, the formation of spatially separated cathodic and anodic
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sites is caused by the non-uniform decrease of the thickness of the Al oxide on the whole
surface due to concentration gradient of both F~ and H' ions. Indeed, since the electron
tunnelling increases exponentially with the thinning of the oxide [25], at areas where the
oxide film is thinner the tunnelling probability is higher and as a consequence the reduction
of the chromate species (reactions 3.2 and 3.3) and deposition of chromium hydroxide
(reaction 3.4) start at these locations. These local regions covered by the Cr(OH), are
protected from further attack by fluoride species

and then act only as cathodic sites during the i
subsequent growth of the chromate fiim. The
deposition of chromium hydroxide results in an
increase of the potential of the aluminium substrate,
which in turn leads to a thickening of the aluminium i

chemical attack by
fluoride spacies
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air - formed film

Aluminium
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oxide in areas not yet covered by the chromate film. ~ ***"* """ Zecien bnneling
Therefore, these regions, characterized by a
negligible electron tunnelling, remain free of
chromate deposit and act as fixed and persistent
anaodic sites. On the other hand, the precipitation of
hydrated chromium oxide continues laterally and
perpendicularly to the surface in the surrounding
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cathodic areas, resulting in the formation of a
relatively uniform conversion coating that contains
holes, corresponding to the anodic regions.

When less pure aluminium (99.98%) is
considered, the presence of surface heterogeneities associated with grain boundaries or
metal ridges plays a dominant role in the separation of the cathodic and anodic sites on the
surface [23]. Indeed, at their locations the natural aluminium oxide is thinner and contains
flaws and thus the electron tunnelling with subsequent deposition of chromium hydroxide
occurs more easily. Therefore, the surface heterogeneities act as preferential cathodic sites,
whereas the anodic sites lie between the metal ridges. The faster formation of the chromate
film at the grain boundaries and metal ridges leads to a cellular-like structure of the
conversion coating. These studies of Brown and co-workers brought in the foreground the
strong influence of minor surface heterogeneities on the chromate layer nucleation and
growth. 1t is logical to expect that when more evident heterogeneities are present, as
intermetallic particles in aluminium alloys, the microstructure will play a dominant role in the
nucleation, growth and final properties of the chromate conversion coating. This is discussed
in more detail in section 3.3.

None of the two mechanisms previously discussed considers the role of the
ferricyanide (Fe(CN)s*) that is used as accelerator in commercial chromate solution
formulations since the 1960s. Despite the long history, the exact role of this component of
the chromate bath in film formation has not yet been completely clarified. Treverton and
Davies [26], based on XPS results, assumed that the chromate film consists of

Figure 3.2: Mode! of the development of
the chromate conversion coating on high
purity aluminium (99.9996%) [Ref. 24].

microcrystalline particles of mainly chromium oxide covered with an adsorbed layer of
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ferricyanide ions. They concluded that the adsorption of ferricyanides on the surface
prevents or reduces the adsorption of chromate ions and thus the concentration of
chromates free to react is higher and this in turn speeds up the coating growth. This
mechanism is supported both by the observation of a higher concentration of chromate ions
in film formed without the use of ferricyanide compounds [27] and by the detection of high
proportions of Fe, G, and N in the outer regions of the coating {28, 29]. Other authors
hypothesed, however without any experimental evidence, the possibility of complex
formation between Al and ferricyanide, which would accelerate the aluminium dissolution
and as a consequence the chromates reduction and Cr(OH); deposition [30]. Recently, at
the Ohio State University a detailed Raman and infrared investigation was carried out with
the aim of elucidating the structure of cyanide species in the CCC and their role in the
coating growth [31]. The principal conclusion was that the chromate film contains Fe(CN)s™
ions, hydrogen bonded to Cr-OH groups together with Berlin green, a complex hydrolysis
product formed by Fe® bridged by CN™ groups. The results also established that the
ferricyanide can act as a redox mediator: the reduction of ferricyanide (Fe(CN)s>) to
ferrocyanide (Fe(CN)s*) speeds up the aluminium oxidation and then the re-oxidation of the
ferrocyanide greatly increases the reduction of HCrO, and Cr,O;% enabling a faster
formation of the CCC.

Initially, the characterization of the structure, i.e. morphology and chemical
composition, of the chromate
conversion coating on
aluminium was made difficult
by the amorphous nature of the
film, which - prevents its
characterization by traditional
methods of analysis, such as
Aluminium X-ray diffraction. In the last 20-
25 vyears, however, modern

Figure 3.3: Schematic illustration of the structure of the

chromate conversion coating on aluminium alloy. sensitive techniques, as XPS,
AES, FTIR, SIMS, and XAS,

together with electron spectroscopy (SEM and TEM) have contributed specific details
concerning elemental distribution and morphology of the layer. It is well accepted that CCC
has a duplex layered structure: a relatively thick porous layer containing small pores and
large defects separated from the aluminium substrate by a thin and dense barrier layer
(Figure 3.3). The thickness of both layers depends of course on the treatment conditions, as
temperature, time, and pH of the chromate bath. As concern the chemical composition of the
barrier film, the presence of either aluminium oxy-fluorides [18, 20, 29, 32] or a mixed
aluminium/chromium oxide has been proposed [22]. An important feature of this layer
consists of its presence also at the bottom of the large defects, cracks, which are caused by
internal stresses developed during drying of the CCC [33]. A high resolution SEM study,
carried out by Treverton and Amor [34], showed that the thick external porous layer is
formed by small spherical particles with a diameter varying from 50 to 60 nm down to 10 nm.
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Variations in particle size can be related to variations in local conditions of either the
chromate bath or the aluminium surface. The authors highlighted the importance of this high
degree of nano-roughness for the adhesion properties of the CCC. indeed, it results in a
high extension of the contact area between the organic coating and the substrate surface
with consequent high probability of interfacial bond formation.

Regarding the chemical composition of the porous layer, there is a general agreement
that the main component is chromium hydroxide (Cr(OH)s), which partially dehydrates and
transforms in chromium oxide (Cr.O;) during drying. Nonetheless, more controversial results
are reported concerning the minor chemical components present inside the chromate film.
Although many authors have detected both Al and F in the CCC and proposed the presence
of aluminium oxy-fluoride as a separate phase amongst the chromium hydroxide particles or
incorporated within the particles themselves, the measured quantities varied considerably,
from 0.4% to over 8% [26, 28, 29, 35]. In addition, the incorporation of the ferricyanide
accelerator has also been observed during many investigations carried out in different
groups. However, several possible different cyano compounds have been proposed to be
present in the chromate conversion coating formed on aluminium alloys: physisorbed
Fe(CN)s> on Cr(OH)s, Berlin Green [31], free CN", copper cyanides, chromium cyanides [36],
chromium iron mixed cyanides [37, 38].

Finally, it has often been suggested the presence of hexavalent chromium [Cr(VI)] in
tetrahedral coordination in addition to the trivalent chromium [Cr(lll)] in octahedral
coordination, which form the Cr(OH); matrix of the film. However, due to difficulties in
measuring Cr(Vl), the presence and amount of Cr(Vl) in the chromate fim is still a
controversial topic. Indeed, a wide range of Cr(VI) compositions is reported in literature, from
0 to 90% (as a percentage of all chromium species present) but most commonly from 15 to
35%. Using XPS, different authors have measured levels of Cr(Vl) in chromate films formed
on aluminium varying from 0% up to more than 33% [22, 26, 34, 39). These differences
could be related to variations in the parameters of the chromate process; however the XPS
results should be considered with caution. Indeed, it has been demonstrated that Cr(VI)
undergoes during XPS analysis, even if Ar sputtering of the surface is not performed,
thermal breakdown and especially photo-induced reduction in presence of hydrocarbon
species, which can be introduced in the high-vacuum chamber from the pumping system
[40, 41]. Recently, Chidambaram et al. [42] have developed a method of liquid nitrogen
cooling and hydrocarbon-free pumping for XPS instrumentation that, although does not
completely eliminate the reduction of Cr(V!), it does stop the process at intermediate
species, i.e. Cr(IV). This enables to determine the original amount of Cr(VI) by just summing
the measured Cr(VI) and Cr(lV) percentages. With this modified XPS system, the authors
found that 50% of the total Cr species in a medium weight CCC on AA2024-T3 is formed by
hexavalent chromium. Other researchers tried to overcome the disadvantages of XPS using
XANES, since the measurements are performed under ambient pressure and utilize higher
energy photons that induce less photo-reduction [28, 43, 44]. The level of hexavalent
chromium detected with this technique ranges from 20 to 30%. Although, this lower value in
comparison with that obtained with the modified XPS system could be due to differences in
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the film preparation, it suggests that some photo-induced reduction of Cr(Vl) occurs also
during XANES measurements. Anyway, independently from the exact amount it is evident
that Cr(VI) species are somehow incorporated in the growing chromium hydroxide layer.

Xia and co-workers [45, 46] ( mm}\w\ &C N

proposed a model based on reversible “"""‘”‘ S x““""’”‘

adsorption and desorption from the . o~rr o ,<... , n—-0 o ne
CCC of Cr(Vl) species (HCrO;, K tzg ‘ 7 \ "
Cr,07%), with adsorption favoured at

low pH. The authors considered the Figure 3.4: Model for adsorption of Cr(VI) to Cr(lil)
insoluble hydrated Cr(lll) oxide to have  pyqroxide [Ref. 46].

many surface hydroxyl groups that act

as sites for adsorption of Cr(VI) by means of the reversible formation of a covalent Cr(lll)-O-
Cr(VI) bond during the deposition of the CCC in the low pH solution used for the chromate
process (Figure 3.4). On the other hand, the sol-gel model for the formation of the CCC
developed by Osborne [33] considers the appreciable amount of Cr(VI) present in the film as
a result of occlusion of chromate solution dried into the xerogel film. In any case, the
presence of Cr(Vl) species in the chromate conversion coating formed on aluminium is
thought to be the key feature for the unique excellent corrosion protection provided by this
film. This is extensively discussed in the next section.

3.2.2 Mechanisms of corrosion protection

Several theories exist regarding the mechanism of corrosion protection provided by the
chromate conversion coating to the aluminium and its alloys. The predominant one is based
on the dynamic repair of
defects in the film, a so-called
“self-healing” behaviour, due to HCrO,
the presence of Cr(VI) species  Leaching TTTT
in the film itself. The self-
healing model of the corrosion
resistance of CCC assumes
that during exposure to the
aggressive environment the
Cr(VI) species leach from the
film, diffuse to the weak spots,
as holes, flaws, etc., which are  Figure 3.5: Schematic illustration of the “self-healing” behaviour
preferential sites of attack, and  of the chromate conversion coating.
then either are reduced to
Cr(lll) and precipitate or adsorb on the walls of the defects (Figure 3.5).

Different research groups have found several confirmations of this theory. As
previously reported, Xia et al. [46] explained the adsorption of Cr(V1) in the chromate film by
means of the formation of a reversible covalent bond with the Cr(lll) hydroxide. As a
consequence, the Cr(Vl) species can be also leached, especially at not too low pH as often

Aluminium
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is the case in field conditions. These authors, using UV-vis absorption analysis, showed the
occurrence of the leaching of Cr(Vl) from a CCC immersed in solution and the increase of
the rate of such leaching when chloride ions were present. The same group of researchers
claimed a diffusion control for the release of Cr(Vl) species, that means the release of
chromates is not determined by their concentration in solution but by their diffusion in the film
[47]. According to the authors this model would explain also the following phenomena that
are often observed: enhance of the leaching of Cr(VI) when chloride species are present in
the environment, decrease of the quantity of Cr(VI) leached from the film after a certain
aging of the coating, especially if exposed to high temperature (50°C) [48, 47]. Indeed, they
suggested that on one hand the CI' ions inhibits the reversible binding of Cr(V!) to chromium
hydroxide increasing then the diffusivity of Cr(VI), and on the other hand the reduction in
hydratation of the film and/or the structural rearrangement occurring during the aging of the
film lowers the mobility of the Cr(VI) species.

XANES measurements carried out on the CCC before and after exposure to an
electrolyte also indirectly prove the leaching of Cr(Vl) from the film, since the ratio
Cr(VDhitotal Cr in the CCC decreases as a consequence of the exposure [28, 43, 44).

The “self healing” mechanism assumes that once leached from the CCC the Cr(VI)
species selectively diffuse to the preferential sites of attack in the coating. This was indirectly
demonstrated by Zhao et al. [48] using an “artificial scratch cell”, in which an untreated and a

AA 2024-T3 + Cr(V1) chromate-treated sample are positioned
Coating Conditions Field Conditions with a 1.8 mm layer of solution (0.1M
Fe(CN),?, pH~1-2 Low {Cr{VI}), pH~56
o "/ v NaCl) between them. Indeed, the XPS
o AI(OH) and Raman results clearly showed that
chromate species migrate from the CCC
High [Cr(V])] o s
l . to the initially unprotected surface and
Cr(OR), Low [Cr(VD)] that a product chemically similar to the
Polymeric Oxide pH~5-6 . . .
original CCC forms in or near previously
lc'("‘m“d’-“‘“"lp'l active corrosion sites, i.e. pits. The
CHTITYEHVD Mixed AlChomum(V Oxide ~~ d€POSItion of chromate species leached
Oxide in CCC Physisorbed or Chemisorbed

from the film seems to be quite selective
Figure 3.6: Formation process for Cr(lll)/Cr(Vl) mixed for corrosion sites and provides good
oxide in a CCC under coating conditons and corrosion protection, as shown by visual
AI(N1Y/Cr(VI) mixed oxide in field conditions [Ref. 49]. and electrochemical results. The same

group at the Ohio State University [49]
used Raman spectroscopy to further investigate the structure and composition of the
deposit, which was named chromate corrosion product (CCP), formed by interaction of
Cr(VI1) species with actively corroding pits on aluminium. It was found that while the CCC is a
Cr(VI)/Cr(lll) mixed oxide the CCP is an AI(lll)/Cr(V]) mixed oxide. This difference was
ascribed to the different conditions of formation of the CCP in comparison with the CCC, i.e.
much lower concentration of Cr(VI) and absence of the Fe(CN)s> accelerator, which do not
enable the rapid deposition of polymeric Cr(lil) hydroxide, absence of fluoride and higher pH,
which do not enable the dissolution of aluminium oxide/hydroxide (Figure 3.8).
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The main conclusion is that Cr(VI) species in low concentration, as when leached from
chromate films, diffuse to actively corroding spots of the film and form a physisorbed or
chemisorbed mixed oxide with AI(OH);, which prevents further attack of the aggressive
environment and then drastically increases the corrosion protection provided by the CCC.

A simple explanation for the inhibition of corrosion caused by the deposition of CCP is
the plugging of the defects of the chromate film. However, it is likely that part of the Cr(VI),
which at low concentration and pH below 6 is mainly present in the form of HCrO,, is
reduced to Cr(lll) via the reaction 3.3 near or in the pits. This leads to an increase of the pH,
which in turn results in the repassivation of the pit [49, 50]. Sharman [50] considered this
mechanism as the dominant one and he concluded that the pit repassivates in the normal
way, due to the reduction in acidity, rather than because a deposit of chromium/aluminium
oxide is formed in the pit, which occurs as a consequence of the increase in pH and then
after the repassivation has taken place. In addition, a secondary effect is the formation and
precipitation of chromium-chloride complexes, which reduce the CI° concentration and
favours the repassivation of the pit. A third effect of the migration of Cr(VI) species at the
active corroding spots of the CCC consists in the decrease of the surface charge and the
pH of zero charge (pH,. defined in chapter 2) resulting in a lower chloride adsorption [51,
52].

According to llevbare and co-workers [53], a weak point of the previously exposed
theory involving leaching, diffusion and deposition of Cr(Vl) is the very low amount of
leached Cr(VI), far below the level necessary to be effective in corrosion inhibition of bare
aluminium. These authors proposed a modified “self-healing” model, where a considerable
amount of Cr(VI) incorporated in the film is not leached into the solution but remains within
the pores and cracks and reaches the sites of attack by ionic mobility inside the chromate
coating itself. It is thought that the relatively shorter distances the chromate ions have to
travel compensate their lower mobility in the solid film in comparison with an aqueous
solution. On the other hand, while it is true that the leached amount of Cr(Vl) is very small, it
should be taken into account that the quantity of Cr(VI) necessary to protect a limited
number of weak spots in the CCC is much lower than that required to protect an uncoated
aluminium surface. Therefore, the leached Cr(VI) is likely sufficient to provide corrosion
inhibition to aluminium surfaces covered by a CCC and on the other hand the very low rate
of leaching would explain the long term corrosion protection shown by the CCC.

Although the incorporation of Cr(VI) species in the chromate film is considered the
main reason for the unique corrosion resistance shown by the CCC, the presence of a layer
of chromium oxide/hydroxide obviously contributes to the protection of the aluminium
substrate from the environmental attack. First of all, the film represents a barrier against
aggressive species due to its insolubility in many media and its strong adhesion to
aluminium, which is likely related to the similarity in ionic radii between A”** and Cr**, 0.5 and
0.53 A, respectively [22]. The barrier properties of the film, which depend on the thickness
and amount of cracks and defects, are responsible for the very low anodic current observed
during polarization of chromate conversion coated aluminium alloys [54]. Another important
aspect of the chromium oxide/hydroxide film is the development, due to a long range
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ordering during the first 24 hours of aging, of a high hydrophobicity that in turn improves its
corrosion resistance [29) and especially its adhesion to organic coatings [55]. In addition, it
was thought that the chromium oxide/hydroxide film can have a cathodic inhibition action by
limiting the kinetic of the oxygen reduction reaction (ORR), which results in the decrease of
the free corrosion potential below the potential of stable pitting [48, 50]. Indeed, the presence
of an inert film, such as the chromate coating, can decrease either the electron transfer rate
or the O, mass transport. At the University of Virginia the ORR kinetics were investigated
both on high purity aluminium and on bulk synthesized analogues of Al-Cu, Al-Cu-Mg, and
Al-Cu-Fe-Mn intermetallic phases in uncoated condition and after the deposition of a
chromate film [56]. It was found that while the CCC does not reduce the rate of oxygen
reduction on aluminium, it does limit it on intermetallic phases. In relation to this, Kendig and
Jeanjaquet [57] claimed that even the simple adsorption of Cr(Vl) species is capable to
strongly decrease the ORR rate on copper. This suggests that either the deposition of the
chromate film or the adsorption of Cr(VI) on intermetallic particles of aluminium alloys
significantly decreases their activity leading to an excellent corrosion resistance because of
the removal of local galvanic couples on the aluminium surface. Besides, Kolics et al. [58]
have observed that the deposition of a Cr(lil)/Cr(Vl) mixed oxide on the Al-Cu-Mg
intermetallics of AA2024 strongly retards the selective dissolution of magnesium and
reduces the formation of copper deposits, which are extremely deleterious for the corrosion
resistance of this alloy. The effect of the intermetallic particles on the formation and final
properties of the CCC is further described in the following section.

3.2.3 Chromate conversion coatings and microstructure

The first study considering the role played by the microstructure on the nucleation and
growth of chromate films was carried out at the beginning of the nineties by Brown et al. [23],
who showed that the CCC preferentially nucleates at the location of minor heterogeneities,

i.e. grain or cellular boundaries, on
resin the surface of 99.98% pure
aluminium (Figure 3.7). Based on
this, a strong interest has grown
concerning the effect of the much
more complex microstructure of
commercial aluminium alloys on the
formation and as a consequence on
the final properties of the chromate
Figure 3.7: TEM micrograph of the ultramicrotomed layer. In particular, the attention has
cross section of the aluminium substrate after 5s of been focused on 2024 aluminium
immersion in the chromate-fluoride bath, indicating the  alloy due to its wide use especially in
deposition of hydrated chromium oxide at the sites where aerospace applications, where the
the cellular boundaries (indicated by the arrows) intersect
the external surface [Ref. 23].

high corrosion resistance required
forces to treat the aluminium
surfaces with a chromate conversion film, often together with an organic coating.
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The same authors have recently moved their interest from pure aluminium to AA2024
performing a detailed investigation on the nucleation of the CCC on fresh, clean alloy
specimens prepared using the ultramicrotome technique [59)]. After immersion for 5 seconds
in a chromate-fluoride solution, they observed similarly to the case of pure aluminium a non-
uniform formation of the film on the aluminium matrix caused by the presence of highly
orientated microstructural deformities associated with distorted grain and cellular boundaries
that are aligned along the rolling direction. However, the main heterogeneities in the
nucleation and growth of the CCC were found in proximity of the intermetallic particles.
Based on AFM and SEM results, it was concluded that the film starts to form either as
discrete nodules on the Al-Cu-Mn-Fe intermetallics, identified as Als(Cu, Fe, Mn) and (Al
Cu)sMn, and on the Al-Cu-Mg particles only after the preferential dissolution of magnesium
has occurred, or as halos of materials over the outer lying alloy matrix region surrounding
the intermetallics. The preferential precipitation on the Al-Cu-Mn-Fe intermetallic particles
and on the copper remnants, which form from the selective dissolution of Mg from the Al-Cu-
Mg intermetallics, was related to their cathodic nature, which favours the reduction of the
chromate species to a hydrated chromium oxide (reactions 3.2, 3.3, and 3.4). In addition,
these reactions are sped up also by the presence in proximity of the intermetallics of a
natural aluminium oxide layer being thinner and containing a large number of defects and
flaws. On the other hand, the presence of halos of chromium hydroxide deposits around
some intermetallics was explained taking into account the formation of a copper-depleted
zone in the periphery of some intermetallics, which is anodic in comparison with not only the
intermetallic itself but also the external matrix. Therefore, the cathodic reactions with
subsequent deposition of chromium hydroxide take preferentially place above the
intermetallics and also above the matrix surrounding the copper-depleted zone, which in turn
anodically dissolves.

The higher reactivity, associated with a more noble surface potential, of the
intermetallic particles present in AA2024 towards the reduction of chromates and the
deposition of the chromium hydroxide fim was confirmed by other studies, which have
shown that by addition of small amount of Na,CrO, to a chloride-containing solution a
chromate film precipitates first and faster on top of the intermetallics, both the Al-Cu-Mn-Fe
and the A-Cu-Mg [58, 60]. A further confirmation of the dominant role played by the
electrochemical properties of the intermetallics in the nucleation mechanism of the CCC on
AA2024 comes from the AFM investigation carried out by Waldrop and Kendig [61]. After
immersion for 10 seconds in a commercial chromate bath (Alodine 1200S) cooled below
5°C, the chromate film deposition was found to be considerably faster on the Al-Cu-Mn-Fe
intermetallics than on the Al matrix, whereas on the Al-Cu-Mg ones it was observed to be
considerably slower, in contrast with the results reported previously. Therefore, it seems that
while the Al-Cu-Mn-Fe intermetallic particles are clearly preferential nucleation sites for the
CCC, the behaviour of the Al-Cu-Mg intermetallics is more complex due to a less well-
defined electrochemical (cathodic or anodic) nature that can change from particle to particle
and even between different regions of the same particle, as discussed in section 2.3.1 of
chapter 2.
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On the other hand, several studies have raised serious doubts on the preferential
formation of the chromate layer at the location of the intermetallic particles. Hagans and
Haas [62] found by AES and XPS investigation that upon immersion for 1.5 or 3 minutes the
chromate film deposition rate proceeds in the following order: matrix > Al-Cu-Mg
intermetallics > Al-Cu-Mn-Fe intermetallics. They suggested that this behaviour is related
with the reaction of copper of the intermetallics with ferrocyanide species, which result from
the reduction of ferricyanide compounds added as accelerator in the chromate bath, leading
to the deposition of insoluble precipitates, as CusFe(CN)s and Cu,Fe(CN)s. This theory has
been further developed by McGovern et al. [63], who investigated the CCC formation on
AA2024 and on a polyphase Al,Cu,Mg, ingot. It was found that on AA2024 after 5 minutes of
immersion in the chromate bath the deposition of the film is inhibited above the Cu-
containing intermetallics and that on the polyphase ingot, after either a short (3 seconds) or
long (5 minutes) immersion time, the thickness of the CCC is inversely proportional to the
copper-content of the phase. Based on this, the authors claimed that the ferricyanide
species adsorb on copper-rich regions, such as intermetallics, with some decomposition to
form a Cu-CN linkage or a Fe-CN-Cu bridging group. The resulting deposits inhibit the
electron transfer and the redox mediation of the ferricyanide species thus decreasing the
Cr(lil) generation and the film formation (Figure 3.8).

Nevertheless, the formation of (surface) Crtt Cr¥i (soP'n) Crit VT
Cu-CN bonds on the surface of the fast
intermetallic  particles is  in >_< W
disagreement with the presence of C
and N homogeneously distributed in
the whole thickness of the CCC
formed at their location, which was
found by Hagans and Haas
themselves [62], since this suggests Figure 3.8: Schematic

Fe(CN)®  Fe(CN)* z 7 Fe(CN),
(SRS &)

illustration of the possible
that the cyanide species do adsorb  inhibition of the CCC formation over Cu-rich intermetallics
inside the chromate film but do not  of aluminium alloys [Ref. 83].

concentrate at the interface

film/substrate via formation of complexes with copper. The observation that cyano
compounds are irregularly distributed over the alloy matrix and are absent at the location of
the intermetallics brings further evidence of the fact that the interaction between Cu-rich
intermetallic particles and the accelerating species of the bath is unlikely [64]. Therefore, the
limited growth of the CCC on top of the intermetallics, which has been highlighted also by
other authors [64, 65], can not be explained with the formation of copper-cyanide deposits
that render the particles less active.

Based on the results of an RBS study on the formation of the CCC on macroscopic
galvanic couples, consisting of an intermetallic phase (5 mm in diameter) surrounded by
pure aluminium, Juffs and co-workers [65] assumed that the presence of a thick aluminium
oxide above the intermetallic phase hinders the chromate film nucleation and growth, The
authors considered that the thick aluminium oxide film is a result of fluoride attack and
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oxygen reduction reaction on the surface of the intermetallic phase, which would make the
surface conditions more alkaline and suitable for the precipitation of hydrated aluminium
oxide. However, also this explanation appears to be quite unlikely, since the presence of
fluoride leads to dissolution of the aluminium oxide film especially in proximity of intermetallic
particles, where a higher concentration of flaws and defects in the oxide film is present.

In conclusions, the role of the intermetallic particles on both the nucleation and growth
of the CCC on aluminium alloys, in particular AA2024, is not yet clearly understood. The
apparent contradiction of the results reported by different groups can be related either to
differences in the film formation conditions, as immersion time, composition, temperature,
and pH of the treatment bath, or to lack of resolution of certain analytical tools. In addition, it
should be noted that the methods used for sample preparation and surface pre-treatment
prior to the conversion coating significantly influence the mechanisms of nucleation and
growth of the CCC, since they can lead to both modifications of the intermetallic properties
and redistribution of alloying elements. In most of the published studies polished samples
without any pre-treatment are considered, which are not really representative for alloy
surfaces of practical importance that are usually pickled and/or desmutted before immersion
in the chromate solution. Besides, also the use of polyphase ingots or intermetallic analogs
to reproduce the behaviour of the intermetallic particles on a macroscopic scale can lead to
wrong conclusions, since the small and numerous galvanic couples, which are fundamental
in determining the electrochemical behaviour of the aluminium alloys surface, are absent in
these models. This is confirmed by various experimental observations: different effect of a
pre-treatment process on the subsequent formation of the CCC on AA2024 and on
intermetallic polyphase [63], different reactivity towards ferricyanide species of thin film
analogs and the intermetallics of AA2024 [64, 66], different film growth kinetics in some
cases between intermetallic analogs and particles in AA2024 [66].

Therefore, further investigations are needed to clarify the role of the intermetallics on
the formation of the chromate conversion coating on aluminium alloys, to distinguish their
effect on the nucleation and on the growth of the film, and to understand how they affect the
corrosion resistance provided by the layer. This is very important, since it has been shown
that the deterioration of the chromate coating during exposure to aggressive environments
starts at the location of the intermetallics [67]. A large part of this PhD work has been
dedicated to the study of the influence of the intermetallic particles on the nucleation, growth,
and final properties of the CCC on both Alclad 2024 and bare 2024 aluminium alloy that will
be discussed in chapter 5, 6, and 7.

3.3 Cerium-based conversion coatings

Lanthanides ions, as Ce®*, Y**, La®, Pr**, Nd*, forming insoluble hydroxides, have a
low toxicity and their ingestion or inhalation is not considered harmful to health [68]. In
addition, lanthanides are economically competitive products, since some of them, in
particular cerium, are relatively abundant in nature [69). Therefore, this family of compounds
has been investigated during the last two decades as possible alternative to chromate in
developing corrosion protection systems. The pioneering studies concerning the application
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of lanthanide compounds as corrosion inhibitors for aluminium alloys were carried out by
Hinton, Arnott and Ryan at the Aeronautical Research Laboratory of Australia [8, 70]. They
found that additions of 1000 ppm LaCls, YCls;, PrCl;, NdCl;, or CeCl; to 0.1M NaCl solution
induce a decrease in the corrosion rate of AA7075, in some cases of more than a factor of
ten. The best degree of inhibition is achieved with Ce* ions when added as chloride
compounds [71]. The corrosion protection provided by the addition of cerium chloride to the
sodium chloride solution is attributed to the formation of a compact film of cerium oxides and
hydroxides that replaces the natural oxide film on the surface of the alloy [72]. This explains
the low inhibition provided by cerium nitrate and cerium sulfate compounds, since they are
very stable complexes as a result of the oxygen-donor ligand and the Ce cation interaction,
which limits the amount of Ce® ions available for hydrolysis and as a consequence the
cerium hydroxide produced.

3.3.1 Formation, morphology and composition

Based on the above mentioned film forming properties of cerium chloride and the
corrosion protection provided by such films, different treatments have been proposed in
order to develop cerium oxide conversion coatings on aluminium alloys. The first attempt
made by Hinton et al. [70] consisted in full immersion of AA7075 in a cerium chloride solution

for a long period of time, in the order of days. 26 —r—
Similarly, Mansfeld and co-workers [73] proposed a 20 L—CHOH) .
full immersion method, based on the exposure to a 16 @\ \C' (OH)
solution containing 1000 ppm CeCl; open to air and 12 L s

at room temperature for 7 days, to form cerium o8 - pREN
oxide films on alloys AA2091 and AA6061 and on 04 = Ce™
metal matrix composites. Exposure of AA7075 to °F@ .

the NaCl-CeCl; leads to the formation of a cerium  _ -04 T
hydroxide layer, whose cerium content and E -08 |- C’
thickness increase over a 20 days exposure period -2

[71]. Indeed, the film deposited after several days of 18

immersion consists almost entirely of hydrated

cerium oxide with virtually no aluminium oxide and

has a thickness in the range of 200-500 nm. SEM

micrographs showed the presence of a finely

particulate background film together with single

crystalline particles with lateral dimensions up to

several microns [71, 74]. Figure 3.9: Potential-pH (Pourbaix)
As concern the oxidation state of cerium in the  diagram for the cerium-water system at

conversion coating  different results have been 25°C [Ref. 76].

reported. On one hand, XPS studies indicate that

the cerium-rich film is formed by a mixture of oxide/hydroxide of trivalent [Ce(lll)] and

tetravalent [Ce(IV)] cerium, as CeQO,, Ce(OH)4, and Ce(OH); [74, 75]. On the other hand, a

XANES investigation by Davenport et al. [76] has shown that 5 days of exposure to the
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CeCl; solution results in the formation of a layer containing trivalent cerium whereas 7 days

of exposure leads to a film containing tetravalent cerium.

These apparently contradicting results are due to the high sensitivity of the valence
state of cerium towards the level of aeration and solution pH. While under de-aerated
conditions very little film deposition occurs and the cerium is in the trivalent state, when
oxygen is present the amount of cerium oxide precipitated strongly increases and the cerium
is mainly in the tetravalent state, especially after long exposure time. Two different theories
have been developed to explain the formation of a mixed Ce(Il)/Ce(IV) hydrated oxide in the
presence of oxygen:

v" The increase in pH caused by the oxygen reduction reaction enables the precipitation of

solid Ce(Ill) hydroxide, which is stable at lower pH than tetravalent cerium oxide as can
be seen from the Pourbaix diagram (Figure 3.9) [76, 77]. Once deposited, Ce(OH); may
become oxidized to hydrated CeO, (ceria) through the following reaction:
Ce(OH), < CeO, + H,O+H" +¢” (3.9)
This explains the conversion of any Ce(lll) to Ce(lV) during long term exposure of the
aluminium samples to NaCl solution observed by Davenport and co-workers [76].
However, reaction 3.9 should not occur on aluminium substrate, since its open circuit
potential is significantly below the potential of thermodynamic equilibrium between
Ce(OH); and CeO, at any solution pH (line 5 in the Pourbaix diagram of Figure 3.9). This
suggests that the cerium-containing oxides are electrical insulators and may enter into
chemical redox processes that are not in equilibrium with the metal substrate. Another
possible explanation takes into account the fact that the reduction of oxygen can follow
either a four-electron or a two-electrons pathway depending on the nature of the alloy
substrate [78]:

0,+2H,0+4e” < 40H" (3.10)
0,+2H,0+2¢ < H,0,+20H" (3.711)
When the two-electron pathway is followed hydrogen peroxide is formed, which acts as a
stronger oxidizing species than O, through the following reaction:
H,0,+2e” < 20H (3.12)
and will readily oxidize Ce(OH); to CeO, at all pH values for which Ce(OH); exists.

v Aldykiewicz et al. [78], based on rotating disk measurements on copper and gold,
postulated that the first step of film deposition involves the oxidation of Ce(lll) to Ce(IV)

in solution. The valence state of cerium in solution is determined by the line 3’ in the
Pourbaix diagram of Figure 3.9, which corresponds to the reaction:

Ce +2H,0 < Ce(OH) +2H" +e” (3.13)

The equilibrium potential (E°) of this reaction is sensitive to the anion present in solution
[79]. In particular, chloride ions lower E° by 400 mV allowing the oxidation of Ce(lll) to

Ce(IV) by oxygen to take place more readily. The critical pH for [Ce(OH ) l/[Ce3*J=l

was found to be 8.7 at a partial oxygen pressure of 0.2 and the pH at the substrate
surface during diffusion-controlled oxygen reduction was estimated to be 10.5 and 10.8

42




Surface treatments of aluminium and its alloys

for the two and four-electrons reduction reactions, respectively. Therefore, in proximity of
the surface the dominant cation species in solution is Ce(OH),**, which can in turn
precipitate as insoluble CeO; due to the local pH increase:

Ce(OH)3' +20H™ < CeO, +2H,0 (3.14)

Considering the strong dependence of all the reactions described above on the pH
reached at the substrate surface, it is likely that both processes, i.e. precipitation of Ce(lll)
hydroxide and subsequent oxidation or oxidation of Ce(lll) in solution and subsequent
precipitation of Ce(IV) oxide, occur during the immersion in the CeCl; bath depending on the
experimental condition used, as type of substrate, pH, temperature, time, etc. Davenport et
al. [76] observed that since Ce(lll) is less soluble than Ce(lV) in the pH range 8-10, they will
precipitate at different locations. Indeed, in the pH and oxygen gradient, which is formed
adjacent to the metal surface, while Ce(Ill) is more likely to precipitate before it reaches the
surface, Ce(lV) is sufficiently soluble to reach the surface and afterwards precipitate.
Recently, it has been experimentally shown by means of AFM in situ investigation on gold
substrate that the immediate result of the electrochemical and chemical reactions involved in
the process is the formation of an intermediate cerium gel rather than direct precipitation of
solid deposits [80]. Following the formation of the gel precursor, true deposition of the film
proceeds via a nucleation mechanism, i.e. microscopic cerium oxide nuclei crystallize from
the gel and act as sites for deposition. In the later stages, nucleation and growth continue on
the deposited material enabling formation of a relatively thick fiim.

In spite of the simplicity of the immersion process for the formation of cerium oxide
coatings, commercially it is unattractive because of the long time, in order of several days,
required. A first attempt to lower the duration of the process was based on electrolytic
activation method, which consists of galvanostatically polarizing the aluminium surface in
1000 ppm CeCl; bath at cathodic current densities of around 1 A/m? for 30 minutes [70]. The
application of a cathodic current enhances the reduction reactions (H, evolution and O,
reduction), which in turn rapidly generate alkaline conditions at the metal surface and
accelerate the deposition of cerium compounds. The film formed under these conditions
contains cerium predominantly in the trivalent state [76], since even if Ce(lll) is oxidized in
solution to Ce(lV) via reaction 3.13 at the cathodically polarized surface it is likely reduced
back to Ce(lll) prior to precipitation. This would also explain the higher proportion of Ce(IV)
in the film electrochemically deposited on copper with respect to that deposited on
aluminium [76]. Indeed, during the process the higher potential of the Cu electrode (-0.3 V in
comparison with —1.4 V for the Al electrode) does not provide a sufficiently strong over-
voltage for the electrochemical reduction of Ce(IV) to Ce(lll) and therefore the cerium is
incorporated in the film as Ce(lV). The 30 minutes of cathodic polarization leads to a mixed
cerium and aluminium oxide layer with an average thickness of 50 nm, containing blister-like
features. These defects are likely caused by hydrogen evolution during the treatment and
result in a loss of protective properties of the film [70]. This problem was overcome by
electro-deposition from a solution of cerium salts in organic solvents, which gives rise to a
thicker film (150-500 nm) exhibiting a continuous network of random cracks resulting from
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the combination of shrinkage during drying and low ductility of the film [81, 82]. Although the
corrosion resistance of the conversion layer is improved, also due to a higher portion of
Ce(1V) oxide that is more stable and less solubie than Ce(OH)s, the requirement of high DC
potentials in conjunction with a volatile organic solvent makes the industrial application of
this method difficult.

Another way to decrease the time necessary to form a cerium oxide film on aluminium
is based on increasing the temperature of the cerium salts bath. Immersion for 2 hours at
100°C in 5SmM Ce(NOj3); solution followed by 2 hours at 100°C in 5mM CeCl, solution was
found to lead to a Ce(lll) hydroxide film with a thickness of about 100-150 nm [83]. Mansfeld
and Wang [84, 85] had previously proposed the immersion in boiling aqueous baths of
cerium salts in combination with an anodic treatment in 0.1M Na,MoQO, as a suitable method
to produce a Ce-rich oxide film on aluminium alloys, which provides high corrosion protection
due to a synergetic effect of cerium and molybdenum. AES investigation showed large
amounts of Ce in the film, while the concentration of Mo is lower and likely located in the
outermost layers. It is worthwhile to note that there is an important difference between this
treatment and those described above. The Ce-Mo process causes the oxidation of the
aluminium alloy due to exposure to aqueous solutions at high temperature and subsequent
incorporation of cerium in the oxide
film, whereas the immersion in the
cerium chloride bath at room
temperature leads to the
precipitation of ceria gel onto the
surface of the alloy as a result of
reactions in solution.

A detailed investigation of the
evolution of the oxide film during
each step of the Ce-Mo treatment
was carried out by Hughes and co-
workers [86]. During the immersion

Figure 3.10: SEM micrographs of the AA6061 surface | . i
after each step of the Ce-Mo process: (a) 24h in air in the first cerium bath (10mM
saturated with water vapour at 100°C, (b) 2h in Ce(NOy), C®(NOa)s, 2h, 90°C) a crazed oxide
bath at 90°C, (c) 2h in CeCly bath at 90°C, (d) 2h anodic ~ Structure covers the Al matrix (Figure
polarization in Na,MoO, [Ref. 86]. 3.10-b) and a dense oxide

containing large amounts of cerium

deposits on the intermetallics. Additional Ce is incorporated on the surface during the
second step of the treatment, i.e. immersion in 10mM CeCl; solution for 2h at 90°C. In
particular, coarsening of the crazed oxide structure takes place together with the formation of
small particles of hydrous Ce(iV) oxide (Figure 3.10 c). Finally, during the anodic polarization
in the Na,MoO, bath, Mo is incorporated both as MoO,> ions in the crazed oxide and as
cerium molybdate in the cerium containing particulates on the surface. While the corrosion
protection provided by this conversion treatment is quite good, its realization at industrial
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scale is complicated by both the use of boiling baths and the additional cost coming from the
anodic step.

A simple method, consisting of addition of hydrogen peroxide to the cerium chloride
bath, to form a cerium oxide/hydroxide film on copper-rich aluminium alloys in very short
time (about 10 minutes) has been developed and patented by Wilson and Hinton [87]. The
pH of the CeCl; (0.035M) and H,O, (0.12M) solution is lowered to a value close to 2 by
means of HCI addition in order to avoid deposits formation inside the solution instead of on
the aluminium surface, and the bath is heated to about 43°C. Hydrogen peroxide, even
when present in small amount derived from the 2-electrons reduction of O, (reaction 3.717),
was found to increase the efficiency of film formation [78]. The acceleration effect of H,0,
could be simply related to the rapid increase in pH caused by its reduction (reaction 3.72)
that favours the precipitation of cerium oxide/hydroxide. An additional consequence of H,0,
is the enhancement of the oxidation of Ce(lll) to Ce(lV) ions in solution (reaction 3.13), which
results in a hydroxide film containing cerium mainly in the 4-valent state, as observed by
XPS studies [88]. However, Hughes et al. [89] proposed a different sequence of reactions in
comparison with that occurring in the cerium bath without hydrogen peroxide. The authors
observed the necessity of 30 minutes aging of the solution to achieve full activity. It is
thought that during this time, hydrogen peroxide substitutes water reversibly in the
coordination sphere of the Ce(lll) ions creating a peroxo complex:

Cely + H,0, & Ce(H,0,) (3.15)

Afterwards, in the thin solution film in proximity of the metal substrate, where the reduction
reactions have increased the pH, partial deprotonation of the Ce(lll) peroxo species takes
place followed by oxidation with H,O, to a Ce(IV) peroxo complex Ce(0,)*, which then
undergoes reduction to hydrated CeO,:

Ce(H,0,)" < Ce(HO,)* +H" (3.16)
2Ce(HO,)* + H,0, < 2Ce(0,)™ +2H,0 (3.17)
Ce(07')+2e < CeO, (3.18)

Anyway, the final result is the formation of hydrated Ce(IV) oxide at the cathodic sites, where
reduction reactions and pH increase occur, while at the anodic sites in addition to aluminium
dissolution undesirable oxidation of H,0, is likely to take place:
H,0, & 0, +2H" +2e” (3.19)
Indeed, during immersion in the CeCl;-H,O, bath gas evolution, identified by burning taper
test as O,, was always observed [88].
The coating formed with this method on the copper-rich alloys (AA2024 and AA7075) is not
uniform in thickness across the surface and has a layered structure. XPS and SEM results
showed the presence of an outer layer of Ce(lV) hydrated oxide (up to 30 nm) over a layer of
mixed Ce(lll) and Ce(IV) hydrated oxides (around 120 nm), which is separated from the
substrate by a thin layer enriched in copper [88].

Recently, a further decrease of the time, from 10 to 2-4 minutes, necessary to deposit
a relatively thick and more protective cerium oxide film on copper-rich Al alloys has been
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obtained using a cerium-based deoxidiser (sulphuric acid solution of Ce(IV)) to prepare the
surface before the immersion in the CeCl;-H,O, bath [90]. This led to the development of a
“Cerate” coating process consisting in several steps, i.e. Ce-based deoxidising treatment,
immersion in the cerium chloride-hydrogen peroxide bath, sealing in silicate solution, which
greatly improves the corrosion resistance of AA2024 [91].

I

The Ce(lV) oxide film formed after the
pre-treatment in the Ce-based deoxidiser is
homogeneously deposited on the surface with
some cracks and local changes in morphology
[90]. XPS depth profile showed that it is 100-
200 nm thick and possibly bilayered, with a
cerium-rich layer over a hydrated Al oxide
film. The layered structure of the conversion
coating was confirmed by TEM investigation
(Figure 3.11), which indicated the presence of Figure 3.11: TEM micrograph of the coating
an aluminium oxide layer (50-100nm thick) deposited from the H,O,-accelerated cerium
adjacent to the substrate surface with possible ~ chioride  solution  after  the  Ce-based
Cu-enrichment at the metal/oxide interface. deoxidising treatment [Ref. 89].

On top of this Al oxide film a cerium oxide layer comprised of nanocrystallites (2-3 nm) of
CeO, with a fluorite structure is deposited [89].

The standard H,O-assisted solution for deposition of cerium-based conversion
coatings resulted to be effective only for Cu-rich aluminium alloys, i.e. 2xxx and 7xxx series.
Thus, different types of accelerators have been investigated in order to obtain satisfactory
coating formation also on other families of aluminium alloys, as 3xxx, 5xxx, and 6xxx series.
While there are a number of possible accelerated solutions, the following composition was
found to perform well for many alloys: 0.035M CeCl;, 0.12M H,0,, 1mM Cu(glycinate),;, TmM
Ti(O,)*" operated at pH 2 and 45°C [92]. The two accelerators added are thought to play
different roles in the acceleration of the cerium oxide film deposition [89]. On one hand, it is
suggested that the presence of copper in solution results in the deposition of metal
crystallites on the aluminium surface via the following reaction:

3Culy +241 < 3Cu+241 (3.20)

The addition of a complexing agent for Cu, as glycine, renders the reduction of Cu slightly
less favourable, and leads to a more fine dispersion of copper crystallites, which are
cathodic with respect to the aluminium matrix and then enhance the reduction reactions
kinetic and as a consequence the cerium oxide/hydroxide precipitation. On the other hand,
the Ti(O,)** species is supposed to increase the concentration of reactive Ce(lll) peroxo
complex:

Cey +Ti(0,)" + H" & Ce(HO,)™ +Tit (3.21)
Ti*" is unstable and may precipitate via hydrolysis to hydrated TiO,, as confirmed by the
detection of significant quantities of titanium in the cerium oxide film formed from the
accelerated CeCl;-H,0, solution. Indeed, the film deposited after immersion in this solution
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consists of an amorphous mixed Ce-Ti-Al oxide on top of an aluminium oxide layer with
areas of Cu-enrichment at the metal/oxide interface.

3.3.2 Mechanisms of corrosion protection

Since the first investigation of the use of lanthanide compounds as corrosion inhibitors
for aluminium alloys, it was pointed out that the corrosion protection provided by Y**, Pr,
Ce* additives to an aerated sodium chloride solution follows from a strong suppression of
the oxygen reduction reaction, as can be seen from the shift of the cathodic branch of the
polarization curves in Figure 3.12 [8, 71]. Other works showing a strong decrease of the
current density together with a fall in the open circuit potential confirmed the behaviour of
cerium ions as cathodic inhibitors [93, 94]. A reduction of the rate of the cathodic reactions
by inhibitor compounds is generally related to the precipitation of an insoluble film at the
cathodic sites. Indeed, the suppression of the cathodic oxygen reduction reaction was found
to be the principal mechanism of corrosion protection provided by the cerium oxide film
independently on the preparation method

; ;———"' [72, 75, 81-84, 95, 96]. This suppression is

./, believed to occur because the cerium-
-\‘\ _..-"' // based conversion coating provides a

§-°'°P __.""/ ] barrier against both the passage of
> ,“.’\ electrons and the diffusion of oxygen to
g L:;?E: ;\'__Pr,\ the metal surface, which are both
e - ""'/~\-._3 ~y® . necessary reactants for the reduction of
¢ ce 4 oxygen (reactions 3.170 and 3.11).
%‘ .d:ﬂlon Obviously, this strong limitation of the

o N cathodic half of the corrosion reaction
107 10" 10°  decreases the overall corrosion rate. As

Current Density A m™?

Figure 3.12: Polarization data for AA7075

concern the effect of the cerium on the
anodic reaction either as inhibitor or as

conducted in 0.1M NaCl with or without additions of
1000 ppm CeCl;, PrCl;, YCI; [Ref. 71].

conversion film, contradictory results are
reported in literature. Some authors have
found almost no influence on the rate of
aluminium dissolution and on the value of pitting potential, which indicates that the
improvement in corrosion resistance is exclusively due to a decrease in the cathodic
reactions kinetic that lowers the open circuit potential leading to a large passive range
(Figure 3.12) [8, 71, 75, 83, 95]. Whereas, in other works it has been shown that the
deposition on the aluminium surface of a cerium-rich film, which, especially if consists of
CeO,, is very stable and insoluble in many media, results in a significant decrease in the rate
of not only the cathodic but also the anodic reactions [82, 84, 96].

In section 3.2.2 the high importance of the “self-healing” mechanism in determining the
excellent and unique corrosion protection properties of the chromate conversion coating was
discussed. Regarding the cerium oxide film, this kind of corrosion protection mechanism
could in theory also occur since, similarly to chromium, cerium has also two possible
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oxidation states: Ce(lll) and Ce(1V). Therefore, if Ce(lV) species, as Ce(OH)*, were present
in the oxide/hydroxide film, during exposure to the aggressive environment they could leach
and diffuse at the weak spots of the coating, where redox reactions involving the reduction of
Ce(IV) and the oxidation of Al could in principle occur. As a consequence a mixed Ce(lll)/Al
hydroxide could precipitate and repair the defect, similarly to what is suggested to take place
in the chromate conversion coating. However, there is no published data relative to the
incorporation of leachable form of Ce(IV) for the healing of the film. Even though several
studies of cerium based conversion coatings, produced either by long immersion in CeCl,
solution or by short dipping in CeCls-H,0, bath, indicate that cerium is present in the
tetravalent state, it is likely that most if not all of this cerium is immobilized in the fluorite
lattice of CeO, rather than adsorbed. Indeed, Hinton, Arnott and Ryan [8] during their early
studies discounted the leaching of cerium from the Ce-based conversion coating by means
of polarization tests on bare samples in a solution to which a coated sample had been
previously exposed for hours.

Finally, it is suggested that the cerium oxide film reduces the susceptibility of
aluminium alloys to pitting corrosion due to its deposition on top of intermetallic particles,
which eliminates the local galvanic couples present on the surface and as a consequence
limits the number of preferential nucleation sites for pitting [95, 93, 95, 97]. The role of the
alloy microstructure, in particular the intermetallics, on the formation of the cerium-based
conversion coating is discussed in the next section.

3.3.3 Cerium-based conversion coatings and microstructure

The deposition of cerium oxide/hydroxide on a metal surface has been demonstrated
to be a cathodic process independently on the method used to form the film. As reported in
section 3.3.1, the precipitation of either Ce(IV) or Ce(lll) hydroxides occurs as a
consequence of the increase in pH resulting from the cathodic reactions (O, and/or H,O,
reduction and hydrogen evolution). Therefore, since the first studies concerning the
deposition of the cerium-based conversion coating the effect of the cathodic intermetallics,
which due to their electrochemical nature enhance the rate of the cathodic reactions at their
location, was considered [70, 72]. In these works it was suggested that the deposition on
AAT075 of the cerium oxide film during prolonged immersion in CeCl; solution starts at the
cathodic areas, i.e. Cu-rich intermetallics, on the alloy surface and then proceeds via island
growth from these locations.

The preferential precipitation of the Ce oxide layer on top of Cu-containing intermetallic
particles has been observed in many other investigations. Aldykewicz, Isaac, and Davenport
[93] showed that when AA2024 or an aluminium/copper galvanic couple are immersed in a
sodium chloride solution containing small amount of CeCls, an hydrated cerium oxide film is
formed only over the Al,Cu intermetallics and the copper, respectively. Hughes et al. [89]
found that dipping a macroscopic couple consisting in Cu,FeAl; phase (5 mm in diameter)
surrounded by pure aluminium (AA1100) in CeClx-H,O, bath results in the formation of
hydrated cerium oxide only on the intermetallic phase. Similarly, during the immersion in
cerium salts solutions at high temperature a dense oxide containing large amount of cerium
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covers all the large copper-rich intermetallics, as Cu,(Fe,Mn)Al; and Al,Cu, of AA2024,
whereas a crazed aluminium oxide is formed on the matrix [86].

Recently, based on XPS, SEM and EDX results a two-stage mechanism of cerium
oxide film growth on AA2024 during immersion in the H,O.-accelerated cerium bath has
been proposed [88], which considers the presence of Cu-rich intermetallic as a necessary
condition for a rapid film deposition. During the first stage the film forms above the large Cu-
rich intermetallics, which are the most noble sites on the surface of AA2024 and then have
the highest cathodic efficiency for H,O, reduction (Figure 3.13-a). Afterwards, the coating
deposition proceeds radially away from these intermetallics, i.e. island growth mechanism,
under the influence of the local pH rise, which results from the cathodic reactions and is
attenuated with increasing distance from the intermetallic particle due to mixing with the bulk
solution.

The second stage of film (@) First Stage of Coating : Precipitation onto Large Intermetailics
growth begins between 6 and 10
minutes of immersion, when a
golden coating develops above
the whole surface. Deposition in :;ff:cpji;fi -
this case is related to the /// H,0; —»2H % 0+ 26
dissolution of the aluminium

Cathodic Sites : Precipitation of hydrated cerium
oxide due to local pH increase

H0,+ 26 ~ 20H"

Passive layer
passive layer, which activates

other small cathodic sites on the
aluminium surface, as dispersoid
and hardening particles, alloying
elements segregation at the 7/ Cathodic Sites: H,0,+ 2e'——p 20H"
grain boundaries, etc. (Figure
3.13-b). This leads to the
formation of a thicker and more
cracked layer on top of the Cu-

(b) 2ud Stage of Coating : Precipitation after dissolving passive layer

-dispersoid
particles

Hydrated Surface Oxide

Anodic Sites: Al = A3 3e-

rich coarse intermetallics and of HO,— 2H' + Oy + 26

a finely structured, amorphous,
and thinner film above the rest of Figure 3.13: Model of the precipitation process of the

the surface, as observed by SEM hydrated cerium oxide coating on AA2024 [Ref. 88].

investigation.

According to the authors, the much higher reactivity shown by the aluminium alloys
belonging to the 2xxx and 7xxx series in comparison with all the other alloys (3xxx, 5xxx,
6xxxx series) towards the formation of a cerium oxide film during immersion in CeCls-H,0,
solution is mainly caused by the presence of Cu-rich intermetallics on the surface, which
behave as very strong cathodes. However, this is in disagreement with several studies,
where other intermetallic particles, which do not contain copper, do act as strong cathodic
sites and do lead to the formation of a thick cerium oxide layer at their locations but do not
cause a rapid deposition of this layer over the whole surface: (Fe,Cr);SiAly; in AAB061 [83,
86], FeNiAly in AA2618 [83], Alg-(Mn,Fe,Cr) on AA5083 [75, 97].
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These controversial results suggest that other features typical of the aluminium alloys
of the 2xxx and 7xxx series in addition to the Cu-containing intermetallics are responsible for
the rapid growth of the cerium-based conversion coating on their surface. The high content
of copper in solid solution can be one possibility. Indeed, copper could be redeposited on the
external surface as small metal copper or copper oxide particles either during the cerium-
based conversion treatment or during the previous surface preparation procedure. These Cu
particles in turn act as small cathodic sites homogeneously distributed on the whole surface
enhancing the rate of the cathodic reactions and as a consequence the increase in pH at the
surface and the deposition of the film. The hypothesed acceleration effect of the copper
particles would explain several experimental findings: the faster film formation induced both
by the Ce-based deoxidiser treatment [90], which was found to cause considerable etching
of the surface and generation of a copper dissolution product distributed as particulate
matter on the surface [98], and by the addition of Cu(glycinate),, which is supposed to lead
to a fine dispersion of copper crystallites on the surface [89], the absence of film deposition
on the matrix of AA2024 when no surface preparation treatment is carried out and/or the
immersion in the CeCl; bath is very short [93], which do not enables the surface copper
redeposition to take place.

However, as far as we know there are no published studies focusing on the role of the
copper redeposition on the nucleation, growth and final properties of the cerium-based
conversion coatings. Therefore, it was felt that a more detailed investigation on the formation
of the cerium oxide film on AA2024 is needed in order to single out the exact effect of the
microstructure, in particular to distinguish between the roles played by the intermetallic
particles and by the copper in solid solution, which are expected to influence also the degree
of corrosion protection provided by the film. This knowledge is very important to further
improve this alternative system and render it a valuable replacement for the chromate
conversion coating.

3.4 Conclusions

The chromate conversion coating is still extensively used to improve the corrosion
resistance and the paint adhesion of aluminium alloys, especially those used in aircraft
applications, as Alclad and bare AA2024. Yet the mechanisms of formation and corrosion
protection of such film are not completely understood. On the other hand, a promising
alternative for the chromate treatments, which due to the presence of toxic and suspect
carcinogenic substances need to be replaced, consists of the use of cerium salts solutions to
form cerium oxide conversion coatings. However, this environmental friendly treatment can
be further improved, either concerning the corrosion protection provided or the method of
application. The literature review discussed in the present chapter has brought in the
foreground the strong effect of the microstructure, especially the intermetallic particles and
the alloying elements, on the nucleation, growth, and final properties of both types of
conversion coating. However, controversial results are found on this topic and it appears
clear that the exact role played by the different microstructural features of the aluminium
surface is not yet understood.
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Therefore, one of the main goal of this PhD study is a clarification of the influence of
the aluminium alloy microstructure on the formation and final properties of the chromate and
the cerium-based conversion coatings, since it is believed to be a necessary condition both
for a better understanding of the chromate film system and for an improvement of the
cerium-based system. In addition, a more exact and precise knowledge of the role played by
the microstructure on the formation of the chromate film can help also the understanding of
its effect in the case of the cerium-based process, since the nucleation and growth of both
coatings involve redox reactions.

The investigation of these two treatments has been focused on Alclad and bare
AA2024 since these alloys are of high interest for the aerospace industry, where a very good
level of corrosion resistance is required and as a consequence the chromate conversion
process is widely used and the development of an alternative system, able to provide similar
level of protection, is becoming more and more a stringent priority.
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Chapter 4

Microstructure and corrosion -
Use of the SKPFM technique

41 Introduction

As discussed in section 2.3.1 of chapter 2, the process of alloying to improve the
strength properties of AA2024 heavily compromises the corrosion properties of the metal. In
particular, the susceptibility to localized corrosion is dramatically increased by the
precipitation of all types of intermetallic particles due to the formation of local galvanic cells
and the resulting heterogeneities of the natural oxide film. At the moment, corrosion presents
a major threat to the structural integrity of aircraft components and may reduce their life
significantly. As time in service increases, there is a growing probability that corrosion will be
associated with other forms of damage, as fatigue cracking and embrittlement. For instance,
pitting corrosion is considered one of the principal degradation mechanisms for AA2024, and
pits have been identified as the major nuclei for onset of corrosion fatigue cracks [1, 2]. In
addition, the literature review reported in chapter 2 has also highlighted the important role
played by the heat treatment parameters, in particular cooling rate during quenching and
aging procedures, on the microstructure and as a consequence on the susceptibility to
localized corrosion of AA2024. According to [3], the corrosion behaviour of this alloy can be
drastically affected not only by significant modifications in the heat treatment procedure,
intentionally introduced to obtain specific mechanical properties, but also by very small
changes, which can easily occur during industrial practice.

A better understanding of the effects of variations of the heat treatment parameters on
the microstructure and as a consequence on the corrosion susceptibility of AA2024 s,
therefore, of both scientific interest and technological importance. Indeed, being aware of the
influence of the different heat treatment variables on the microstructure of the aluminium
alloys may reduce the risk of sudden product failures resulting from unexpected severe
localized corrosion. To this aim the influence of the time spent in air before water qguench,
referred to as quench delay time, on the microstructure and the corrosion behaviour of
AA2024 has been investigated and is discussed in this chapter. In comparison with the
variations expected in the industrial process some of the phenomena are deliberately over-
exaggerated by the heat treatment procedure used; however, this was necessary to enable
the investigation.

A second, but very important, purpose of this part of the study consisted of
investigating the suitability of the Atomic Force Microscope (AFM), present in our laboratory,
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to simultaneously map the topography and the potential distribution across the sample
surface with sub-micrometer resolution. AFM is a relatively new surface technique that
enables the acquisition of high resolution surface images of conducting and insulating
materials in gas and liquid environments [4, 5]. During the first few years of application, the
use of AFM in corrosion studies has been focused on the in-situ characterization of the
electrode surface, while electrochemical processes are occurring [6-9]. However, more
recently much effort has been directed toward the modification of the AFM in order to map
other surface properties in addition to the topography, such as adhesion, friction,
conductivity, work function, optical absorption and emission [10]. In particular, the Scanning
Kelvin Probe Force Microscope (SKPFM) is a combination of the well-known Kelvin probe
technique and the AFM and was developed and first used to study the surface potential of
photoresist-covered Si wafers [11] and semiconductor dopant profiles [12]. This was
followed by several investigations in the field of semiconductors, which reported
measurements of the surface potential between different materials using this technique with
high lateral (< 50 nm) and surface potential (better than 0.1 mV) resolution [13, 14].

The classical Kelvin probe technique based on capacitor plates [15] has been used for
some time to measure the potentials of various metal surfaces by nulling the current flowing
between the sample and a closely positioned vibrating probe [16]. In 1988, Baumgértner and
Liess [17] developed a miniaturized Kelvin probe that enabled microscopic imaging of the
potential difference between the probe and the sample with a lateral resolution of 40 um.
Stratmann et al. [18, 19] have demonstrated the applicability of the Kelvin probe technique to
the investigation of atmospheric corrosion affecting metallic surfaces. They measured the
Volta potential difference of samples covered with a thin layer of electrolyte using a probe
that did not touch the electrolyte and showed that this potential difference varies linearly with
the corrosion potential of the sample/solution interface determined with a standard reference
electrode positioned in the electrolyte layer. Scanning the probe over the sample enabled
the mapping of the Volta potential with a lateral resolution of about 100 um. The combination
of the Kelvin probe technique with the AFM, i.e. the SKPFM instrument, enables the
mapping of the Volta potential with a much higher lateral resolution due to the fact that the
probe is much smaller and operates at a much closer distance from the surface. The ability
to map the potential on a sub-micron scale has been shown to be extremely useful in
investigating the local electrochemical behaviour of aluminium alloys, since they contain
heterogeneities, such as intermetallic particles, on that scale or larger [20-22].

Since the AFM present in our lab is provided with the Extender™ Electronics Module,
which enables the instrument to operate as a SKPFM, the potential of the intermetallic
particles with respect to the aluminium matrix has been studied as function of the quench
delay time. Based on the results of the SKPFM investigation it was possible to correlate
changes in localized corrosion resistance with changes in the microstructure of AA2024
induced by the variation of the heat treatment procedure. This is described and discussed in
the remainder of this chapter. However, since the SKPFM technique uses a different
approach for measuring the surface potential than that of the standard Kelvin probe a
section dealing with the theoretical background of the SKPFM technigue is given first.
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4.2 Principles of the SKPFM technique

In general, the Volta potential of a phase is defined as the work required in vacuum for
moving an electrically charged probe from infinity to a point close to the surface of the
phase, where the image charges or dipole begin to be important [16]. When two metal plates
are connected electrically in vacuum or inert gas a Volta potential difference, AW, arises
between them, which is the work to bring a charge from one point close to the surface of one
of the two plates to a point close to the surface of the other plate. The charge may be an
electron and then the definition of the Volta potential is given as follows [23]:

A‘{’:—%—A,y:A;o—Az (4.a)

where p, is the chemical potential of the electron, F the Faraday's constant, y the so-called
surface potential corresponding to the electrostatic potential step resulting from the
inhomogeneous charge distribution on the surface, i.e. surface dipole layer, and ¢ the
Galvani potential arising at the equilibrium from the different chemical potentials of the
electrons in the two metals.

Another approach to the description of an interface between two metals in vacuum can
be found in physics, where the electronic work function (¢) of a metal is defined as the
energy required for removing an electron from the metal, which is the difference between the
Fermi level energy of the metal and the energy of free electron in vacuum [24]. The work
function is determined not only by the chemical potential of the electron in the metal but also
by the surface potential i, since the electron has to pass across the surface dipole layer [23]:

p=-Le_ey (4.b)

where Na and e are the Avogadro’s number and the electron charge, respectively. When
two metal plates are connected electrically, the thermodynamic equilibrium is achieved when
the Fermi energy levels of the two metals are equal, which is obtained by the flow of
electrons from the plate with the lower work function, i.e. weak electron binding energy, to
the plate with the higher work function, i.e. strong binding. The difference in potentials of the
two plates arising from the flow of electrons is known as contact potential difference (CPD)
and is the difference between the work functions (A¢) of the two metals divided by the
charge of one electron [24]:

CPD=—BHe py— By aw (4.0)
460 F

Equation 4.c shows that contact potential difference and Volta potential difference in vacuum

are equivalent. In the rest of this thesis the Volta potential formalism will be used.

If the Volta potential of one of the two metal piates is kept constant (reference surface)
the changes in the Volta potential of the other plate can be measured. This is done in the
standard Kelvin probe technique, where the tip of the probe electrode, which is the
reference, and the surface of the metal sample under study constitute the two plates of a
parallel capacitor [25]. The Volta potential difference between the vibrating tip and the
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sample (AY) is obtained by adjusting the value of an externally applied DC bias voltage, E,
such that the alternating current generated by the sinusoidal probe vibration, zy+z;sin(wt),
becomes zero:

i=(A + £) % = e aaw + ) APON@) __, (4.d)
ot [z, + 2, sin(wr)]

where C is the capacitance of the parallel capacitor, t the time, A is the tip area, ¢, the
permittivity of vacuum, ¢ the dielectric constant of the capacitor dielectric, z, the mean
tip/sample separation, and z, the amplitude of vibration. Under the conditions of zerc current
the potential applied is obviously equal the to Volta potential difference between the tip and
the sample. The exact meaning of the Volta potential difference as determined by the Kelvin
probe depends on the conditions under which the measurement is performed. Indeed, from
the definition given above, AY is related to both free charges and dipole layers on the
surface. Therefore, in an environment other than vacuum or inert gas, it is dependent upon
the presence of oxide films and adsorbed species on the surface. The presence of surface
oxide films causes A measured in air to deviate from the values expected by the metallic
work functions in vacuum [19]. When an electrolyte film overlays the metal surface the
interpretation of the measured Volta potential difference is more complex. For example,
polar molecules in an electrolyte can adopt a preferential orientation due to the interaction
with the metal surface and form a dipole layer at the interface [23], and potential gradients in
the solution can occur due to ionic currents between localized corrosion sites [19]. Both
phenomena influence the value of A¥ measured with the Kelvin probe, which in this case is
that existing between the tip and the outer surface of the electrolyte and not that between the
tip and the metal surface. However, Stratmann and co-workers [18, 19] showed that the
Volta potential difference measured by the Kelvin probe in presence of an electrolyte film,
which is thicker than the electrical double layer and in which no ionic current is flowing, is
directly related to the corrosion potential (E..r) of the metal/electrolyte interface measured
with a reference electrode immersed in the electrolyte:

¢F ) (4.)

A‘II = Ecorr + (Ze[ -

where, yq is the surface potential of the electrolyte and ¢, is the work function of the
reference electrode, both of which are constant in many circumstances.

SKPFM measures the Volta potential difference between a conducting AFM tip and the
sample under study using a different approach. The tip and the sample are still the plates of
a capacitor, since they are electrically connected and have different Volta potential.
Therefore, between them an electrostatic force is generated [14, 26]:

1 , 0C
F= E(A\P) . (4.9
where AY is the Volta potential difference between tip and sample, z the tip-sample
distance, and C the capacitance. If an AC voltage, Vasin(wt), with an adjustable DC offset,
V., is applied to the conducting AFM tip, the electrostatic force interaction between the tip
and the sample becomes:
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14c
=

F= AY + [V, +V,_sin(er)] (4.9)

with spectral components at DC:

1aC V2
F AY +V, )" + 4.h
o = 2 82 {( dg) 2 } ( )
and at frequencies » and 2o:
F, = QE(A‘P +V, W, sin(ar) (4.i)
1 0C .
F. =————V . cos(Lar 4.
20 4 a ( ) ( .I)

As a result of F,, and F,, the tip starts to vibrate. If the frequency of the applied AC voltage
equals the resonant frequency of the cantilever of the tip the vibration amplitude at frequency
® is directly proportional to F, [27]. The principle of operation of SKPFM is based on
nullifying the tip vibration amplitude at the resonant frequency, which is used as the
feedback signal, by adjusting the external DC voltage. Indeed, when the tip vibration
amplitude at the resonant frequency becomes zero the spectral component at frequency  is
also nullified, consequently the DC offset, V., is equal in magnitude and opposite in sign to
the Volta potential difference (A'Y') between tip and sample.
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Figure 4.1: Schematic illustrations of the topography measurement in tapping mode (a) and Volta
potential measurement in lift mode (b) [Ref. 26].

The mapping of the surface Volta potential of the sample is usually made in the so-
called “lift mode”, which is a two-pass technique, i.e. each line of the image is scanned twice
[28]. In the first step of each scan, no external voltage is applied to the tip and the
topography of the sample is determined and recorded using the tapping mode of operation
(Figure 4.1-a). When operating in this mode, the AFM measures the topography by “tapping”
the surface with the tip, which is oscillated near its resonant frequency (60-100 kHz) by a
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piezo-element. The vertical position of the scanner at each point necessary to keep the
osciltation amplitude constant is recorded to form the topographic image of the line. This is
made using a feedback system based on a laser deflection detector, where the top side of
the cantilever serves as a reflector (Figure 4.2).

e . tapogruphy sigaal This topographic information is then used
during the second scan of the line, when the
electrical signal i 3 .
cantilever tip is lifted at a selected distance, termed the
xy-movement lift scan height, above the recorded surface
ele;w:imlu;iwhaniw and the Volta potential is measured (Figure
point conta
Vi1, € e 4.1-b). During this second step, the feedback

loop that controls the vertical piezo-element
is turned off and a DC bias potential and an
oscillating AC potential, with frequency equal
to the resonant frequency of the cantilever
free vibrations, is applied to the tip. The
application of an AC voltage is necessary to enhance the electrostatic force interaction
between tip and sample, which is otherwise weak and only due to their Volta potential
difference (equation 4.f). A second electronic feedback loop, which is provided by the
Extender™ Electronics Module and based on the same laser deflection detector used for the
topographic image, adjusts the DC bias on the tip in order to nullify the vibration amplitude of

Figure 4.2: Basic scheme for AFM
measurements [Ref. 29].

the cantilever and hence the spectral component of the electrostatic force at frequency o
(F.., equation 4./). The required bias voltage is recorded and by reversing the sign, the Volta
potential map of the sample with respect to the tip is obtained. Repeating this procedure for
each line along the slow-scan axis creates the topographic and Volta potential images.
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Figure 4.3: Comparison of the potential measured in air by the SKPFM with the open circuit potential
measured in solution for different metals in: deionised water (a), 0.5M NaCl (b) [Ref. 20].

The potential measurements with SKPFM are not possible in an aqueous solution
because the large voltage applied to the tip would cause faradic reactions. However,
Schmutz and Frankel [20] showed that the potential measured in air with the SKPFM on a
number of pure metal samples after exposure to deionised (DI) water or 0.5M NaCl is
linearly related to the open circuit potential (OCP) that was measured in the bulk solution
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before the samples were removed (Figure 4.3). The values of the potential measured with
the SKPFM are given as a function of the potential measured on a pure Ni surface after
immersion in DI water in order to avoid errors associated with variations in the tips or
instabilities in the instrument electronics. Despite this correlation, questions still exist
regarding both the nature of the potential measured by SKPFM and the limitations of the
measurements made in air for understanding phenomena occurring in solution.

Similarly to the standard Kelvin probe, when the measurements are made in air the
value of the Volta potential difference is affected by contamination, oxide layers, or trapped
surface charges [30]. Guillaumin et al. [22] found that changes in adsorption of species have
a strong influence on the potential measured when the tip/sample separation is lower than
100 nm and that a constant contribution related to dipole charge is also present on the Volta
potential value measured at distances equal or higher than 100 nm. Ultrahigh vacuum
conditions are required to obtain quantitative results on electronic properties of
semiconductor surfaces on a nanometer scale [31].

According to the mode of operation of SKPFM, the measured Volta potential of the
sample is relative to that of the tip. Therefore, changes in the properties of the tip can
influence the measurements. An ideal tip should be hard, sharp, electrically conductive, wear
resistant and have stable long-term characteristics. Metal-coated Si tips are commonly used
due to ready availability and ease of fabrication. However, they are frequently affected by
wear and the coating thickness, chemical composition and tip shape, which all influence the
measured Volta potential, can vary from one probe to another due to inconsistencies in the
coating deposition technique [26, 29]. It was found that the variation in the Volta potential
using different CoCr-coated Si tips is in the order of few tens of millivolts {20]. In addition, the
shape of the tip influences also the lateral resolution of the SKPFM measurements due to
long-range electrostatic interactions between the probe and the sample [14]. Considering N
areas with different Volta potential ¥, the DC voltage to nullify F, (equation 4./) is given by:

2.CY

where C) represent the derivatives of the capacitance that depend on the lateral tip location,
i.e. shape (Figure 4.4). This relation states that the measured potential is a weighted
average over all potential W, on the surface, the
derivatives of the capacitances being the weighting
factors. Therefore, the resolution and accuracy of the
measurements are defined by the capacitances
between the tip and the respective surface regions.
This leads to several consequences: an ideal potential

(4.k)

step on a surface will be measured as a smoothed
step potential, the measured potential of an area will
approach the value of the surrounding region as the Figure 4.4: Scheme of the tip/sample
area decreases in size, true potential information can  interaction (Ref. 14).

only be gained from surface areas with dimensions
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very large compared to the tip. Contrast and detection limit are then improved using longer
and narrower tips.

Furthermore, some parameters, which need to be set before the starting of the
measurement, have been found to affect the measured potential value to different extents.
The chosen lift scan height, i.e. the distance between the tip and the sample, has quite a
strong effect on the Volta potential measured with SKPFM. Indeed, while for distances from
100 nm to a few micrometers the value of the measured potential remains constant [22], for
distances lower than 100 nm it decreases with decreasing separation, due to the effects of
image or dipole charges close to the surface [26], in accordance with textbook descriptions
of Volta potential [32]. Another important parameter is the phase difference between the
reference signal (used in the lock-in amplifier of the second feedback loop) and the
deflection signal of the cantilever, which has to be set to an optimum value to achieve the
highest sensitivity [33]. On the other hand, the effect of the amplitude of the AC voltage
applied to the tip is found to be negligible [26].

Finally, the topographic features of the sample surface can also affect the Volta
potential measurements, especially for samples characterized by an irregular and rough
topography, i.e. large variations in height. In theory, from equation 4./ the Volta potential
difference (A¥) should be equal to the bias DC potential applied to nullify F,, independently
on the value of the derivative of the capacitance and consequently on any geometrical
parameters. In reality, the amplitude of the tip oscillation and therefore F, can not be
suppressed completely to zero but only to some minimal detectable value (Fnn), which
depends on the thermal excitation of the cantilever oscillations, and instrumental noise [34].
Therefore, the measured potential is given by the sum between the real Volta potential
difference and a geometrical contribution, related to the derivatives of the capacitance

(AY geom):

Vi =

c

—[A‘P - 7—%&/7} = |aw+av,,] (4.)
The geometrical contribution to the measured potential, which results in artefacts on the
Volta potential image, becomes significant when the topography of the sample is very rough
and the real surface potential is rather homogeneous, whereas for very flat samples, it can
be considered negligible.

In conclusion, the SKPFM Volta potential measurements should be carried out and
interpreted keeping in mind the various limitations previously discussed. Nevertheless,
SKPFM is considered a valid method for the investigation of the corrosion behaviour of
aluminium alloys, since the potential maps obtained with this technique are a reliable
indication of the nobility of the intermetallic particles relative to the Al matrix [20, 21]. This is
very important in determining the role of such intermetallics in the local electrochemical
behaviour of the alloy and as a consequence in better understanding its corrosion
susceptibility.
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4.3 Experimental procedure

4.3.1 Materials

All samples were cut from a single 4 mm thick commercial AA2024 (Al-4.4%Cu-
1.5%Mg-0.6%Mn-0.5%Si-<0.5%Fe) rolled sheet, which was received in the T3 temper, i.e.
solution heat treated, cold worked, and naturally aged. Each sample was then solution heat
treated at 495°C for 55 minutes in an air furnace. Subsequently a water quench, consisting
of immersion in water at room temperature, was carried out after different periods of time
spent in air, i.e. different values of quench delay time (t,4), namely 3 seconds (sample 1), 9
seconds (sample 2), 18 seconds (sample 3), 27 seconds (sample 4), 54 seconds (sample 5),
81 seconds (sample 6), and 243 seconds (sample 7). In addition, one sample (sample 8)
was directly cooled in air.

4.3.2 Microstructural investigation

The effect of the quench delay time on the size, shape, distribution, chemical
composition, and electrochemical nature of the coarse intermetallic particles present in
AA2024 was investigated using different microscopic techniques:

v Optical microscopy study was carried out within the MCM group at the Faculty of
Materials Science of TUDelft (Delft, NL) to obtain information concerning the distribution
of the intermetallics in the bulk of the samples, which were ground and then polished
with diamond paste up to % pm using ethanol as lubricant to avoid any surface
degradation. Additionally, a light microscopy investigation was also carried out on the
cross section of the samples after the corrosion tests to characterize the type of attack,
which had occurred.

v" SEM (Scanning Electron Microscopy, Jeol JSM-6400F) and EDS (Energy Dispersive
Spectroscopy) measurements were performed within the FCM group at the Faculty of
Materials Science of TUDelft (Delft, NL) to characterize the size, shape, distribution and
chemical composition of the intermetallics. All micrographs were obtained using a low
energy electron beam of 5 keV, whereas energy of 12 keV was used for the EDS
analyses. Prior to investigation the samples were polished up to ¥4 um and immersed for
few seconds in Keller's reagent to highlight the microstructural features. The EDS
technique was used in order to achieve information concerning the chemical composition
of the coarse intermetallics present in the aluminium alloy. However, it is important to
keep in mind that the EDS analyses can give only qualitative results due to the depth of
the electron beam penetration, which for aluminium and using electron energy of 12 keV
is in the order of magnitude of a few microns. This is comparable to the size of the
intermetallics and therefore a background signal from the surrounding aluminium matrix
is always abundantly present. Since this background signal can vary between different
measurements, the spectra were normalized with respect to the maximum count for
aluminium.

v AFM (Atomic Force Microscopy, Digital Instrument Nanoscope |l Multimode) was used

to investigate the electrochemical nature of the intermetallics, in particular their Volta
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43.

potential with respect to the aluminium matrix. The Volta potential maps were acquired
using the standard feedback loop provided by the Extender™ Electronics Module. All the
measurements were carried out in air at ambient temperature, pressure and humidity,
with a lift scan height of 100 nm and a phase difference between the reference signal
and the deflection signal of the cantilever set to -90°, which was found in this case to be
the optimum value to enhance the sensitivity of the potential measurement. The potential
was sampled with the same pixel density as the topography, i.e. 256 x 256 pixels per
image, and at a scan frequency of 0.5 Hz. The AC voltage applied to the tip had
amplitude of 5 V and was tuned to the first resonant frequency of the cantilever (60-100
Hz). For all measurements commercially available n*-silicon tips coated with Ptlrs were
used, characterized by a resistivity of 0.1-0.2 Q cm, height of 3£0.5 um and supported on
a cantilever 225+5 pm long, 28+5 um wide and 10-15 um thick. Prior to each experiment
the tip was checked by performing a potential measurement on a reference sample,
consisting of aluminium partially covered with a 2 nm thick gold layer. The samples were
ultrasonically cleaned in ethanol and air dried to limit any effect of adsorbed species to
the Volta potential value. The representation of the topographic and potential images is
such that brightness is proportional to height and to potential, respectively.

3 Electrochemical investigation

The electrochemical measurements were carried out in a de-aerated 3.5% NaCl
solution using a PAR 273A
potentiostat. The pH was adjusted to
a value of 4 by means of proper
mixture of HC! and NaOH without
buffering. During the experiments the
solution was stirred and purged with
Ng, in order to de-oxygenate it and to
keep it homogeneous. A saturated
calomel electrode (SCE) was used
as reference electrode, which was
immersed in a separated container

b 3
- 300 mV

if A cm™

1,E+00

o] c with the same solution and
1E-02 connected to the “Green cell”
1603 B through a salt bridge, filled with the
1041 solution. Hereafter, all the potential
ves ] values will be given versus the SCE
1E07 reference electrode, unless

A
1E08 differently stated. The area of the
e _; o o o 2,  working electrode was 2.25 cm? and
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Figure 4.5: Scheme of experiment 1 carried out in 3.5%

density as the ratio between the
measured current and the

NaCl pH=4 solution.
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geometrical sample area. Before each measurement the samples were mechanically

polished up to 1 um and cleaned with ethanol. This set-up was used to carry out two

different electrochemical experiments:

v" Experiment 1 (Figure 4.5) consisted of monitoring the open circuit potential (OCP) for 24
hours, preceded by the application of an anodic potential (-300 mV) for a suitable time, in
the order of tens of seconds, to maintain a constant value of charge (9 C) that was
flowing through the sample. The aim of this pretreatment was to arrive, as quickly as
possible, at a steady-state situation by deliberately inducing the breakdown of the natural
aluminium oxide film. The OCP monitoring was immediately followed by a
potentiodynamic measurement at a scanning rate of 0.2 mV/s. The polarization was
carried out from the OCP value (point A in the graph given in Figure 4.5), about — 800
mV for all the samples, to a cathodic potential of — 250 mV vs. OCP (point B in the graph
given in Figure 4.5) and back to an anodic potential of — 400 mV (point C in the graph
given in Figure 4.5). The final value of potential (- 400 mV) was chosen based on the
knowledge that pitting occurs at this potential and consequently the whole passive range
is covered during the measurement.

v Experiment 2 (Figure 4.6) consisted of a polarization measurement, performed in order
to study the repassivation behaviour of the different samples, through the evaluation of
the repassivation potential (E.,) and the repassivation range (AE.,). This
potentiodynamic measurement was preceded by a potentiostatic pretreatment, which
consisted of the application of a cathodic potential (-1050 mV) for two days.

The aim of this pretreatment was

to drive the surface potential of Potentiostatic pretr
-1050 mV, 2 days

the samples to a value of —1050

mV (point A in the graph given in

Figure 4.6). This value, given by

the sum OCP+ (-250 mV), was

chosen in order to start the
experiment in the cathodic area e
and therefore to cover the 101 c
passivation and repassivation 1,802 9
ranges with the measurement. T
After this pretreatment, the (05
polarization was carried out from 1E-08
a cathodic potential of —30 mV 1807 A
vs. this previous applied potential :EZZ Ay ' , 1
of =1050 mV (point B in the 1.2 A 08 06 04 0.2
graph given in Figure 4.6), to an E/(Vvs SCH)

anodic potential of - 400 mV Figure 4.6: Scheme of experiment 2 carried out in 3.5%
(point C in the graph given in  NaCl pH=4 solution.

Figure 4.6), and back to a

potential of —1050 mV (point D in the graph given in Figure 4.6).
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4.4 Results and discussion

In this section the effect of the quench delay time on the microstructure of AA2024 is
first discussed. Then in the second part of the section the microstructural changes are
related to the corrosion behaviour of the different samples. The discussion and the
conclusions, which are drawn from it, are illustrated by few examples of the surface analyses
and the electrochemical investigation results, which are representative of the several
measurements carried out for each sample.

4.4.1 Microstructural investigation

The optical micrograph in Figure 4.7, obtained with sample 6 (quench delay time=81

seconds), clearly shows the presence of a band structure of large intermetallics (IMCs). This
lined up distribution of intermetallic particles, in the direction indicated by the arrow in Figure
; 4.7, is not influenced by the variation
of the quench delay time, as it is
already formed during the dendritic
solidification process in the ingot and
developed further during the rolling
treatment.
According to the literature, during the
dendritic solidification the last liquid
that solidifies, which has a high
content of alloying elements, is
located between the arms of the
dendrites, due to the under-cooling
phenomenon [35]. This leads to a
high concentration of intermetallics
between the arms of the dendrites
and therefore to a band structure. The alignment of large intermetaliics is of course
enhanced by the cold rolling process and is not modified during the solution treatment at
495°C, since these intermetallic particles are too large to redissolve.

SEM and EDS investigation distinguished two main types of intermetallics in all the
samples (named IMC, and IMC; in the secondary electron image of Figure 4.8-a), which is in
accordance with the results reported by many authors and discussed in the section 2.3.1 of
chapter 2 [36-38]. The round-shaped Al-Cu-Mg containing intermetallics (IMC4), 1-5 um in
diameter, are probably S phases (Al;,CuMg). However, the EDS analyses cannot provide a
definitive confirmation due to the high penetration depth of the electron beam, which causes
a strong background signal from the surrounding matrix. Other types of precipitates
containing copper and magnesium, such as AlICuMg, AlsCusMg, and Al;CuMg,, could also
be present. Nevertheless, Mondolfo [39] has shown that the precipitation of these phases in
the 2024 aluminium alloy is quite improbable. The irregularly shaped AI-Cu-Mn-Fe-Si
containing intermetallics (intermetallic IMC, in Figure 4.8-a) have been found to be in

Figure 4.7: Optical micrograph of sample 6 (quench
delay time = 81 seconds).

general bigger than the Al-Cu-Mg particles (10 pm or more) and tend to be clustered. The
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EDS spectra, an example is given in Figure 4.8-c, do not enable a quantitative identification
of their chemical composition, but it has been noted that many intermetallics of this type are
rich in copper and very poor in silicon, contain similar amounts of manganese and iron, and
are depleted in magnesium. On the basis of these observations, the composition of these
intermetallics could be given as (Fe,Mn,Cu)xSi(Cu,Al)y, whose crystal structure was
identified by Gao et al. [40] to be rhombohedral. Many of them contain cracks (intermetallic
IMC; in Figure 4.8-a), probably resulting from the rolling process. This confirms that these
large intermetallics precipitate during solidification and that they are insoluble during the
solution heat treatment at 495°C. However, the formation of cracks can also be a resuit of
the sample preparation procedure, i.e. grinding and polishing.
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Figure 4.8: SEM micrograph (a) of sample 2 (quench delay time = 9 seconds) and EDS spectra of the
intermetallics IMC, (b) and IMC; (¢).

While the AI-Cu-Mn-Fe-Si large intermetallics are completely unaffected by the
solution heat treatment, a coarsening of the Al-Cu-Mg ones takes place during the 55
minutes of heating at 495°C (intermetallic IMC;-A in Figure 4.8-a). This effect of the solution
treatment can be explained by the well known energetically favourable process of
disappearance of the small particles in favour of the large ones [41]. This phenomenon is a
diffusion-controlled process and becomes kinetically possible when the time spent at relative
high temperature is long enough, as in the case of solution heat treatment. It was observed
that increasing the quench delay time, especially from 3 to 27 seconds, results in a slight
enhancement of the coarsening phenomenon. In addition to this, when the quench delay
time is sufficiently long another inhomogeneous phase forms in the 2024 aluminium alloy.
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Indeed, in samples 5 to 8 the SEM and EDS study shows the presence of “shell-like”
particles, which are irregular in shape and present differences in contrast between the bulk
and the surface, as can be clearly seen in the SEM micrograph of Figure 4.9-a relative to
sample 6, as an example (intermetallic named IMC3).
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Figure 4.9: SEM micrograph (a) of sample 6 (quench delay time = 81 seconds) and EDS spectra of
the core (b) and the shell (c) of intermetallic IMCs.

The EDS spectra (Figures 4.9-b and —c) prove that the core and the shell of these
intermetallic particles are characterized by a different chemical composition that most likely
causes a different reactivity towards the Keller's etching. The EDS analyses show that the
core of the shell-shaped intermetallics contains the same elements as the Al-Cu-Mn-Fe-Si
large intermetallics, whereas the sheli contains mainly Cu, Mg, and Al.

Going from sample 5 to 8, i.e. increasing the quench delay time, an increase in the
number of the shell-shaped particles has been noted in parallel with a decreasing amount of
the Al-Cu-Mn-Fe-Si intermetallics (IMC,). The two phenomena are related. It is believed that
the original IMC; intermetallics constitute the core of the shell-shaped particles, since they
are both irregular in shape and have the same chemical composition, and that magnesium
and copper, supplied by the dissolution of small Al-Cu-Mg particles during the solution
treatment, segregate and/or precipitate on the surface of these intermetallics leading to the
formation of the Cu-Mg-rich shell during the cooling from the solution temperature (495°C).
To understand the reason why Mg and Cu segregation occurs only at quench delay times
longer than 50 seconds and increases with increasing tqq, it is necessary to consider the
relation between this parameter and the cooling rate. Figure 4.10 shows the cooling curves
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from the solution treatment to room temperature (495°C and 25°C, respectively) in the two
extreme cases of water quench and air cooling. These temperature profiles are calculated
using the lumped parameter model, which considers a block of material initially at an uniform
temperature T, placed in an environment of temperature 7. where it is cooling with a
convection heat transfer h [42]. In addition, the simplified model assumes that the
temperature variation in the block is negligible in comparison with the temperature difference
between the block and the environment, which is reasonable in the case of high thermal
conductive materials as aluminium. This leads to the following temperature/time relation:

T(t)=T, +(I, - T, )exp|- (h4/ pC, V)i | (4.m)
where A, V, p, C, are the surface area, volume, density, and thermal capacity, respectively,
of the block.
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precipitation rate (Figure 4.12). Whereas, when the quench delay time is increased the
temperature of the sample during the air cooling falls in a range where the rate of diffusion is
still appreciable and the undercooling is high enough (52°C and 193°C for t,«= 54 and 243
seconds, respectively) to enable a quite fast segregation and precipitation, especially at high
energy defects that are preferential nucleation sites. The interface between the aluminium
matrix and incoherent intermetallics, such as the large Al-Cu-Mn-Fe-Si particles, is one of
the most favourable nucleation sites, since its energy is lower only than that of free surfaces.
This explains the fact that when segregation and/or precipitation of Cu and Mg can occur,
they occur on the surface of the Al-Cu-Mn-Fe-Si intermetallics leading to the formation of the
shell-shaped particles (Figure 4.12).
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0 the Al-Fe-Cu-Mn phases in

(6) B 7075 aluminium alloy act as

© heterogeneous nucleation sites

Solution treatment

Cooling in air High diffusion rate for the Al;Cu,Fe phase.

Obviously, the diffusion and

preferential  segregation or

l / precipitation of Cu and Mg on
Mg, Cu the IMC, intermetallics are

Mg, Cu
\*

2T enhanced by the further

Mg, le 7\ DCu increase of quench delay time

SHORT QUENCH LONG QUENCH and reach a maximum in the
DELAY TIME DELAY TIME air cooled sample (sample 8).

precipitation larger number of shell-shaped
intermetallics but also in a
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shell. In contrast, the amount
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not affected by the time spent
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This is most probably related to the faster diffusion in aluminium of Mg in comparison with
Cu [44]. Indeed, intermediate quench delay times (between 54 and 81 seconds) already
enable the complete segregation and/or precipitation of magnesium upon the Al-Cu-Mn-Fe-
Si intermetallics but only a partial segregation and/or precipitation of copper, whose extent
increases with the length of the quench delay time.

High undercooling
segregation
precipitation

o% It was observed that
increasing 4 from 54 seconds
to more than 800 seconds (air

Low undercooling i .
NO segregation cooling) results not only in a
L )
Cu.p, ,
/4

Figure 4.12: Scheme of the diffusion/segregation/precipitation
processes during air cooling.
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The electrochemical nature of both the Al-Cu-Mg and Al-Cu-Mn-Fe-Si intermetailics,
which are present in all the samples, and the shell-shaped particles, which are formed only
in the samples treated with a long quench delay time, has been investigated with the AFM in
the Kelvin probe mode (SKPFM). Figure 4.13 shows the topographic image (a) together with
the Volta potential map (b) obtained simultaneously on the surface of sample 1, as an
example. From the topographic image it can be noted that even after ultrasonic cleaning with
ethanol some contamination is still left on the surface. However, these particles are not
visible on the potential map and therefore their effect on the measured potential is negligible.
In addition, some areas, named IMC; and IMC;, can be observed to protrude slightly from
the surface. These areas are associated with large intermetallic particles, which are harder
than the Al matrix and therefore have a lower rate of polishing, and are clearly distinguished
also in the potential map as bright areas, i.e. regions with a more noble Volta potential.

0 @) 50.0 pw O (b) 50.0 pm

Figure 4.13: Topographic image with a height range of 0.3 um (a) and Volta potential map with a
potential range of 0.8 V (b) of sample 1 (quench delay time = 3 seconds)

Besides, some smaller intermetallic particles can be identified on the surface only by
the contrast in the potential image. This shows that the potential distribution measured with
the SKPFM enables a clear characterization of the location of the intermetallics on a
polished surface and of their electrochemical nature, i.e. anodic or cathodic, with respect to
the surrounding Al matrix. From the images of Figure 4.13 two remarks concerning the
limitations of the SKPFM technique discussed in section 4.2 can be made. One is the lower
contrast, i.e. lower nobility, shown by the smaller intermetallic particles. Although this could
be a real variation in the Volta potential value of different IMCs due to changes in their
chemical composition, it is more probable that this “size effect” is related to the averaging of
the Volta potential value associated with long-range tip/sample interactions (equation 4.k),
which is negligible only for regions much larger than the tip size and therefore becomes
important in the case of small intermetallics. The second remark concerns the influence of
the topographic features on the potential map. Indeed, it can be noted that the deep hole
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present on the polished surface (the area inside the circle on Figure 4.13-a) corresponds to
an anodic area in the Volta potential map (circle in Figure 4.13-b). It is likely that this anodic
region is an artefact introduced by the large change in height on the surface at its location
rather than a real potential gradient. Therefore, in order to correctly interpret the Volta
potential map obtained with the SKPFM technique it is always necessary to compare it with
the topographic image. Nevertheless, Figure 4.13 shows also that once these limitations are
kept in mind, the SKPFM is a very useful technique for the investigation of the local
electrochemistry at the surface of aluminium alloys.

The potential profile along the black line on the potential surface scan (Figure 4.14-a),
named “section analysis” (Figure 4.14-b), shows that both types of intermetallic typical of
AA2024, i.e. Al-Cu-Mg (named IMC,) and Al-Cu-Mn-Fe-Si (named IMC,), are about 200 mV
more noble with respect to the aluminium matrix, indicated with the letter M. The cathodic
nature shown by these intermetallic particles is in agreement with the results reported by
Schumtz and Frankel {20, 21].
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Figure 4.14: Volta potential map with a potential range of 0.8 V (a) and section analysis along the
black line in the potential map (b) of sample 1 (quench delay time = 3 seconds).

In fact, several intermetallics have been characterized in this way and it was found that
in all cases the Al-Cu-Mg and the Al-Cu-Mn-Fe-Si intermetallics show Volta potential values,
which vary from 150 mV up to 300 mV more noble in comparison with the Al matrix. It should
be noted that changes in the properties of the tip couldn't be the cause of this variation in the
measured galvanic coupling, since it is not an absolute potential value but a relative
difference between areas of the same sample. The range of galvanic coupling values can be
attributed to small variations in chemical composition, below the limit of resolution of the
EDS technique, among the intermetallics of the same group. However, it cannot be excluded
that other parameters, such as thickness and composition of the oxide film, or the “size
effect” described above, are partially responsible for this range in the Volta potential of the
intermetallics of the same type. On the other hand, the length of the quench delay time does
not have any effect on the Volta potential range for both types of intermetallic particles, in
accordance with the absence of an evident modification of their chemical composition during
the heat treatment.
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As discussed in section 2.3.1 of chapter 2, while the cathodic nature of the Al-Cu-Mn-
Fe-Si intermetallics is in good agreement with the corrosion potential value measured for a
bulk precipitate in chloride solution, the more noble Volta potential shown by the Al-Cu-Mg
intermetallics with respect to the surrounding matrix is rather surprising, since the corrosion
potential of a bulk Al-Cu-Mg sample in solution has been found to be 300-400 mV lower than
that of AA2024 [45]. It is believed that the cathodic Volta potential measured by the SKPFM
in air for these intermetallics results from the formation of a compact surface layer enriched
in copper, which is most probably a result of the polishing process (refer to section 2.3.1 of
chapter 2 for a detailed explanation).

The main effect of the quench delay time on the Volta potential of the AA2024 surface
is related to the formation of the shell-shaped particles. Indeed, the differences in chemical
composition between the core and the shell of these intermetallics may also be expected to
give rise to differences in the surface potential. This is confirmed by the SKPFM investigation
carried out on the samples with quench delay time longer than 50 seconds (samples 5 to 8).
Figure 4.15-a shows a Volta potential map of AA2024 treated with a quench delay time of 81
seconds, as an example, where very large intermetallic particles, up to 30 um (particle
IMC;*), can be observed. A gradient in Volta potential is present not only between the
intermetallics and the Al matrix, but even between different areas of the same intermetallic.
An enlargement of a topographic image (Figure 4.16) of these large intermetallics
characterized by a very inhomogeneous surface potential shows that they consist of the
shell-shaped particles observed with the scanning electron microscope.
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Figure 4.15: Volta potential map with a potential range of 0.8 V (a) and section analysis along the
black line in the potential map (b) of sample 6 (quench delay time = 81 seconds).

The inhomogeneity of the Voita potential of these intermetallics becomes clearer when
a section analysis is performed (Figure 4.15-b). The potential profile of the intermetallic
labelled IMC; in the potential map (Figure 4.15-a) shows the presence of two distinct
regions: a central area (C) being cathodic with respect to the Al matrix (M) and an external
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area (S) being anodic with respect to both the central area and the matrix. The more noble
central region represents the core of the shell-shaped intermetallic, whose Volta potential
difference with the matrix is found to range between 200 and 300 mV. The similarity of this
Volta potential with that measured for the AI-Cu-Mn-Fe-Si intermetallics is a further
confirmation that they form the core of the shell-shaped intermetallics. By extension of this
argument the anodic external region could be associated with the copper and magnesium-
rich shell of the shell-shaped IMCs.

This seems to be in contradiction with the
cathodic nature observed for the Al-Cu-Mg
intermetallics. However, it is necessary to
keep in mind the extremely complex
electrochemical behaviour of such phases,
which can change from cathodic to anodic
and back to cathodic depending on the
stability of the copper-rich surface film
(see section 2.3.1 of chapter 2).
Therefore, it can be expected that the Al-
Cu-Mg phase formed on the surface of the
Al-Cu-Mn-Fe-Si intermetallics during the Figure 4.16: 3D topographic image of a shell-
cooling from the solution temperature g,.neq intermetallic on the surface of sample 6
behaves differently than the AI-Cu-Mg (quench delay time = 81 seconds).

intermetallics formed during solidification.

On the other hand, the anodic region could also be a resutlt of the depletion in copper in solid
solution in the matrix in proximity of the shell-shaped intermetallics occurring during the
segregation and/or precipitation process on the Al-Cu-Mn-Fe-Si IMCs. In this case, the most
noble region named C; in the section analysis is likely to be the shell of the shell-shaped
intermetallics.

However, even if the results do not give a definitive answer on the cause of the anodic
external region observed around the cathodic intermetallics of the samples treated with a
long quench delay time, they do show that on the surface of these samples the shell-shaped
intermetallics lead to extremely severe and localized galvanic couples. Indeed, the difference
in Volta potential between the core and the external region of these intermetallics varies from
400 to 500 mV, which is higher than that observed between the Al matrix and either the Al-
Cu-Mn-Fe-Si or Al-Cu-Mg intermetallics (150-300 mV).

In conclusion, the SEM, EDS, and SKPFM investigation have shown that the main
effect of the increase of the quench delay time, i.e. decrease in cooling rate after solution
treatment, on the microstructure of AA2024 consists of the formation of shell-shaped
intermetallics characterized by an inhomogeneous chemical composition and Volta potential.
The role played by these intermetallics on the corrosion behaviour of AA2024 is discussed in
the next section.
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4.4.2 Electrochemical investigation
After anodic pretreatment, the evolution of the open circuit potential (OCP) during immersion
in NaCl solution is characterized by an initial decrease from approximately -0.75 V to -0.85
V followed by a slower increase up to a value of —0.8 V, which is reached after 4-5 hours and
which subsequently remains constant until the end of the monitoring (Figure 4.17). This
behaviour is independent on the length of the quench delay time. Since the measurement is
carried out in de-aerated electrolyte, it is expected that the OCP value will be mainly
determined by variation of the anodic current (l,).

This is valid only if the total real

anodic and cathodic areas do not o7 F

substantially change during the

measurement. Although this cannot
-0,85

be proven it is a reasonable
assumption and therefore, the initial
drop in OCP is most probably due to
the dissolution of the natural
aluminium oxide film, which results in 095 - ——— o J
an initial increase of 1,. During Time/h

exposure to the chloride solution the

oxide film partially reforms and leads Figure 4.17: OCP monitoring in 3.5% NaCl pH=4
electrolyte, after the anodic pretreatment, for sample 2
(quench delay time = 9 seconds).
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to a decrease of |, and consequent
increase in OCP. The dissolution of
the natural oxide film starts already during the first few seconds of application of the anodic
potential, which explains the initial relatively low value of OCP for AA2024 (-0.75 V) that in
general shows OCP around -0.6 V.

In addition, the quench delay time has no effect on the behaviour of the alloy during
the polarization measurement of experiment 1. Indeed, all the samples show an activation of
the OCP from about — 0.8 V to about
—0.95 V during the initial polarization
in the cathodic branch together with
a relatively large passivation range in
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Figure 4.18: Potentiodynamic measurements of geometric area of the sample and
experiment 1 for all the samples. not the real area of the surface
involved in the corrosion process,

which is unknown. The breakdown or pitting potential, i.e. the potential at which a sudden
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increase of the current density occurs, varies for the different samples in a quite narrow
range without a systematic dependency on the length of the quench delay time. However,
this is apparently in contradiction with the results of the optical microscopy investigation,
which was conducted on the sample surfaces at the end of the potentiodynamic
measurement of experiment 1. Indeed, the micrographs of the cross sections of exposed
surfaces show a change in the type of corrosion with increasing quench delay time. After
anodic pretreatment, 24 hours of OCP monitoring, and cathodic and anodic polarizations
(experiment 1), while samples 1 to 4 show mainly general corrosion with a few isolated small
pits (Figure 4.19-a and -b), samples 5 and 6 are characterized by pitting carrosion over the
entire exposed surface. This becomes more severe increasing the quench delay time from
54 to 81 seconds, i.e. going from sample 5 to 6 (Figure 4.19-c). Finally, samples 7 and 8
show the presence of some pitting but mainly exfoliation corrosion, which is typical for rolied
aluminium alloys that have undergone an unsuitable heat treatment (Figure 4.19-d).

(a) (b)

()

Figure 4.19: Optical micrographs of the cross section of the surface at the end of experiment 1: (a)
sample 2 (quench delay time = 9 seconds), (b) sample 4 {quench delay time = 27 seconds); (c)
sample 6 (quench delay time = 81 seconds); (d) sample 7 (quench delay time = 243 seconds).

In order to clarify this apparent contradiction between the similar electrochemical
measurement results and the different aspects of the corroded surfaces, another type of
potentiodynamic measurement (experiment 2) was carried out to investigate the capability of
the alloy to repair its natural oxide layer once attacked, i.e. to repassivate. An indication of
this capability may be obtained by the estimation of the repassivation range (AE.,), which
can be measured when a backward anodic scan is performed during the polarization curve
(polarization curve of Figure 4.6). The increase of the quench delay time results in a
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decrease of the value of the parameter AE., which indicates a worsening of the
repassivation behaviour of AA2024 (Figure 4.20). This is in agreement with the more severe
and localized type of attack occurring in the samples treated with a long quench delay time.
All types of intermetallics, either the shell-shaped present only in the samples 5 to 8 or the
Al-Cu-Mg and Al-Cu-Mn-Fe-Si present in all the samples, act as preferential nucleation sites
for pitting. It is well known that the presence of intermetallic particles on the surface of
aluminium alloys causes differences in the electrical resistivity, chemical composition,
thickness, and porosity of the aluminium oxide film, either natural [46) or anodically grown
[47).

140 Generally, the natural oxide film
wl 2 5, above the intermetallic particles has
100 56 a higher conductivity, a higher
E 80 7 . amount of flaws and therefore a
£ e higher permeability to aggressive
= © ions, such as chloride, than that
2 formed above the Al matrix.
0 Therefore, the aluminium oxide film
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) preferentially breaks down in
Quench delay time / s

proximity of the intermetallics and
Figure 4.20: Repassivation range (AE.,) as function of  pits nucleate at these locations.
the quench delay time (numbers are relative to the This occurs in all the samples under
samples). investigation regardless of the type
of intermetallics present (Figures
4.21-a, -b, -d, -e), however differences in intermetallic type may lead to different resuits. In
the samples treated with long quench delay time, when a pit nucleates in correspondence of
a shell-shaped particle, the driving force for corrosion to continue is very high due to the
presence of a severe galvanic coupling between the core and the shell or the periphery of
the intermetallic, 400-500 mV as shown by the SKPFM investigation. Therefore, the pit
grows rapidly leading to the drop out of the intermetallic itself and the alloy is not able to
repair its oxide layer (Figure 4.21-f). Then, during the growth of the pit other shell-shaped
particles may come into contact with the solution resulting in a further acceleration of the
pitting attack. This may explain the worsening of the repassivation behaviour and the
presence of deep pits in the samples that contain the shell-shaped particles. In contrast, in
samples 1 to 4 when a pit nucleates in the proximity of the Al-Cu-Mn-Fe-Si or of the Al-Cu-
Mg intermetallics the galvanic coupling is less severe, 150-300 mV, this means that a lower
driving force for the localized corrosion attack exists. As a consequence, the alloy is more
likely able to repair the oxide layer before the growth of the pit proceeds (Figure 4.21-c) and
as a result other locations on the surface become sites for the nucleation of pits, which are
unlike to grow. This results in a more general type of attack with few isolated pits.
The similarity in behaviour shown by all the samples during the polarization of
experiment 1 is not necessarily in contradiction with the different repassivation behaviour
and type of attack. In fact, the absence of differences in the polarization curves may be a
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result of the fact that a considerable extent of the corrosion attack has already taken place
during the potentiostatic anodic pretreatment and OCP monitoring. It is probable that if the
polarization measurement had been carried out immediately after immersion in the
aggressive solution the samples characterized by different microstructure would have shown
some differences. Although this is likely to be the case, it is important to note that the current
density reported in the polarization curves is obtained by dividing the measured current by
the geometrical area of the working electrode. This gives a correct value only in the case of
general corrosion, since when the attack is localized the area involved in the corrosion
process is much smaller and unknown.
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Figure 4.21: Schematic illustration of the pitting initiation in proximity of the intermetallic particles on
the surface of AA2024 that results in different corrosion attack depending on the galvanic coupling
generated by the intermetallic with the aluminium matrix.

Therefore, the comparison of the current densities of samples that undergo different
types of attack can lead to misleading results and wrong conclusions. In addition, it is
believed that the pitting or breakdown potential is inadequate for describing the pitting
susceptibility of aluminium alloys with complex microstructure, such as that of AA2024.
Indeed, the breakdown of the natural oxide layer occurs similarly in all the samples, since
they all contains intermetallic particles that are weak spots in the oxide film, but the corrosion
attack continues in different ways and gives rise to different results depending on the
electrochemical nature of the intermetallics, as discussed previously. Therefore, it seems
that the extent of the galvanic coupling between IMCs and matrix is a determining factor in
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the propagation of the localized attack but not in its initiation, which is primarily influenced by
the oxide film properties. Based on these considerations, the adequacy of using
macroscopic electrochemical techniques, involving areas in the order of a few square
centimetres, to study local corrosion events at the intermetallics, involving areas in the order
of a few micrometers, can be doubted. Recently, the development of capillary-based droplet
cell [48] has enabled electrochemical measurements, as OCP monitoring and polarization
curves, to be carried out at the micrometer range. The micro-electrochemical cell has been
shown to be particularly useful in studying the mechanism of localized corrosion at single
intermetallic particles on the Al surface [49)]. It is believed that this technique would provide
in the context of the current investigation, an additional insight into the role played by the
extent of the galvanic coupling between the matrix and the different intermetallics on the
pitting corrosion susceptibility of AA2024.

In summary, it can be stated that the formation of the shell-shaped intermetallics
during cooling from the solution temperature at long quench delay times is responsible for
the change of the corrosion attack from general to pitting, due to a more severe and
localized galvanic coupling. However, the appearance of exfoliation corrosion in the sample
treated with the longest quench delay time (sample 7) or cooled in air (sample 8) can not be
associated with the shell-shaped particles, since a modification of their distribution, in
particular a more pronounced clustering in bands parallel to the external surface, is not
observed in these samples in comparison with samples 5 and 6, in which only severe pitting
corrosion takes place. The exfoliation corrosion caused by a very low cooling rate, i.e. long
quench delay time, is likely to arise as a consequence of very severe intergranular corrosion,
which occurs mainly parallel to the external surface due to the elongated grain structure in
rolled aluminium sheets and leads to the formation of large amount of corrosion products
that in turn causes the separation of layers of material (Figure 4.19-d).

It is generally recognized that intergranular corrosion in AA2024 occurs as a
consequence of the formation of a copper depleted zone adjacent to the grain boundaries
due to the precipitation of small 6 (Al,Cu) and S phases (Al,CuMg) along the grain
boundaries [50]. This Cu-depleted zone anodically dissolves during exposure to aggressive
environments resulting in an intergranular attack. As explained in the previous section, when
the quench delay time is relatively long segregation and precipitation processes are favoured
because the temperature is still high enough to enable appreciable diffusion of the alloying
elements, and simultaneously the undercooling is sufficient to create the driving force for the
nucleation of new phases. The precipitation and /or segregation take place preferentially on
high energy defects, as in order of increasing energy and nucleation rate, vacancies,
dislocations, stacking faults, grain boundaries, interphase boundaries, and free surfaces
[35]. Therefore, it may be expected that for intermediate quench delay times copper and
magnesium precipitate and/or segregate mainly on the surface of the incoherent Al-Cu-Mn-
Fe-Si intermetallics, resulting in the formation of the shell-shaped particles, and partially on
the grain boundaries as 6 or S-phases. When the quench delay time is further increased
additional heterogeneous precipitation occurs at the grain boundaries and the extent of the




Chapter 4

copper depleted zone along the grain boundaries increases and gives rise to severe
intergranular attack and consequent exfoliation.

Although experimental evidence of the increased grain boundary precipitation with the
decrease of the cooling rate is not provided in this work, this suggestion is reasonable and
supported by other works that showed both the necessity to use rapid quenches after
solution treatment to prevent the formation of grain boundary precipitates and copper
depleted zones in AA2024 [51] and that changes in grain boundary precipitates and
precipitate free zones occurs as function of the quench rate for AA7075 [52]. in conclusion,
while for samples 5 and 6 the corrosion behaviour is dominated by the formation of shell-
shaped intermetallics, which cause severe pitting, for samples 7 and 8 the type of attack is
likely determined by the formation of a copper depleted zone along the grain boundaries,
which results in severe intergranular corrosion.

4.5 Conclusions

It was found that important changes take place in the microstructure of AA2024 when
the time spent in air before water quench, i.e. quench delay time, exceeds a threshold value,
in the order of a few tens of seconds, as can occur incidentally in industrial practice.
Specifically, shell-shaped intermetallics, which are characterized by inhomogeneous
chemical composition and Volta potential, form as a result of copper and magnesium
segregation and/or precipitation on the surface of the original Al-Cu-Mn-Fe-Si IMCs. The
main characteristic of this new intermetallic is a high difference in surface potential existing
between its core, which is cathodic with respect to the aluminium matrix, and its periphery,
which is in turn anodic in comparison with both the core of the particle and the Al matrix. This
galvanic coupling associated with the shell-shaped intermetallics results to be more severe
and localized than that caused by the Al-Cu-Mg and Al-Cu-Mn-Fe-Si intermetallic particles
typical of AA2024, 400-500 mV and 150-300 mV, respectively. This plays a dominant role in
the propagation of the local corrosion attack in the proximity of the intermetallics rather than
in its nucleation, which is believed to be mainly affected by the properties of the natural
aluminium oxide film. Indeed, samples treated with long quench delay times, which contain
shell-shaped intermetallics, undergo severe and deep pitting attack, whereas samples
treated with short quench delay times, which contain only Al-Cu-Mg and Al-Cu-Mn-Fe-Si
intermetallics, show a general attack with a few small isolated pits. A further increase in
quench delay time, to values in the order of 5-10 minutes, leads to a further evolution of the
corrosion attack from pitting to exfoliation. This change is not associated with modifications
in the distribution of the shell-shaped intermetallic particles, and is thought to be a result of
extensive grain boundary precipitation with consequent formation of a copper depleted zone
along the grain boundaries.

The results of this investigation have shown once more the importance of a careful
control of the heat treatment procedure, in particular the cooling rate after the solution
treatment, in order to avoid sudden and unexpected failure of aluminium products due to a
severe localized attack. In addition, doubts arose concerning the use of macroscopic
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electrochemical measurements to investigate localized type of corrosion associated with
intermetallic particles, the area of which is of micrometer scale.

Finally, it has been shown that the AFM operating in the Kelvin probe mode (SKPFM)
is a very useful and powerful technique in the study of the local electrochemical properties of
aluminium surfaces. Indeed, the Volta potential map obtained with this technique in air
provides information regarding the anodic or cathodic nature of intermetallic particles, some
micrometers in size, which in turn plays a fundamental role in determining the local
electrochemical behaviour of the Al alloy. It has been shown that the lateral resolution of
SKPFM, which is of the order of tens of nanometers, enables the accurate measurement of
the Volta potential not only of the intermetallic particles but also of different areas within the
same particle. In this chapter such information has been used to correlate different types of
corrosion attack with different extents of galvanic coupling between the intermetallics and the
aluminium matrix. In the following chapters the same technique will be used to better
understand the nucleation and growth mechanisms of conversion coatings on aluminium
surfaces.
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Chapter 5

Microstructure and chromate
conversion coating-Alclad 2024
l. Characterization

5.1 Introduction

As discussed in chapter 3, since its introduction the chromate conversion coating
(CCC) had provoked a strong scientific interest and had been extensively investigated. More
recently, a renewed interest on the mechanisms of formation and corrosion protection of the
chromate films has resulted from the necessity to find a replacement for these conversion
processes, due to the health and environmental risk posed by the use of chromate solutions
[1]. Indeed, a better understanding of the chromate corrosion inhibition is a prerequisite for
the development and improvement of alternative chromium-free systems, as highlighted by a
recent view of the aircraft coating technology [2]. In particular, in the last few years the
investigation of the CCC on aluminium alloys has been focused on the influence of the
substrate microstructure on the formation and final properties of the film. Controversial
theories have been proposed concerning the role played by the intermetallic particles on the
nucleation and growth of the chromate layer and their effect on the corrosion protection
provided by the conversion film has not been considered in detail.

In this PhD project the effect of the substrate microstructure on the properties of the
CCC has been studied following two different approaches. The first consisted of using
different aluminium alloys, specifically Alclad 2024 and bare 2024. The former is discussed
.in this and the next chapter, whereas the latter in chapter 7. The other approach consisted of
deliberately modifying the microstructure of the alloy by using different surface preparation
procedures. In particular, the length of an acid pickling treatment and the immersion in a
desmutting bath were considered. This approach was chosen also because of the lack in
literature concerning the influence of the surface preparation routes before the immersion in
the chromate bath on the formation and final properties of the CCC on aluminium alloys.
Indeed, as far as we know, until now most of the published papers dealt with the formation
and growth of the chromate film on samples without any pretreatment. However, it is
believed that taking into account the effect of the surface preparation procedure is
fundamental for a better understanding of the chromate coating system on aluminium
surfaces of practical importance, which are usually pickled and/or desmutted before the
immersion in the chromate bath.
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In addition to the surface preparation procedure also the parameters of the chromate
bath, i.e. temperature, pH, fluoride concentration, etc., play obviously a role in determining
the thickness, morphology, composition and as a consequence the corrosion resistance of
the converted aluminium surface. Goeminne [3] studied in detail the effect of the free fluoride
activity in the chromate bath and showed that a layer grows only within a narrow range of
[NaF]/[HF] ratio in the chromate based solution. The present work investigates the variations
in the structure and chemical composition of the CCC formed on Alclad 2024 resuiting from
the change of the pH of the chromate bath. This additional variable was considered in order
to further study the relation between the morphological properties of the chromate film and
the corrosion protection provided to the aluminium substrate, which was suggested during
the investigation of the effect of the alloy microstructure on the morphology and the corrosion
resistance of the chromate layer.

This and the next chapter focus on the formation and the corrosion protection
mechanisms, respectively, of the chromate film deposited on Alclad 2024 aluminium alloy.
The choice of this alloy is based on the fact that it is often used in the aircraft industry due to
its high strength and good corrosion resistance, which however in most cases needs to be
improved by a chromate conversion coating process. Indeed, as discussed in chapters 2 and
4 based on the literature and our own results, respectively, the process of alloying for
improving the strength properties of aluminium heavily compromises the corrosion properties
of the metal, due to the formation of intermetallic particles that generate galvanic couples
with the Al matrix. In order to obtain the best combination of strength and corrosion
performance Alclad aluminium alloys are often used. These alloys are a duplex system, in
which a thin surface layer (5-10% of the total thickness) of aluminium is metallurgically
bonded to the main core alloy on either one or both sides {4]. The cladding layer is selected
to be at least 100 mV anodic to the core providing in this way a built-in cathodic protection. A
typical Alclad system consists of an alloy of the 1xxx family as surface layer coupled with an
alloy of the 2xxx series as core. Amongst them Alclad 2024 aluminium alloy is the most
used, especially for aircraft applications.

In order to correlate both the microstructure and the process parameters with the
morphology and the chemical composition of the chromate film various surface analysis
techniques have been used and are presented in the following section. In section 5.3, the
description and discussion of the results is divided into four main parts. The first deals with
the changes of the alloy microstructure caused by the surface preparation procedure, while
the second correlates these changes with the nucleation and growth mechanisms of the
CCC on the Al surface. The third and fourth parts focus on the changes in the chromate film
morphology and composition caused by the modifications in the substrate microstructure
and by the variations of the solution pH, respectively.

5.2 Experimental procedure

This section describes the materials, surface treatments, and surface analysis
techniques used in this part of the work.
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5.21 Materials and treatments

An Alclad 2024-T3 aluminium alloy in rolled sheet form, 1.2 mm thick, was used as
substrate material. The clad layer present on both sides, 60-80 um thick, consisted of 1230
aluminium alloy, the composition of which in weight percent is as follows: Al 99.3%, Si+Fe
0.7%, Cu 0.1%, Mn 0.05%, Mg 0.05%. The substrate is referred hereafter to as Alclad 2024
alloy. The different processes investigated in the present study are summarized in Figure
5.1. The standard chromate treatment was carried out by means of dipping in a commercial
Alodine 1200 solution at pH=1.8 and 25°C for 180 seconds. The Alodine bath consisted of
3.2 g/l of a mixture reported to be [5] 50-60% CrO3, 20-30% KBF4, 10-15% KsFe(CN)g, 5-10
Kz2ZrFg, 5-10% NaF by weight, which corresponds approximately to 0.023M in Cr. In addition
to the standard chromate process, other treatments were used, in which some parameters
were varied from their standard value. In particular, in order to investigate the nucleation and
growth of the conversion film shorter times of the conversion treatment were used: 3, 15, 27,
and 81 seconds. Whereas to study the effect of the acidity of the bath on the CCC
morphology, the pH was adjusted to either lower, i.e. 1.2 and 1.4, or higher, i.e. 2.2 and 2.4,
values than the standard one by addition of NaOH. All the chromate processes were ended
with a final drying step in an oven at 50°C for 1 hour. The value of the open circuit potential
(OCP) was monitored and recorded during the immersion in the chromate bath. The
reproducibility of the evolution of this parameter with the immersion time was checked by
repeating each chromate treatment on three different panels.

Prior to immersion in the chromate bath the Alclad 2024 alloy surface was activated
following different routes:
¥" NP: ultrasonic cleaning in acetone for 10 minutes, acid pickling for 5 minutes at 60°C in a

phosphoric-sulfuric acid solution: 10 g/dm® H,SO, (95-98%) + 20 g/dm® HsPO, (85%)
+0.5 g/dm® Tensagex. Samples obtained from panels that underwent this procedure are
named NP, and after the standard chromate treatment (pH=1.8, 180 seconds) NPCr1.8
(Figure 5.1). The NP samples were chromated also for shorter times than the standard
one, in this case the duration of the immersion in the chromate bath will be stated in the
text.

v NPD: same procedure of NP but an additional step was carried out after the immersion
in the sulfuric-phosphoric acid bath. It consisted of immersion for 30 seconds at 25°C in
a nitric hydrofluoric acid solution (1:1 HNO3(65%)/water + 10 m/l HF), which is normally
used after an alkaline cleaning process to remove the smut left on the surface [6].
Therefore, this treatment is hereafter referred to as desmutting although in the present
study its function was not the removal of oxide deposits, i.e. smut, from the Alclad 2024
surface. This nomenclature was chosen also in view of the fact that in the case of bare
2024 the acid pickling step did lead to the formation on the surface of a smut, in contrast
with the usual belief that only alkaline solutions cause this phenomenon. More details will
be given in chapter 7 that focuses on the formation of the CCC on bare 2024. Samples
obtained from panels that underwent this procedure are named NPD, and after the
standard chromate treatment (pH=1.8, 180 seconds) NPDCr1.8. The NPD samples were
also chromated using different pH of the bath and are named: NPDCr1.2, NPDCr1 4,
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NPDCr2.2, NPDCr2.4, where the number indicates the pH used. In addition, similar to
the NP samples the NPD ones were dipped in the chromate bath for shorter times than
the standard one, in this case the duration of the immersion in the chromate bath will be

stated in the text (Figure 5.1).

ison + H,PO,
5 minutes

H

SPCr1.8, SPDCr1.8

NPDCr18, -
NPDCr1.2, NPDCr1.4
NPDCr2.2, NPDCr2.4

Figure 5.1: Schematic illustration of the different surface preparation and chromate treatment
processes investigated in the case of Alclad 2024 alloy.

v SP: same procedure of NP but the acid pickling lasted 20 minutes. Samples obtained
from panels that underwent this procedure are named SP, and after the standard
chromate treatment (pH=1.8, 180 seconds) SPCr1.8. After this surface preparation
procedure only the standard chromate process was carried out (Figure 5.1).
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v SPD: same procedure of NPD but the acid pickling lasted 20 minutes. Samples obtained
from panels that underwent this procedure are named SPD, and after the standard
chromate treatment (pH=1.8, 180 seconds) SPDCr1.8. After this surface preparation
procedure only the standard chromate process was carried out (Figure 5.1).

Between each step of the surface preparation procedure the panels were rinsed in deionised

water for 5 minutes.

5.2.2 Surface analysis investigation

Various techniques were used to characterize both the morphology and the
microstructure of the substrate prior to immersion in the chromate bath and the morphology,
thickness, chemical composition of the chromate films:

v TEM (Transmission Electron Microscope, JEM 2000 FX Il) measurements were carried
out at Alcan Laboratory (Banbury, UK) to investigate the ultramicrotomed cross sections
of the chromated samples, which were prepared using a Reichert-Jung ultramicrotome.
The chromated samples with a surface area of 1 x 3 mm were embedded in an epoxy
resin and trimmed with a glass knife. Afterwards, suitable thin sections were obtained by
cutting with a diamond knife in a direction approximately parallel to the chromate
film/aluminium interface and were collected on copper grids. The micrographs were
obtained using a value of 200 keV as energy of the electron beam.

v' SEM (Jeol JSM-6400F) an EDS investigations were performed within the FCM group at
the Faculty of Materials Science of TUDelft (Delft, NL) to characterize the morphology of
the Alclad 2024 surface in the as-received condition and after each step of the surface
preparation and chromate processes. The samples were polished up to 1 um only to
investigate the microstructure of the Alclad layer in the as-received condition. On the
other hand, while the top surface of the samples after either the acid pickling treatment
or the desmutting step was examined without further preparation, the chromated
samples were observed after the deposition of either a carbon or a gold fayer, 2 nm
thick, necessary to reduce charging effects due to the presence of the poorly conductive
chromate layer. Besides, a SEM study was carried out also on the remaining stubs left
from the preparation of the ultramicrotomed cross sections in order to characterize the
thickness of the chromate film.

v AFM (Digital Instrument Nanoscope Il Multimode) was used in the Kelvin probe mode
(SKPFM technigue) to investigate simultaneously the topography and the Volta potential
of the Alclad surface in the as-received condition and after each step of the surface
preparation and chromate processes. The mode of operation and the settings of the
AFM are described in detail in section 4.3.2 of chapter 4. Two off-line commands were
applied to the topographic scans. Roughness command calculates several roughness
parameters, such as the average of all the height (z) values within the enclosed area, the
standard deviation of the z values (RMS), the mean value of the surface relative to the
centre plane (R,). However, the standard roughness measurements give little indication
of the height distribution over the surface, whereas, this is provided by the Bearing
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analysis that determines what percentage of the surface lies above or below a given
height [7].

v SE (Spectroscopic Ellipsometry) measurements were carried out at the Department of
Metallurgy, Electrochemistry, and Materials Science of the Vrije Universiteit in Brussel
(Belgium). SE in the visible and infrared ranges was used to investigate the thickness
and the chemical composition, respectively, of the chromate film formed on samples NP
and NPD. The spectroscopic ellipsometry measurements in the UV-vis-NIR range were
carried out on a J.A. Woollam Co. VASE® (variable angle spectroscopic ellipsometry)
instrument, which has a spectral range between 250 nm and 1700 nm. The angle of
incidence was varied from 65° to 85° by steps of 5°. The ellipsometric ¥ and A spectra
for all the samples were fitted by means of an optical model using the WVASE software
from the J.A. Woollam Co. The IR-SE measurements were performed on a J.A. Woollam
Co. IR-VASE® (infra-red variable angle spectroscopic ellipsometry) instrument, using

three different angles of incidence: 75°, 80°, and 85°. The set up used contained a
compensator transparent over the spectral range between 1.5 pm and 43 um. In order to
keep the measurement spot at the same location on the sample during all the
measurements at different angles of incidence a standard two-step alignment procedure,
proper of both instruments, was used. The wavelength range was scanned by steps of 5
nm for the UV-vis-NIR measurements and 15 nm in the case of IR-SE.

v GDOES (Glow Discharge Optical Emission Spectroscopy, Jobin Yvon 5000 RF} at Corus
RD&T (lJmuiden, NL) was used to obtain the depth profiles of the CCC formed on
samples NP and NPD, in order to calculate the film thickness and to support the data
obtained by the fitting of the SE spectra. The samples were placed in a holder, which
formed the cathode during operation, and argon was admitted at a pressure of 3.5 mbar.
Afterwards, a glow discharge was established applying a power of 30 Watt. The positive
argon ions produced in the discharge sputtered the samples surface on a circular area, 5
mm in diameter, at a rate of about 2 um/min. Light emissions of characteristic
wavelengths, which are associated with the sputtered species excited by collisions in the
discharge region, were monitored with a sampling interval of 0.1 seconds to obtain the
depth profiles.

v RBS (Rutherford Backscattering Spectrometry) measurements were performed at the
Debye Institute of Utrecht University (Utrecht, NL) to-measure the thickness of the CCC
as function of the immersion time in the Alodine 1200 solution. The experiments were
carried out using a 2 MeV He?* ion beam from a 3 MeV Van de Graaf accelerator. The
incident beam formed an angle 6,=0° with the sample normal and the backscattered ions
were collected at an angle &=10° to the sample normal. The beam spot size was 1.5x1.5
mm. A sample of SiO, covered with a mono-atomic layer of gold was used for the
calibration.

v AES (Auger Electron _Spectroscopy., PHI-650 scanning _Auger _microprobe)
measurements were carried out at the Department of Metallurgy, Electrochemistry, and
Materials Science of the Vrije Universiteit in Brussel (Belgium) to obtain the depth
profiles of the chromate layers formed on samples NP and NPD with the purpose to

88




Microstructure and chromate conversion coating-Alclad 2024
I-Characterization

investigate the presence of aluminium oxide at the interface between the CCC and the
aluminium substrate. The Auger depth profiles were carried out using a primary electron
energy and current of 5 keV and 100 nA, respectively. A CMA detector was used with a
relative energy resolution of 0.6%. An area of 3x3 mm was sputtered with Ar* particles at
a gun voltage of 4 keV and gun current of 15 mA. The AES depth profiles were recorded
in alternating mode with an estimated sputter velocity of 10 nm/min.

5.3 Results and discussion

This section is divided into four main parts. The effect of the surface preparation
treatment, in particular the length of the acid pickling step and the immersion in the
desmutting bath, on the morphology and microstructure of the surface of Alclad 2024 alloy is
discussed first. The second part focuses on the influence of the intermetallics on the
nucleation and growth of the chromate film. The third and fourth parts present and explain
the effects of the microstructural changes caused by the pickling and desmutting processes
and of the pH of the chromate bath on the composition, thickness, and morphology of the
film. In the various sections for each sample only 1 or 2 examples of SEM micrographs, EDS
spectra, and AFM topographic and potential maps are given to illustrate the conclusions,
which are however based on several measurements.

5.3.1 Surface morphology and microstructure
e As-received

Figure 5.2 shows the SEM micrograph (a) and EDS analyses (b and c) of the polished
surface of Alclad 2024 in the as-received condition.
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Figure 5.2: SEM micrograph of Alclad 2024 alloy after mechanical polishing up to 1um (a) and EDS
spectra of the intermetallic IMC, (b) and IMC,, {c). 89
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In the secondary electron image several brighter spots can be observed, which are
intermetallics (IMCs). Most of them are very small in size, less than 1 um, whereas only few
(named IMC, and IMC,) reach the dimension of 3-4 um. These large intermetallics contains
always iron and in some cases silicon, as shown by the EDS analyses (Figure 5.2-b and -c),
which as already stressed in the previous chapter give only qualitative information due to the
strong background signal from the aluminium matrix. In the case of the intermetallics smaller
than 1 um this background signal is strong enough to hide any other signal and it render
impossible the identification of these IMCs. Anyway, based on the composition of the clad
layer it is very likely that they are also Fe or Fe, Si-rich intermetallics.

These types of intermetallic particles are formed during solidification and not by
peritectic reaction and are present in virtually all commercial aluminium alloys, including the
commercially pure aluminium, like AA1230 used as clad material for AA2024 [8]. The
equilibrium phase diagram of the binary system Al-Fe shows the presence of an eutectic in
aluminium rich alloys at 655°C with a probable composition within the range 1.7 to 2.2% iron
[9]. Therefore, the AA1230 has a hypoeutectic composition since its content of iron and
silicon is 0.7%. In this case, the equilibrium phase of the Al-Fe system is Al;Fe, however
other metastable phases (AlsFe, AlFe, AlgFe,, Al Fe) can precipitate during solidification,
depending upon the melt composition and especially the local cooling rate [8, 10]. It was
found [10] that the equilibrium phase forms when the cooling rate is lower than 1 Kis,
whereas at a cooling rate of 1-4 K/s and 4-10 K/s, the majority of precipitates are the highly
disordered phase AlFe and the nearly stable structure AlgFe, respectively. Finally, at a
cooling rate higher than 10 K/s the formation of AlgFe, and Al,Fe is more probable.
Moreover, the presence of silicon in commercially pure aluminium, as AA 1230, causes the
precipitation of silicon-rich intermetallics (a-Al-Fe-Si, B-Al-Fe-Si, Al;FeSi, Al,FeSiy) especially
at high solidification rate [8].

(@) (b) (c)
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Figure 5.3: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and section analysis along the black line in the potential map (c) of Alclad 2024
alloy after mechanical polishing up to 1um.

The same surface area of the SEM micrograph of Figure 5.2-a has been investigated
also using the SKPFM technique. The topographic image, Volta potential map and section
analysis, i.e. potential profile along the black line in the potential map, are given in Figure
5.3. The two holes observed in the SEM micrograph (marked with a circle), which are likely
the original locations of intermetallic particles removed during the polishing process, can be
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clearly recognized also in the topographic image obtained with the AFM operating in the
tapping mode (Figure 5.3-a). On the other hand, while the intermetallic particles shown by
the SEM/EDS study are not visible in this topographic scan, they can be easily identified in
the Volta potential map as bright areas (Figure 5.3-b). That means the Fe and Fe, Si-rich
intermetallics have a more noble Volta potential in comparison with the Al matrix, i.e. they
act as local cathodic sites. This is expected since both iron and silicon are more noble
elements with respect to aluminium. The potential of the Fe and Fe-Si containing
intermetallics is found by means of the section analyses, an example of which is reported in
Figure 5.3-c, to vary between 80 and 180 mV with respect to the Al matrix (named M in all
section analyses). The existence of a range of potentials can be due either to small variation
in chemical composition of the intermetallics, which cannot be observed by EDS analysis, or
to a “size effect” that results in a decrease of the measured potential when the size of the
intermetallics is very small (see sections 4.2 and 4.4.1 for more details). Anyway, it should
be noted that even the intermetallics lower than 1 um in size observed in the SEM
micrograph and indicated by arrows show up in the potential scan. Although, the measured
potential of these intermetallics could be lower than the real one, the important result of the
SKPFM investigation is the existence of numerous galvanic couples on the Alclad 2024
surface associated with intermetallic particles that serve as cathode while the Al matrix
behaves as anode. This determines the behaviour of the aluminium surface during the
immersion in the acid pickling and desmutting solutions.
e Acid pickling
The SEM investigation carried out on the Alclad 2024 alloy surface after immersion for
5 minutes in the phosphoric-sulfuric acid bath (sample NP) shows the presence of a large
. ' amount of small pits (Figure
5.4-a) together with the
occurrence of local attack in
proximity of the intermetallic
particles (Figure 5.4-b). The
fact that the formation of a
large number of pits being very
limited in size is a
consequence of the pickling
Figure 5.4 SEM micrographs of Alclad 2024 alloy after 5 treatment is confirmed by the

minutes of immersion in the H3PO,-H,SO, solution (sample  comparison of the AFM
NP).

topographic images of Figures
5.3-a and 5.5-a, relative to the
as-received and pickled conditions, respectively. On the other hand, the markings of the
rolling process are still visible in both the SEM micrograph and the topographic map of
sample NP. This suggests that the Alclad surface is not strongly etched by the 5 minutes
contact with the H;P0O4,-H,SO, solution. When the aluminium is exposed to an acid
environment a chemical attack of its natural oxide layer takes place, followed by an
electrochemical attack of the aluminium [11, 12]. The strength of both attacks depends on
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the level of acidity, i.e. the pH, and on the nature of the anion of the acid, in particular its
tendency to form soluble compounds with Al. In the bath used for the pickling process the
corrosive attack is essentially due only to the low pH, below 4 that is the low limit of stability
for the aluminium oxide, since the sulfuric and phosphoric anions do not give rise to
compounds with aluminium that are soluble in aqueous solution.
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Figure 5.5: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and section analysis along the black line in the potential map (¢) of sample NP.

Therefore, the immersion for only few minutes in the pickling bath resuits in a
moderate etching of the Alclad 2024 alloy that leads to the appearance of small pits
uniformly distributed on the whole surface. These pits are likely located at areas where the
natural aluminium oxide film is thinner and/or contains more flaws and therefore undergoes a
faster chemical dissolution. This thins the oxide film allowing electron tunnelling and
electrochemical dissolution of Al to occur and leading to a dynamic equilibrium between
dissolution and formation of alumina. As discussed in chapter 2, one of the weak spots of the
aluminium oxide is the location of the intermetallic particles, where once the Al oxide is
dissolved the attack of aluminium is enhanced and accelerated by the galvanic coupling
existing between the intermetallics, which act as cathode, and the aluminium matrix, which
acts as anode and dissolves leading to the local attack in proximity of the IMCs observed by
SEM. The SKPFM study of sample NP shows that after the immersion for 5 minutes in the
pickling bath the intermetallic particles continue to be more noble than the aluminium matrix
(bright spots in the potential map of Figure 5.5-b). In addition, the range of the Valta potential
of the Fe and Fe, Si-rich
intermetallics is not affected by
the contact with the pickling
solution, which suggests that
their chemical composition is
not changed by the surface
treatment.

When the time of
immersion in the

phosphoric/sulfuric acid bath is
Figure 5.6: SEM micrographs of Alclad 2024 alloy after 20 increased to 20 minutes
minutes of immersion in the H;PO,-H,SO, solution (sample

SP).
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(sample SP) a stronger etching of the surface of Alclad 2024 occurs, which is characterized
by the presence of some scalloping, i.e. shallow hemispherical pits, as can be observed in
the SEM micrograph of Figure 5.6-a. The longer exposure to the pickling bath affects not
only the morphology of the Alclad surface but also its microstructure. Indeed, the SEM
investigation of the surface of sample SP shows that the intermetallics become fewer in
number and that the local dissolution of the Al matrix in their proximity is enhanced (Figure
5.6-b). These two phenomena are correlated, since the stronger attack of the matrix at the
periphery of the IMCs can lead to the loss of the intermetallics themselves. The more severe
etching undergone by sample SP and the partial removal of the intermetallic particles from
its surface are confirmed by the results of the AFM investigation.
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Figure 5.7: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and section analysis along the black line in the potential map (c) of sample SP.

Indeed, the topographic image of Figure 5.7-a of the Alclad 2024 surface after
immersion in the H3PO4-H,SO, bath for 20 minutes shows the presence of pits together with
larger and deeper trenches aligned along the rolling direction. In the top right corner of this
image a large hole can be observed, which is likely the location of an intermetallic removed
during the long immersion in the pickling bath. In general, the Volta potential of the surface
of sample SP is characterized by less cathodic areas, related to intermetallic particles, in
comparison with sample NP that is in agreement with the partial removal of IMCs observed
with the SEM investigation. Figure 5.7 shows an example of Volta potential map for sample
SP (b) together with the section analysis (c) through two intermetallics (named IMCs and
IMCs), which shows a galvanic coupling between the IMCs and the Al matrix of about 140
mV. Several intermetallic particles were analysed and similarly to the as-received condition
and sample NP their Volta potential is found to range from 80 up to 180 mV. Therefore, even
a longer acid pickling treatment seems to not influence the extent of the galvanic coupling
between the Al matrix and the IMCs, which continue to serve as cathodic sites on the Alclad
2024 alloy surface.

o Desmutting

Further changes in the morphology and microstructure of the aluminium surface occur
during the immersion in the desmutting bath (samples NPD and SPD). The SEM
micrographs of the desmutted surfaces (Figure 5.8) show the presence of a severe
scalloping as a result of a stronger acid etching of the desmutting solution in comparison
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with the pickling one. The similarity of the two micrographs of Figure 5.8 clearly indicates
that the effect of the desmutting step is independent on the length of the previous acid
pickling procedure. Indeed, the strong attack of the desmutting bath overrules the effect of
the first treatment, i.e. pickling, on the morphology and microstructure of the Alclad surface.

' i 5 : The more severe
etching of the surface of
samples NPD and SPD
is a consequence of the
presence of the strongly
aggressive  hydrofluoric
acid in the desmutting
bath. Indeed, as
mentioned before, the

extent of attack of an
Figure 5.8: SEM micrographs of Alclad 2024 alloy after 5 minutes of  55ig environment
immersion in the HsPO4-H,SO, solution followed by 30 seconds of towards aluminium
immersion in the HNOs-HF solution, sample NPD (a), and after 20
minutes of immersion in the HaPO4-H,SO, solution followed by 30
seconds of immersion in the HNO3-HF solution, sample SPD (b).

depends not only on its
acidity but also on the
type of anions present. In
particular, halogen anions, like as CI, Br and F’, give rise to the formation of soluble
compounds with aluminium and as a consequence to a severe corrosion, which is localized
when the pH falls inside the range of stability of the aluminium oxide (about 4 - 8.5) and is
more general when the pH is outside such a range, as in the case of the desmutting solution.
In section 2.2.1 of chapter 2 it was reported the stepwise chlorination process that is the
most common theory explaining the interaction between chloride ions and aluminium oxide,
which results in the dissolution of aluminium and its oxide with the formation of soluble AICl,.
The effect of the fluoride ions on the corrosion of Al is similar, although F" ions are markedly
more aggressive than chloride. The overall dissolution process of aluminium oxide in contact
with F~ has been proposed to be [13]:

=Al-OH+H" < Al-OH; (5.1)
=Al-OH; +xF~ < Al-F " +H,0 (5.2)
= Al-F" & (AIF)™),, (5.3)

Besides, the unique accelerating effect of F~ on the dissolution of aluminium and its
oxide is also partly attributed to its ability to replace some of the O% in the oxide layer
because of the similar ionic radii (r (F)) = 0.136 nm and r (O*) = 0.14 nm). This results in the
change of the charge distribution and as a consequence increases both the ionic and
electronic conductivity of the oxide film [14], which in turn enhances the rate of the
electrochemical reactions, as the anodic dissolution of aluminium. In addition, the formation
of soluble compounds with the fluoride ions further increases the aluminium attack [15, 16]:

241 +6H" < 241 +3H, (5.4)
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AP +6F < (AIF) ), (5.5)

It can be noted that the presence of H', i.e. low pH, has a synergetic effect both for the
chemical attack of the aluminium oxide and for the electrochemical attack of aluminium by
means of fluoride ions. This explains the extremely strong etching undergone by the Alclad
2024 alloy surface during only 30 seconds of contact with the desmutting bath. The SEM
investigation shows that this strong etching results not only in severe scalloping of the
surface but also in a almost complete removal of the intermetallic particles. Indeed, as
already discussed above the Al matrix dissolves more rapidly in proximity of the cathodic
IMCs and leads to the drop out of the intermetallics. This phenomenon is obviously
enhanced by the presence of fluoride ions and therefore the loss of intermetallics is higher
during the immersion in the desmutting bath (samples NPD and SPD) than during the
pickling step, even if it lasts 20 minutes.

The removal of the
IMCs is observed also on
the AFM topographic
images of samples NPD
and SPD (Figure 5.9-a
and -c), which show the
presence of deep
trenches together with
large holes, indicated by
arrows, that are likely the
position of the removed
intermetallic particles.
The absence of IMCs on
the surface of these
samples is reflected also
in the Volta potential
maps given in Figure 5.9-
b and -d. Indeed, bright
areas associated with the
cathodic  intermetallics
are not detected o T 200w 20,0 un
anymore. On the other
hand, some regions

Figure 5.9: Topographic image with a height range of 1 pm of
samples NPD (a) and SPD (c) and Volta potential map with a potential
characterized by a lower range of 0.8 V of samples NPD (b) and SPD (d).

potential, which appear

darker in the map and are indicated by the arrows, are present. However, comparing the
potential map with the topographic image it can be noted that these features are artefacts
resulting from the contribution of the topography during the surface potential measurements
that was discussed in section 4.2 of chapter 4. Indeed, while the surface of samples NPD
and SPD is very rough with sudden height variations at the location of the trenches and
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holes, which seem to be reproduced also on the potential map (see arrows in the
topographic images and potential maps of Figure 5.9), its real potential is quite
homogeneous due to the almost complete absence of IMCs. This is obviously the case when
the contribution of the topographic features on the potential map is more evident. Figure 5.9
shows the difficulties in using the SKPFM technique for measurements on very rough
surfaces.

In conclusion, the dipping in the nitric-hydrofluoric acid bath gives rise, independently
on the earlier treatment, to a more etched surface, but with a lower content of intermetallics,
i.e. cathodic sites. As the formation of the chromate conversion coating on the aluminium
involves electrochemical reactions (see chapter 3, section 3.2.1), the removal of cathodic
intermetallics from the external surface is expected to have a large influence on the
nucleation, growth, and as a consequence on the performance of the chromate films. Since
the largest changes of the properties of the Alclad 2024 alloy surface are caused by the
immersion in the HNOs-HF bath after 5 minutes of immersion in the H,SO4-HsPO, solution, it
was decided to investigate the relation between the surface microstructure and the
nucleation and growth mechanisms of the CCC for samples NP and NPD. The results of this
investigation are reported and discussed in the next section.

5.3.2 Nucleation and growth of the CCC: effect of the surface preparation
e Nucleation

The SEM micrograph of Figure 5.10-a shows that the immersion for 3 seconds in the
chromate bath leads to a smoothening of the surface of sample NP together with formation
of local deposits, which appear as bright spots in the SEM image.

d) o3 - .
( ) E;” — Matrix 0.009 | it Fe — Matrix
025 5 —Mc1 i { —IMC1
I IMC2 0,008 ~IMC2
it
“E 02 i joow
5§ i 5 0,006
o i 2
Quo1s il © 0,008
£ i E o004
201 it 3
3 : Goos
sy i 0.002 fage
e Qi Fi 0,001 <
; iSi g ¥
2 Cr
N M—/ l{ Fe R
o 1 2 3 4 5 6 7 8 9 10 5 55 6 85 7 75 8
Energy / keV Energy / keV

Figure 5.10: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of sample NP after 3 seconds of
immersion in the chromate bath.
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A zoom into two of these bright areas {(named IMC; and IMC,) are shown in the higher
magnification SEM micrographs given in Figure 5.10-b and -c. The EDS analyses identify
these areas as Fe or Fe-Si containing intermetallics on top of which a chromium oxide
deposit is formed (Figure 5.10-d and -e). On the other hand, in the EDS spectra carried out
on the Al matrix the peak relative to oxygen and that relative to chromium are absent,
indicating that during the 3 seconds of contact with the Alodine bath chromium oxide has not
precipitated above the Al matrix or in such low extent to be below the detection limit of EDS.

The preferential deposition of the chromate film at the location of the intermetallic

(a) (b) (c)
g i Section Analysis

[~

IMC,

y o T

VA \/M—w\ .

©

8 Azycam=71.5nm
A} 1 i i
?o 2.00 4,00 6.00
o 10.1 pm D 10.1 pu ™

Figure 5.11: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and section analysis along the black line in the topographic image (¢) of sample NP
after 3 seconds of immersion in the chromate bath.

particles is confirmed by the AFM investigation of the surface of sample NP after 3 seconds
of dipping in the chromate bath, given in Figure 5.11. It can be noted the presence of
discrete areas (named IMC;) that are characterized by a higher height together with a higher
Volta potential in comparison with the rest of the surface. This suggests that they are the
intermetallic particles observed by the SEM study and that are covered with a thin chromate
film. The section analyses carried out on the topographic image shows that the deposit on
top of the IMCs has a thickness in the order of a few tens of nanometers. From the SEM and
AFM results it can be stated that the presence of intermetallic particles on the surface of
sample NP plays a dominant role in the early stage of nucleation of the CCC. Indeed, the
nucleation of the chromate layer preferentially occurs above the intermetallics and it is
extremely fast giving rise to a film of some tens of nanometers in few seconds.

Referring to section 3.2.3 it can be noted that our findings are in agreement with those
of some authors [17-20] and apparently in contradiction with the theories proposed by some
other groups [21-24]. However, since the studies reported in literature all concern the Cu-
containing intermetallics of bare 2024 aluminium alloy, it was preferred to give a comparative
discussion of our results and those of the literature in chapter 7, where the nucleation and
growth of the chromate film is investigated for this alloy.

On sample NPD the very short (3 seconds) immersion in the chromate bath results in
a decrease of the scalloping of the surface, as can be observed by both the SEM micrograph
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of Figure 5.12-a and the AFM topographic image given in Figure 5.13. The change of the
morphology of the pickled and desmutted Alclad 2024 surface can be likely atiributed to the
formation of a thin film over the whole surface.
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Figure 5.12: SEM micrographs (a, b) and EDS spectrum (c) of sample NPD after 3 seconds of
immersion in the chromate bath.

This is confirmed by the small cracks observed on the high magnification SEM micrograph
(Figure 5.12-b). Indeed, they are indicative of the presence of a film and are a consequence
of the thermal stresses built up in the layer
during the final drying step. The presence
of the peaks of oxygen and chromium in
the EDS spectra (Figure 5.12-c) shows
that this film is actually a thin CCC formed
during the 3 seconds of contact with the
chromate solution. These results suggest
that the nucleation mechanism of the
chromate layer on samples NPD and NP
] is completely different. homogeneous for
10 . } )z(:;f.':::’:: the former, heterogeneous for the latter.
15 \\\j/ This is related to the differences in
” microstructure of the two samples caused

by the different surface preparation
procedure used: less etched surface still
containing cathodic particles when only a pickling step is carried out (sample NP), more
etched surface, from which almost all the intermetallics are removed, when the pickling
treatment is followed by a desmutting one (sample NPD).

As described in section 3.2.1 of chapter 3, the formation of the CCC on the aluminium
surface is a result of electrochemical reactions that involve the oxidation of aluminium and
the reduction of chromate species:

Figure 5.13: 3D topographic image of sample NPD
after 3 seconds of immersion in the chromate bath.

241 < 241 +6e” (5.6)

2HCrO; +14H" +6e” < 2Cr* +8H,0 (5.7)

Cr,0F +14H" + 6 < 2Cr™ +7H,0 (5.8)
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The increase in pH caused by the cathodic reduction of the chromate species (reactions 5.7
and 5.8) and partially also by the H, evolution, as secondary cathodic reaction, enables the
precipitation of a gel of chromium hydroxide, Cr(OH)s, which can transform into chromium
oxide, Cr,0s, during the final drying step of the chromate process. Besides, the literature
Survey reported in chapter 3 highlighted also that a surface activation, i.e. thinning or
complete dissolution of the natural aluminium oxide film, by the fluoride species present in
the chromate bath is necessary for the deposition of the chromate layer. Indeed, the
aluminium oxide should at least be thin enough to enable the tunnelling of the electrons,
which are one of the reagents in the chromate reduction reactions. Both these
characteristics of the chromate film formation, i.e. electrochemical nature and request of a
surface activation, are important to understand the different nucleation observed for samples
NP and NPD. On sample NP the intermetallic particles favours the reduction of the chromate
species to occur in their proximity because of two main reasons: they have a more noble
potential with respect to the Al matrix, i.e. they serve as cathodic sites, and the Al film at their
location is thinner and contains more defects since during the pickling step a localized attack
has taken place at their periphery. Therefore, the surface in proximity of the IMCs is
immediately activated by the fluoride species of the chromate bath and during the first few
seconds of immersion HCrO, and Cr,0,% species reduce very rapidly at their location
resulting in an increase of pH and consequent precipitation of a thin film of chromium
hydroxide, as observed by SEM and AFM studies. On the other hand, the surface of sample
NPD does not contain discrete areas being cathodic and locally active but it is
homogeneously activated by the desmutting treatment, which partially dissolves and thins
the natural Al oxide film. As a consequence, on this sample the conversion process takes
rapidly place over a broad front and does not involve preferential nucleation sites. The
positions of the active areas most likely change continuously depending on both the local
concentration of fluoride and the thickness of the natural aluminium oxide. This leads to the
fast formation of a layer covering the whole surface already after 3 seconds of dipping in the
bath.

The differences in the nucleation mechanism of the chromate conversion coating on
the two samples of Alclad 2024 alloy are reflected also in the evolution of the open circuit
potential (OCP) during the immersion in the Alodine 1200 solution, reported in Figure 5.14.
For both samples, the general trend of the OCP consists of a decrease during the first
seconds and afterwards a constant value (about —650 mV) is found until the end of the
chromate treatment. The major changes occur during the first seconds of immersion, as can
be observed by the enlargement of the diagram of OCP vs. time during the first 15 seconds
of dipping in the chromate bath (Figure 5.14-b).

The OCP is the potential at which the total rates of oxidation and reduction are equal,
and then considering the anodic and cathodic current densities (iz and i;):

I, =——=I =-% (5.a)
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where |, and |, are the anodic and cathodic current, respectively, and A, and A, the anodic
and cathodic areas. Therefore the

variaton of OCP with time is (a) * e
complicated by its dependency on 02 “NPD
many variables, namely the
electrochemical reactions taking
place during the formation of the
CCC and the extension of the real
cathodic and anodic areas. However,
some considerations can be made , . . .

and some indicative information on * ™ fime of immersion in the chromate bath /s
the chromate process can be (b) °*
obtained by the OCP monitoring. in
accordance with the literature [25]
the initial fast decrease of OCP
(region | of the graph of Figure 5.14-
b) is related to the activation of the
surface caused by the presence of
fluoride compounds in the Alodine
bath, which give rise to an increase
of the anodic dissolution of
aluminium with consequent decrease  Figure 5.14: OCP evolution during the immersion in the

of the OCP. However, after few chromate bath for samples NP and NPD (a).
Enlargement of the first 15 seconds of immersion in the

chromate bath (b).
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tenths of a second, the increase in
the cathodic current density due to
the reduction of the chromate species partially balances the decrease in OCP caused by the
anodic dissolution of Al, leading to a slower decrease in OCP (region Il of the graph of
Figure 5.14-b). Finally, when the sample surface is completely covered by a relatively thick
chromate layer, which contains pores and defects anyhow, a steady-state situation is
reached that is reflected in the constant value of OCP (region 11l of Figure 5.14-b). This is a
consequence of the thickening of the conversion layer that lowers the possibility of both the
electrons tunnelling through the coating itself and access of the solution to the aluminium
surface and therefore reduces the coating growth rate, i.e. both the anodic and cathodic
current densities. The decrease in anodic current density would cause an increase of the
OCP, whereas the decrease in cathodic current density would cause a decrease of the OCP,
then the anodic and cathodic current densities vary in such a way that the two effects likely
compensate each other and the OCP remains constant until the end of the chromate
treatment.

Although, samples NP and NPD show a similar general trend of the OCP some
differences during the first seconds of immersion, before the achievement of a constant
value, are observed (Figure 5.14-b), which can be related to the different nucleation
mechanisms. The main difference is that the sample characterized by a heterogeneous
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nucleation (sample NP) reaches a constant value of OCP after a longer time of immersion
with respect to sample NPD, on which a homogeneous nucleation takes place. According to
the interpretation of the trend of OCP given above, this means that on sample NP the
complete coverage of the surface also occurs but with a certain delay compared to sample
NPD. Indeed, this is found by the SEM investigation that shows the presence of a CCC on
the whole surface of samples NPD and NP after 3 and 15 seconds of immersion,
respectively (Figures 5.12 and 5.15-a). The presence of a thin chromate film on the surface
of sample NP is indicated by the appearance of the typical cracks of the CCC in the SEM
micrograph of Figure 5.15-a and by the O and Cr peaks in the EDS spectra, not shown here.
The starting of the deposition of the CCC also on the Al matrix of sample NP can be
explained by the fact that once the chromate film has covered the intermetallic particles they
become less active, and therefore the reduction of the chromate species and the deposition
of the chromium hydroxide continue in the other areas of the surface resulting in a thin layer
covering the whole surface of the sample.

Ancther difference, which was found to be reproducible, in the trend of the OCP during
the initial decrease consists of a higher value of OCP shown by sample NP in comparison
with sample NPD. A possible reason for this behaviour can be found in the different extent of
the cathodic areas in the two samples, i.e. much smaller in the case of sample NP since at
least in the early stages of the film formation the cathodic reduction of chromate species is
taking place only on top of the IMCs and not on the whole surface. Assuming an equal
cathodic current for both samples, this would imply that the cathodic current density is higher
for sample NP and as a consequence its OCP is shifted towards the positive direction.
Therefore, when the electrochemical reactions involved in the film deposition start to take
place all over the surface of sample NP, similarly to the situation of sample NPD, the OCP of
the two samples reaches similar values. Although this is likely true, the interpretation of the
OCP evolution is made difficult by the several variables involved and needs to be supported
by other measurements, as the SEM investigation in the present study.

o  Growth

The heterogeneous nucleation of the CCC occurring on sample NP affects the
properties of the film also at longer time of immersion in the bath.

Figure 5.15: SEM micrographs of sample NP after 15 (a), 27 (b), and 81 (c) seconds of immersion in
the chromate bath.
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Indeed, although increasing the
length of the chromate treatment the layer
formed on the Al matrix becomes more
uniform (Figure 5.15) and thicker (Figure
5.16), the intermetallics always represent
weak spots in the chromate film formed on
sample NP since at their location
discontinuities and defects are present in
the layer (arrows in the SEM micrographs
Figure 5.16: Layer thickness as function of the of Figure 5.15). This is a consequence of
immersion time in the chromate bath calculated the heterogeneous nucleation of the CCC
from the RBS spectra. on this sample, which leads to a lack of

continuity between the layer formed on the
Al matrix and that formed on the IMCs, since they deposit at different time and rate.

The negative influence of the intermetallics on the uniformity of the chromate film is
confirmed by the much more homogeneous CCC deposited, independently on the length of
the chromate treatment, on the surface of sample NPD, which does not contain IMCs, in

comparison with that formed on sample NP (Figures 5.15 and 5.17).

Thickness / nm

Time of immersion in the chromate bath /s

Figure 5.17: SEM micrographs at 8000x of sample NPD after 15 (a), 27 (b), and 81 (c) seconds of
immersion in the chromate bath. SEM micrographs at 30000x of sample NPD after 15 (d), 27 (e), and
81 (f) seconds of immersion in the chromate bath.

The chromate film formed on this sample presents a layered structure. The high
magnification SEM micrographs (Figure 5.17-d, -e, and —f) show the presence of a compact
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barrier layer on top of which a more porous film is deposited that seems to consist of small,
few nanometers in size, spherical particles. Our findings are in agreement with the results of
Treverton and Amor [26] described in chapter 3. On the other hand, since this second
porous layer is not observed after few seconds of immersion in the Alodine bath (Figure
5.12) it is suggested that a two stages growth of the CCC takes place on this sample: an
extremely fast formation of a thin compact layer, within few seconds of immersion, followed
by a slower deposition of spherical chromium hydroxide particles that coalesce and form the
top porous film. Increasing the time of immersion in the Alodine bath leads to an increase of
the extent of coalescence of these particles, which indeed become less clearly distinguished
during the SEM investigation (Figure 5.17-f). Goeminne [3] proposed a similar mechanism of
growth for the chromium-phosphate conversion coating on Al alloys.

The duplex structure of the chromate film is further discussed in the next section that
deals with the morphology and chemical composition of the layer formed after a standard
time of immersion in the Alodine bath, i.e. 3 minutes.

5.3.3 Morphology and composition of the CCC: effect of the surface preparation.

The results of the spectroscopic ellipsometry measurements are discussed first
followed by the microscopic investigation, i.e. TEM, SEM and AFM, results. However, since
SE is not a widely used technique, especially in the field of conversion films on rolled metals,
a short description of the principles of this surface analysis method is given.

e SE technique

Recently at the Vrije Universiteit in Brussel the applicability of spectroscopic
ellipsometry (SE) as a non-destructive
alternative method in the study of both thin
conversion coatings [27-29] and anodic
oxide films [30, 31] on aluminium has
been established. SE measures the
variation in polarization of the radiation
due to interaction with the system under
study (Figure 5.18). The measured values

are expressed as the two ellipsometric figure. 5.18: Schematic. i.IIustration of the
angles (¥ and A) as function of the interaction between the radiation and the system

i under study during the SE measurements [Ref. 29].
wavelength (1), which are related to the

p plane

ratio of the Fresnel reflection coefficients (R ) of radiations polarized parallel (p) and
perpendicular (s) to the plane of incidence [32]:

Pl i(8,-8,)

tan Ve’ = % = We (5.b)

=== r—e” i=p,s (5.c)
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where &, is the phase shift of the component i of the reflected radiation.

Fitting the spectra of these two parameters in the visible range using a proper optical
model enables to determine the thickness and the optical constants of the film. Besides, the
¥ spectra in the infrared region provide information concerning the chemical composition of
the film, since absorption peaks occur in these spectra similar to those detected with other
types of infrared techniques, like reflection-absorption infrared spectroscopy (RAIRS). In
contrast with RAIRS, IR-SE does not require a background spectrum of the substrate since
IR-SE measures the ratio between reflections of p and s polarized radiations and not the
absolute reflected intensity. This eliminates the problems of different size between the
reference and the studied surface, and especially of the presence of a film on the reference
that causes apparent change of reflection of the measured surface. This is a great
advantage especially for aluminium, which is always covered by a thin natural oxide layer.

o Spectroscopic ellipsometry in the IR region

Figure 5.19 shows the IR-SE spectra of the ellipsometric angle ¥ for the CCC formed
on samples NP and NPD using standard time (3 minutes) and pH (1.8), i.e. samples
NPCr1.8 and NPDCr1.8, respectively. Five major peaks can be observed in the spectra of
both samples.

5 The assignment of the
44 o different peaks has been
43 ] ) ‘ based on both the
¥ literature data and the
3411 analysis of the changes
§ 401 caused in the spectra by
3] \/ the variation of the pH of
: 2 the chromate bath, which
% 1 ::sgg:s is discussed in detail in
" : the next section. The

0 200 400 600 8O0 1000 1200 1400 1600 1800 2000 2200  peaks at 594 cm™” and at

-1
Wave Number / cm 925 cm™, named 1 and 2

Figure 5.19: The ¥ IR-SE spectra, using 75° as angle of incidence, of in Figure 5.19, can be

the chromate conversion coating formed on samples NP and NPD assigned to Cr,0302H,0
using standard conditions (pH = 1.8, t = 3 minutes). modes  [29, 33-35].

Moreover, a contribution
to the peak at 594 cm™ can also be due to Fe-CN vibration [34, 35]. The strong peak at 925
cm™ present a shoulder at 840 cm™ (peak 2*), which can be related to Cr(VI)-O vibration,
since this mode has been associated [35] to peaks at 816 cm™ and 903 cm™. Besides, Xia et
al. [34] assigned the peaks at 817, 919, and 960 cm™ to the Cr(V1)-O vibration, and other
authors [36] considered the absorption at 860, 945, and 990 cm” caused by Cr(lll)
chromates, like as Cry(Cr,O7); into Cr,05. The absorption at 1620 cm™ (peak 4) is attributed
to H-O-H bending of physically adsorbed water {29, 34], whereas the peak at 1427 cm™,
named 3, can be caused either by the bending vibration of water co-ordinated to chains of
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tetrahedrally and octahedrally co-ordinated aluminium ions [37, 38] or by the Cr203-2HZO‘
modes [39]. In addition, it can be noted that the peak at 1620 cm™ is very broad and present
a shoulder, named 4*, that is extended until 1573 cm™ and is stronger in the case of sample
NPCr1.8. This absorption can be due to the presence of organic material on the conversion
coated surface in accordance with Ahern ef al. [38] or to the presence of aluminium oxide in
accordance with Dodiuk et al. [40]. Indeed, Ahern assigned a peak at 1584 cm™ to graphitic
carbon, whereas Dodiuk related a shoulder located at 1580 cm™ to Al=0eH,0 stretch. The
presence of aluminium oxide is the most probable cause of this peak, since the AES
investigation has shown in both samples the existence of an aluminium oxide layer at the
interface between the substrate and the conversion film. Finally, a clear and strong peak is
present at 2090 cm™ (peak 5) that is certainly related to the stretching of C=N groups,
presumably derived from the ferricyanide compounds used as accelerators in the chromate
bath Alodine 1200 [34]. More specifically, based on the literature, discussed in the section
3.2.1 of chapter 3, this peak can be attributed to four different compounds: physisorbed
Fe(CN)s> on Cr(OH)s;, Berlin Green, chromium iron mixed cyanides, and Cu,Fe(CN)s.
However, the formation of copper cyanide complexes is quite improbable on a CCC
deposited on Alclad 2024 alloy, since the clad layer contains only 0.1% of copper. Whereas,
the presence of chromium iron mixed cyanides would be in agreement with Drozda and
Maleczki [41], who studied the chemical composition of a chromate film deposited on pure Al
(99.5% wt.) by means: of radioactive tracer technique and proposed the presence of
Cr,(Fe(CN)s); species.

Although the spectra of samples NPCr1.8 and NPDCr1.8 show the same absorption
peaks, few differences can be noted. First of all, the peak at 925 cm™ and the shoulder at
840 cm™ are clearly more intense for the chromate film formed on sample NPD than that
deposited on sample NP. This can be partially due to the higher thickness of the CCC of
sample NPDCr1.8, as observed by RBS measurements (Figure 5.16). However, since this
higher thickness does not affect so strongly also the other peaks of the spectra, a real
difference in chemical composition should be co-responsible for the variation in absorption
intensity relative to peak 2 and shouider 2*. One possibility could be a higher amount of
Cr(VI) species adsorbed in the chromate layer in the case of sample NPDCr1.8. This would
be in agreement with the findings of Halada and co-workers [23], who found that the
chromate film formed in proximity of the intermetallic particles results depleted in Cr(VI)
species. Therefore, the complete removal of IMCs from the surface of sample NPD likely
favours not only the formation of a homogeneous film, as discussed in the previous section,
but also the adsorption of hexavalent chromium compounds inside the layer. A further
difference in the IR-SE spectra of the two samples consists in the stronger absorption at
1573 cm™ (peak 4*) shown by sample NPCr1.8, which indicates the presence of a larger
amount of aluminium oxide in the CCC of this sample, probably at the interface with the
aluminium substrate. Although, this could be true since the acid etching used as surface
preparation for sample NP is less aggressive than the desmutting process used in the case
of sample NPD, the AES depth profiles do not show for the two samples a clear difference in
the amount of aluminium oxide at the CCC/Al interface.
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Summarizing, the chromate conversion coating formed on the two samples under
investigation consists mainly of chromium oxide/hydroxide, into which chromate and cyano
compounds are adsorbed. From a qualitative evaluation of the spectra it seems that the film
formed after the acid pickling and desmutting steps, i.e. sample NPDCr1.8, contains a larger
amount of Cr(VI) species and a lower amount of aluminium oxide.

o Spectroscopic ellipsometry in the UV-vis-NIR region

While the absorption peaks of the ellipsometric spectra in the infra-red region provide
information regarding the chemical composition of the film, the value of the thickness of the
film cannot be quantitatively determined by their height or area, since although these two
quantities, i.e. thickness and peak intensity, are somehow interdependent their correlation is
not linear especially at high angle of incidence [42]. On the other hand, the number of
maxima and minima in the ¥ and A spectra in the UV-vis-NIR range is associated with the
layer thickness, which can be E B
quantitatively calculated by 0 - T
means of a fitting procedure. In Air
the present study this is made :
using a two-layer optical model
that was developed by the

research group at the Vrije
Universiteit of Brussel for the
chromium-phosphate  coating
on aluminium [27, 28] and is

v o) Aluminium

Figure 5.20: Optical model describing the chromate conversion
shown in Figure 5.20. coating on aluminium and used to fit the SE spectra.
The two layers, which are

delimited on top by air and on bottom by the aluminium substrate, represent the bulk of the
chromate conversion coating and an interface layer between the chromate film and the
aluminium substrate. The air and the substrate are considered semi-infinite layers with
known optical constants; refractive index, 1 for air and a dispersion relation taken from
literature for aluminium [43]. The refractive index n of the bulk chromate film is not known
and is modelled as a function of the wavelength (1) using a Cauchy dispersion relation
whose terms are fitted during the regression procedure:

n=A+ = + o (5.d)
This dispersion relation is often used to represent the refractive index of transparent
dielectrics. However, since the chromate coating has a light yellowish colour, absorption of
radiation also occurs at wavelengths in the visible range. Nonetheless, it was observed in
agreement with previous results [27], that the inclusion of the absorption parameters in the fit
does not lead neither to a relevant improvement of the fitting or to significant changes in the
thickness of the two layers in the optical model and in the trend of the index of refraction as
function of the wavelength. Based on this, the approximation of regarding the porous
chromate layer as a transparent dielectric can be considered acceptable.
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A thickness non-uniformity option for the bulk chromate layer is included in the model,
since the SEM study, that has been previously discussed for short immersion times and will
be given later in this section for standard conversion time, shows that the chromate films are
far from uniform.

Table 5.1: Results of the fit of the SE spectra with the two-layer optical model given in Figure 5.20 for

samples NPCr1.8 and NPDCr1.8.

NPCr1.8 NPDCr1.8
dq (nm) 170.1+2.74 197.31£0.77
d; (nm) 35.720.72 3465019

dior= di+ d2 205.8 231.9
% non-uni 18.8810.54 17.1£0.14
%-EMA 72.19+0.52 71.910.21
A 1.51 1.68
B 0.0527 0.0027607
[ 0.000254 0.0051855
MSE 13.74 22.15

The interface layer accounts for either the microscopic substrate roughness or the
presence of a very thin and dense barrier layer at the interface chromate film/aluminium.
However, the Bruggeman [44] effective medium approximation (EMA) is used in modelling
this interface layer. Doing so, the interlayer is assumed to consist of a homogeneous mixture
of aluminium and chromium oxide:

£, -E Erpy — &
Ju= oo =

= == (5.e)
£, +2¢ Epvon T26

where fs and fcox are the volume fraction of aluminium and chromium oxide, respectively,
£, and Z., the dielectric constants of the two phases and £ the effective dielectric

constant of the mixture.

(a) NPD1.8 (b) NPD1.8
100 T T y T T T T T T
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Figure 5.21: Experimental and fitted ellipsometric data for sample NPDCr1.8: A spectra (2) and ¥
spectra (b).

Summarizing, the parameters to be fitted are the thickness (d,), and the thickness non-
uniformity (% non-uni) of the chromate film, the coefficients of the Cauchy dispersion relation
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(A, B, and C), the thickness (d,) and the percentage of chromium oxide (%-EMA) of the
interface layer. The fit results together with the MSE value (mean square error fit, whose
value is equal to 1 for a perfect fit [45]) for both samples are presented in Table 5.1 and the
experimental and fitted spectra for sample NPDCr1.8, as an example, are given in Figure
5.21. Keeping in mind the complex nature of the chromate film and the relatively pronounced
roughness of the rolled aluminium surface that serves as substrate, the fit of the
ellipsometric data can be considered acceptable for an indicative evaluation of the CCC
thickness. Figure 5.22 shows the index of refraction (n) for the two samples as a function of
the wavelength. These are physically meaningful index of refraction spectra, since when no
absorption is considered n should not exhibit strong dispersion and should decrease
monotonically with increasing wavelength [46].

32 In addition, the value of n at &
; Theoons| = 600nm, which is the
| wavelength used in all the
\{ references reported below, are
' 1.66 and 1.72 for samples
NPCr1.8 and NPDCr1.8,
respectively. These values are

n
NN
o © w

g
s

o 1

™

index of refraction (n)
N
n

o

in agreement with the
interpretation of the IR-SE
200 400 600 800 1000 1200 1400 1600 spectra, reported previously,
Wavelengths / nm \ .

which considers the chromate
Figure 5.22: Refractive indices as a function of the wavelength, films consisting mainly of
obtained using the Cauchy dispersion relation, for samples chromium oxide/hydroxide with
NPCr1.8 and NPDCr1.8. certain enrichment in

ES

o
o

aluminium oxide. Indeed, in
literature values of 2.54, 2 and 1.62 are reported for the refractive indices of Cr,0;, CrOOH
and Cr(OH)s, respectively [47-49] and that of aluminium oxide and hydroxide was found to
be in the range of 1.583 and 1.77 depending on its structure [50]. Besides, the presence of
voids in the porous chromate coating is likely the cause of the lower value of n compared
with that of Cr,O; found in literature, which is relative to dense and pure chromium oxide [27,
51]. According to this, sample NPDCr1.8 shows a higher refractive index with respect to
sample NPCr1.8 as a consequence of the higher density of the CCC formed on the
desmutted Al surface, as shown by the SEM study previously described.

In conclusion, the consistency of the values of the refractive indices with the chemical
composition of the chromate films is a further proof of the validity of the optical model used
to fit the ellipsometric spectra. This is also confirmed by the comparison of the thicknesses of
the film obtained by the fitting of the SE spectra (row 3 of Table 5.1) with the values
measured using other techniques, specifically RBS and GDOES depth profiles, SEM and
TEM study of the ultramicrotomed cross sections (Figure 5.23).
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Taking into account that an Y T
inherent to each method some

errors can be present in the
thickness  estimation, the
values relative to each sample
obtained by these different
techniques show a good
accordance. It can be noted
that while all the different
methods  show a higher " SEM  TEM  GDOES  RBS sE
thickness of the chromate film
deposited on the desmutted
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Figure 5.23: Thickness of the CCC of samples NPCr1.8 and
surface (sample NPDCr1.8) Nppcri.8, obtained using different techniques: SEM and TEM
with respect to that deposited studies of the cross sections, GDOES and RBS depth profiles,
on the pickled surface (sample fitting of the SE spectra.

NPCr1.8), such difference is

quite limited, about 25-50 nm. Since this range is very close to the limit of reproducibility of
the different technigues, an absolute statement of the formation of a thicker chromate film
when a desmutting step is carried out during the surface preparation procedure cannot be
made.

s TEM and SEM investigation

The TEM investigation (Figure 5.24) confirms the duplex structure of the chromate film
formed on aluminium alloys. Indeed, it is evident the presence of a thin (10-20 nm) and
dense layer, called barrier layer (BL), at the interface between the aluminium substrate and a
more porous and thicker film, named porous layer (PL), on top of it. The porous film is
characterized by a columnar structure and by the presence, through its whole thickness, of
trenches, which are likely the cracks formed during the drying step.

(b)

Figure 5.24: TEM micrographs of the ultramicrotomed cross section of samples NPCr1.8 (a) and
NPDCr1.8 (b). BL = barrier layer, CCP = chromate corrosion products, PL= porous layer.
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In addition to these large defects, which are in some cases partially filled by chromate
corrosion products (CCP), the porous layer contains also smail pores of size in the order of
nanometers or tenths of nanometers. These pores are a consequence of the growth of the
layer through the deposition and coalescence of small spherical particles, as described in
the previous section. The corrosion products are likely formed during the sample
preparation, which involves the floating of the thin slides in water prior to be collected on the
copper grid. These products are defined chromate corrosion products based on the results
reported in literature and discussed in section 3.2.2 of chapter 3.

It is important to note that the barrier layer is present not only at the bottom of the large
defects of the porous layer but along the whole interface Al substrate/porous chromate film.
According to the literature (see section 3.2.1 of chapter 3) the barrier layer could consist of
either aluminium oxy-fluorides or a mixed aluminium/chromium oxide. Therefore, the origin
of this thin and dense film is not completely clear, since in the first case (aluminium oxy-
fluorides) it would be a consequence of the incomplete removal of the natural aluminium
oxide by the fluoride species present in the chromate bath, whereas in the second case
(mixed aluminium/chromium oxide) it would be formed during the early stages of the
chromate film deposition. In view both of the EDS analyses that detected chromium also at
the bottom of the large defects and of the thickness of the barrier layer, higher than expected
for the natural oxide on an etched surface, it is more probable that under the treatment
conditions used in the present study the barrier layer derives from the initial fast precipitation
of chromium hydroxide. This was already suggested in section 5.3.2 according to the
morphology of the chromate film as function of the duration of the chromate treatment.

The TEM study shows that the CCC deposited on the Al surface after the pickling
treatment (sample NPCr1.8) has a thinner and less continuous barrier film and larger and
more numerous defects are present in the porous layer in comparison with the CCC
deposited after the pickling+desmutting procedure (sample NPDCr1.8). Although part of
those large defects could be a consequence of the ultramicrotomed cross section
preparation, the larger amount observed for sample NPCr1.8 is likely related to the presence
of intermetallic particles on the substrate surface of this sample. This appears clearly during
the SEM investigation, which shows that even after the immersion in the Alodine bath for 3
minutes the location of the IMCs is easily identified on the surface of sample NPCr1.8
(Figure 5.25).

== Matrix
- IMC

Figure 5.25: SEM micrographs (a, b) and EDS spectrum (c) of sample NPCr1.8.
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As already discussed in the previous section, this is a consequence of the
heterogeneous nucleation of the chromate fiim caused by the intermetallics that act as
cathodic sites. Indeed, even if the chromate film covers the IMCs (EDS spectra of Figure
5.25-¢), a lack of continuity in the layer is present at their periphery, which gives rise to large
defects (Figure 5.25-a and -b).
Whereas, the homogeneous
nucleation occurring on the
desmutted surface, where the
IMCs are almost completely
removed, leads to the
formation of a more
homogeneous CCC (sample
NPDCr1.8), in which the main
defects are related to the
cracks caused by the stresses Figure 5.26: SEM micrograph of samples NPDCr1.8 (a) and
induced in the film during the SPDCr1.8 (b).
drying step (Figure 5.26-a).

The negative effect of the intermetallic particles on the homogeneity of the chromate
layer is confirmed by the SEM study of the chromate film formed in standard condition (t = 3
minutes and pH = 1.8) on the Alclad 2024 alloy after either a long pickling treatment (sample
SPCr1.8, Figure 5.27) or a long pickling process followed by a desmutting step (sample
SPDCr1.8, Figure 5.26-b). Indeed, in section 5.3.1 it has been shown that when the time of
immersion in the pickling treatment is increased from 5 to 20 minutes the IMCs are only
partially removed. This results in the formation of a chromate film containing deep and large
defects, less in number with respect to sample NPCr1.8, in proximity of the intermetallics
(Figure 5.27-a and -b). On the other hand, when a desmutting process is carried out after the
acid pickling step, the Al surface becomes free of IMCs and a CCC being very
homogeneous is deposited on the surface (Figure 5.26-b).
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Figure 5.27: SEM micrographs (a, b) and EDS spectrum (c) of sample SPCr1.8.

The chromium and oxygen peaks of the EDS spectra given in Figures 5.25-c and 5.27-
¢ show that although the CCC starts to form first above the IMCs, after a relatively long
immersion in the chromate bath it is thinner at these sites in comparison with that deposited
on the aluminium matrix. This is likely due to a modification of the electrochemical nature of
the intermetallics after being covered by the CCC, which renders them less active. A more
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detailed discussion of this topic will be given in chapter 7, which deals with the formation of
the chromate film in the case of bare 2024 alloy.

e AFM investigation

The average values of the roughness, which were calculated for each sample using
various AFM topographic images and are expressed as the standard deviation of the height
values (RMS), are given in
Table 5.2. The first row
(RMS,) is relative to the

Table 5.2: RMS values of the CCC formed after different surface
preparation procedure.

NPCr1.8 | NPDCr1.8 | SPCr1.8 | SPDCr1.8 values obtained on the total

RMS;, (nm) 581 304 6.7 s AFM image with a size of
A=10x10 um ) 10x10 pm, whereas the
RMS, (hm) 16.2 o8 121 ‘04 second row (RMS,) gives
A=1x1pum ’ ’ ' ' the values obtained on a

smaller area, 1x1 pm in
size, that does not contain large defects, as shown in Figure 5.28 for sample NPCr1.8.
The CCC formed after
the acid pickling
treatment, especially
when a short time of

Roughness Analysis

Image Statistics

Img. Z range 525.01 nm
Immersion s used Ing, Raw wean _ -2.615 mn
(sample NPCr1.8), is e e o
characterized by a higher B s
roughness, both on the z range 92,659 mm
large and small areas, Rau wean if;gz":.

Mean roughness (Ra) 12.2639 nm

with reSpeCt to the Max height (Rwax)  92.710 nm

chromate film formed on
the desmutted surfaces
(samples NPDCr1.8 and
SPDCr1.8). The higher
RMS,, for the samples
NPCr1.8 and SPCr1.8 is
caused by the presence of large and deep defects associated with the intermetallic particles.
This explains also the difference between these two samples, since the substrate of sample
SPCr1.8 contains a lower amount of IMCs due to the longer pickling treatment.

On the other hand, the different extent of large defects cannot be responsible also for
the different values of RMS; shown by the samples, since large discontinuities are not
present in the small area. The porosity of the chromate layer, highlighted by the SEM and
TEM studies, is more likely to be the cause of the roughness of the chromate films at the
nanometer scale. Indeed, when the bearing command is applied on the small area of the
AFM image a Gaussian distribution of depth is obtained, which is in accordance with the fact
that the porous chromate layer consists of small spherical particles that in turn lead to nano-
porosity. Therefore, according to the values of RMS, it seems that the CCC of sample

o 2.5 5.0 7.5 10.0 p~

Figure 5.28: Roughness calculation based on the AFM topographic
image, on the whole area (10x10 um) and on the small square (1x1

um).
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SPCr1.8 and especially of sample NPCr1.8 is more porous than that of samples NPDCr1.8
and SPDCr1.8. The reason for this is not completely understood. One possibility could be a
higher solubility in the chromate bath due to a lower homogeneity and stability of the
chromate film itself.

Summing up, it has been shown, in accordance with the literature reported in chapter
3, that independently on the surface preparation the CCC formed on Alclad 2024 alloy
consists of chromium oxide/hydroxide with chromate and cyanide species adsorbed,
contains a certain amount of aluminium oxide at the interface with the substrate, and has a
layered structure. A thin and dense barrier layer is in contact with the substrate and on top of
it a porous layer containing large defects is formed by precipitation and coalescence of
nano-particles spherical in shape. While the surface preparation procedure has only a slight
effect on the chemical composition and the thickness of the CCC, it has a strong influence
on the morphology of the film. Indeed, more intermetallics are removed by the surface
preparation treatment more the nucleation of the chromate layer becomes homogeneous,
since the amount of preferential nucleation sites decreases, and more the deposited film
becomes uniform and free of large and deep defects. These results highlight the inadequacy
of the current standard industrial method used to rank the chromate conversion coating,
which is based on an indirect thickness measurement by means of the weight change of the
panel during the chromate treatment. Indeed, it has been shown that chromate films with a
similar thickness can simultaneously have a completely different density and amount of
defects, which is expected to strongly affect the corrosion protection provided by the film, as
will be described in the next chapter.

5.3.4 Morphology and composition of the CCC: effect of the chromate bath pH.

The influence of the pH of the conversion bath has been investigated using desmutted
Alclad 2024 (sample NPD) as substrate, in order to eliminate any effect related with the
presence of the intermetallic particles and therefore to simplify the study by considering only
the parameter of interest in this part of the research.

e OCP monitoring

Figure 5.29 shows the OCP curves during the immersion in the Alodine bath, the pH of
which is varied from 1.2 to 2.4. As discussed in section 5.3.2 the evolution of the OCP during
the chromate film formation is characterized by an initial fast decrease, which is related to
the activation of the Al surface by the fluoride species, followed by a slower decrease, when
the chromate reduction and chromium hydroxide deposition become important, and finally a
constant value is reached, which is indicative of a steady-state situation related with a
complete coverage of the surface. Until the end of the immersion, the OCP maintains this
value, which decreases and is reached after a longer time when the pH of the chromate bath
is increased from 1.2 to 2.4 (see arrows in Figure 5.29). These effects of the pH, i.e. H" ions
concentration, on the OCP evolution are due to the fact that the chemical reactions, which
occur both during the activation of the aluminium surface (reactions 5.7-5.5) and during the
formation of the CCC (reactions 5.7 and 5.8) involve H” ions.
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04 ‘ indeed, a decrease of pH
024 .2 accelerates the activation of the
18 aluminium surface due to the
synergetic effect between F~ and H*
ions both in the chemical dissolution
of the Al oxide and the
electrochemical attack of Al
Besides, a higher amount of H' ions
5 2 1 & s w n 1w s 1. favours the occurrence of the

Time of immersion in the chromate bath / s cathodic reactions, either the

Figure 5.20: OCP evolution during the immersion in the "eduction of the chromate species
chromate bath at different pH. (reactions 5.7 and 5.8), which
predominates  during the film

formation, or the hydrogen evolution, which predominates during the initial surface
activation. Assuming that the extent of the anodic and cathodic areas is not affected by the
pH of the bath, a lower pH, i.e. higher H* concentration, results in a higher value of the
nearly constant OCP, as a consequence of a higher cathodic current, and a more rapid
achievement of this value due to a faster activation of the surface and reduction of chromate
species that lead to a faster coverage of the surface.

However, the higher OCP at the end of the initial surface activation (interceptions with
the dashed line in Figure 5.29) shown by the samples treated at low pH seems to be in
contradiction with the stronger attack of the fluoride species when the pH is decreased.
Indeed, Goeminne et al. [25] have shown that the increase of HF concentration, i.e. increase
of F~ attack, lowers the value of OCP at the end of the surface activation. Nevertheless, from
the thermodynamic of the conversion solution, these authors found that [HF] does not affect
the pH and the Cr(VI) concentration and then the cathodic reactions are not significantly
changed by the change in HF concentration. Whereas, when the strength of the fluoride
attack is enhanced by a decrease in pH, as in the present work, the increase in cathodic
current caused by the increased concentration of H*, which leads to an increase of the OCP,
is likely preponderant to the increase of the anodic current caused by the stronger fluoride
attack, which leads to a decrease of the OCP. As consequence, the decrease in pH has as
net result an increase of the value of OCP at the end of the surface activation.

o

14

OCP/ (V vs SCE)

e Spectroscopic ellipsometry in the IR region

The stronger attack of the aluminium oxide and the faster reduction of Cr(VI) species
caused by the decrease in pH of the chromate bath influence the chemical composition and
the morphology of the chromate film deposited on the Al surface. The IR-SE spectra of the
ellipsometric angle ‘P for the CCCs formed using different pH of the bath are given in Figure
5.30. All the spectra show the absorption peaks already observed for samples NPCr1.8 and
NPDCr1.8, the assignment of which has been discussed in section 5.3.3.

The chromate film formed at pH 1.2 or 1.4 are characterized by an additional peak at
555 cm™', named 1*, that can be attributed, similarly to peaks 1 and 2, to Cr,0302H,0 modes
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[29, 33-35]. A further difference between the samples is the shoulder at 840 cm™ (named
2%), assigned to Cr(VI)-O vibration, which is more evident for the samples treated using a low
pH in the chromate bath.
It is important to note that
this feature is observed
also in the
measurements taken at

N
o

high angle of incidence
(85°), at which the
influence of the film
thickness on the intensity
of the peaks is less
pronounced. ThUS, the 0 2{;0 4(I)0 6(;0 8(;0 1(;00 12'00 14‘00 16IOO 18'00 20I00 2200
presence of this shoulder Wave Number / cm™

in the spectra of the
samples chromated at Figure 5.30: The ¥ IR-SE spectra, using 75° as angle of incidence, of
pH 1.2, 1.4, and 1.8, is the CCC formed at different pH of the chromate bath.
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not due to the higher

thickness of the CCC on these samples, which will be discussed later in the section, but
likely to a real higher quantity of Cr(VI) species adsorbed in the film. The increase of
adsorbed Cr(VI) with the decrease of the pH of the chromate bath is in agreement with the
results of other researchers [52] and the dynamic equilibrium between Cr(l11)/Cr(VI) mixed
oxide and soluble Cr(VI) proposed by Xia ef al. [34], which was discussed in section 3.2.1 of
chapter 3:

Cr(Ill)-OH + CI”(V])(W) +H & Cr([[]) -0-Cr(VI)+ H,0 (5.9)
(a) (b)

T S Rox — Al metal TR Rox — Al metal -
01 o cr =0 N1 ——cCr =0

804 ——F .- C so{ *F --C

0 10 20 30 40 50 @ 2 4

6 8 10 12
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Figure 5.31: AES depth profiles of samples NPDCr1.2 (a) and NPDCr2.4 (b).

Some other differences between the samples can be observed in the spectral range
between 1200 and 2000 cm'. When the pH used in the chromate bath is increased,
especially above 1.8, the intensity of the peak at 1427 cm™ (peak 3) decreases and the peak
at 1620 cm™ (peak 4) becomes very broad and has a shoulder that is extended until 1573
cm” (named 4%). In the previous section the peak 4* has been attributed to Al=QeH,0O
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stretch. This assignment is supported by the AES depth profiles, which show the presence of
aluminium oxide at the interface chromate film/aluminium substrate only for the samples
chromated using a bath with pH higher than 1.8, i.e. samples showing the shoulder at 1573
cm™. This can be observed in Figure 5.31, where the AES measurements are given for
samples NPDCr1.2 and NPDCr2.4. The absence of aluminium oxide in the CCC formed at
low pH (1.2 and 1.4) suggests also that the peak at 1427 cm™” (peak 3) is caused by
Cr,0302H,0 modes rather than by the bending vibration of water co-ordinated to aluminium
oxide.

The AES and IR-SE results bring to the conclusion that when the pH of the Alodine
solution is adjusted at values equals or above 1.8, the synergetic effect between F~ and H*
jons is not strong enough to completely remove the natural aluminium oxide film prior to the
start of the deposition of the chromium oxide/hydroxide, leading to the presence of a thin
layer of Al oxide at the interface between the substrate and the CCC.

e Spectroscopic ellipsometry in the UV-vis-NIR region

The thickness of the chromate films formed at different pH was calculated fitting the
ellipsometric spectra in the UV-vis-NIR range using the optical model given in Figure 5.20
and previously described. The accuracy of the fit decreases for samples chromated at lower
pH, as can be noted from the MSE values reported in Table 5.3 together with the values of
all the other parameters used in the fit.

Table 5.3: Results of the fit of the SE spectra with the two-layer optical model given in Figure 5.20 for
the CCC formed at different pH of the chromate bath.

NPD1.2 NPD1.4 NPD1.8 NPD2.2 NPD2.4
d; (nm) 471.4+2.76 477.6+£3.61 197.3x0.77 97.4+0.73 66.9+£0.32
d; (nm) 43.910.41 37.9+0.33 34.6£0.19 19.4£0.12 15.2£0.13
dior= di+ d; 5153 5154 231.9 116.8 821
% non-uni 16.710.24 16.9+0.03 17.1£0.14 15.7+0.74 10.3+0.1
%EMA 73.810.19 74.2+0.21 71.940.21 80.2+0.36 69.9+0.98
A 1.516 1.532 1.68 1.668 1.63
B 0.031467 0.037339 0.0027607 0.014568 0.015511
c 0.0067877 0.0024346 0.0051855 0.00014085 0.00019268
MSE 38.97 44.03 22.15 3.746 4.642

The increase of the MSE value especially for samples NPDCr1.2 and NPDCr1.4 is likely due
to an increase of the roughness of the CCC when the pH of the bath is decreased, which will
be shown later in the section. However, another reason for the worsening of the fit for these
samples is the larger number of maxima in their ¥ spectra and larger number of minima in
their A spectra that cannot be modelled perfectly. Nonetheless, the thicknesses obtained can
still be considered as a good estimation.

The validity of the fit is confirmed by the values of the indices of refraction (n) for the
different samples (Figure 5.32), which are all consistent with the chemical composition of the
chromate film. The value of n at 600 nm varies from 1.66 (samples NPDCr1.2, NPDCr1.4,
and NPDCr2.4) to 1.72 (samples NPDCr1.8 and NPDCr2.2), which is in accordance with the
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values reported in literature for Cr and Al oxides/hydroxides. The lower value of n obtained
for samples chromated at pH 2.4, 1.2, and 1.4 is believed to be due to different reasons.
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Figure 5.32: Refractive indices as function of the wavelength,
obtained using the Cauchy dispersion relation, for the CCC
formed at different pH of the chromate bath.
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In the case of sample
NPDCr2.4 the decrease in the
value of n is likely an artefact
introduced by the small
thickness of this film (row 3 of
Table 5.3). Indeed, it has been
found that the index of
refracton and the layer
thickness become correlated
for coatings thinner than 100
nm [53], which means that a
decrease in the thickness
causes a decrease of n in the
fitting procedure. Whereas, in
the case of samples NPDCr1.2

and NPDCr1.4, the thickness of which is much higher than 100 nm, the lower value of n can
have several physical causes: a larger amount of fluoride species, since the index of
refraction for AlF;eH,0 ranges between 1.473 and 1.511 [49]; a larger amount of chromate
species adsorbed in the film [27], the lower density of the film of these samples [27, 51], as
will be shown later. The former explanation is quite improbable because the AES
measurements do not show evident differences in the fluoride content amongst the films

formed at different pH of the Alodine solution.

The fitting of the SE
spectra, in agreement with the
SEM investigation of the
ultramicrotomed cross sections
and the GDOES depth profiles,
show that the decrease of the
pH of the chromate bath
results in an increase of the
thickness of the CCC
deposited on the Alclad 2024
alloy surface. In addition, while
the changes of pH from 2.2 to
1.8 and from 1.8 to 1.4 cause a
very strong increase in
thickness, when the pH is
varied from 2.4 to 2.2 or from

Thickness / nm

1.4

1,8 2,2 24

Figure 5.33: Thickness of the CCC formed at different pH of the
chromate bath, obtained using different techniques: SEM study
of the cross sections, GDOES depth profiles, and fitting of SE
spectra.

1.4 to 1.2 the thickness is only slightly affected (Figure 5.33). The observed increase of the
thickness with the decrease of the pH of the Alodine solution can be explained considering
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that the growth of the chromate film reaches a steady state situation when the rate of
chromium hydroxide deposition (reactions 5.7 and 5.8) equals the rate of dissolution of this
oxide:

=Cr-OH+H' +xF & (CrF3™)

. tH ,0 (5.10)
Theoretically, an increase of H* concentration, i.e. decrease of pH, would result in an
acceleration of the chromate film deposition, due mainly to a faster and stronger surface
activation and to a speed up of reactions 5.7 and 5.8, but also in a higher rate of film
dissolution, since it favours reaction 5.710. However, since chromium hydroxide is much more
resistant to fluoride attack than aluminium oxide/hydroxide [54], it is expected that the
change of the pH from 2.4 to 1.2 does not increase significantly the dissolution of
Cr,0302H,0, as on the contrary happens in the case of Al,0;03H,0. As a consequence, the
effect of the decrease in pH on the surface activation and on the rate of reactions 5.7 and
5.8 overrules that on the rate of reaction 5.70 and thus the net result of the change in pH of
the Alodine bath from 2.4 to 1.2 consists of the increase of the rate of chromate film

formation, i.e. thickening of the film.
e SEM and AFM investigation

The SEM micrographs of Figure 5.34 and the AFM topographic images of Figure 5.35
show that when the pH of the Alodine solution is decreased the chromate film obtained is not
only thicker but contains also more numerous and larger cracks.

Figure 5.34: SEM micrographs of the CCCs formed at different pH of the chromate bath: 1.2 (a), 1.4
(b), 1.8 (c), 2.2 (d), and 2.4 (e).
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The two phenomena, i.e. higher thickness and cracks density, are likely related. Indeed, the
stresses induced during the final drying step of the chromate treatment become stronger in
thicker films and therefore lead to cracks being wider and higher in number.

: ‘ . X =1 pmidiv
. . Z=3pmidiv

i o

Figure 5.35: Topographic images of the CCC formed at different pH of the chromate bath: 1.2 (a), 1.4
(b), 1.8 (c), 2.2 (d), and 2.4 (e).

This is reflected in the roughness of the chromate layer at a micrometer scale, which
increases going from sample NPDCr1.2 to sample NPDCr2.4, as can be seen by the RMS
values given in Table 5.4. In addition, also the nano-porosity of the film seems to be affected
by the variation of the chromate solution pH. In particular, the RMS, parameter is found to be
inversely proportional to the pH of the Alodine bath (second row of Table 5.4).

Table 5.4. RMS values for the CCC formed at different pH of the chromate bath.

NPDCr1.2 NPDCr1.4 NPDCr1.8 NPDCr2.2 NPDCr2.4
RMSm (nm)
97 50 304 207 17
A=10x10 pm
RMS; (nm)
28 14.5 9.8 7.8 54
A=1x1pum

As already observed in the previous section, according to the calculation method used
the value of RMS; does not depend on the large cracks present in the CCC, whereas it does
depend on the nano-porosity of the film. Therefore, a decrease in pH of the chromate bath
results in a chromate layer being more porous at a nanometre scale.

Summarizing, varying the pH of the Alodine solution from 2.4 to 1.2 leads to changes

in the chemical composition and morphology of the CCC deposited on Alclad 2024 alloy:
higher amount of Cr(VI) species adsorbed, lower amount of aluminium oxide at the interface
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film/substrate, higher thickness, higher density of larger cracks, and more pronounced nano-
porosity.

5.4 Conclusions

The surface preparation procedure before immersion in the chromate bath has been
shown to play an important role in determining the nucleation and growth mechanisms of the
CCC formed on Alclad 2024 alloy and as a consequence it affects the final properties of the
film. This is due to the large modifications in the microstructure of the surface caused by the
surface preparation treatments. Specifically, the immersion in the nitric/hydrofluoric acid
bath, i.e. the desmutting treatment, after the acid pickling step (dipping in a
sulfuric/phosphoric acid bath) results in an aimost complete removal of the intermetallic
particles, which act as cathodic sites, due to the local dissolution of the matrix at their
periphery that leads to the drop out of the IMCs themselves. A similar effect, but on a lower
extent, is caused by the increase of the time of immersion in the pickling solution from 5 to
20 minutes. The removal of the intermetallics from the aluminium surface results in the
change of the nucleation mechanism from heterogeneous to homogeneous, since local
cathodes, where the reduction of chromate species and the deposition of chromium oxide
preferentially occur, are not anymore present. This, in turn, leads to the formation of a
chromate layer being more homogeneous, denser, and containing a lower amount of
defects. Indeed, the heterogeneous nucleation above the IMCs results in a lack of continuity
and in large defects in the CCC in proximity of the intermetallics, which are weak locations in
the layer although they are covered by the chromate film.

It has been found that the chromate process parameters, specifically the pH of the
bath, also influence the morphology of the CCC. Besides, while the chemical composition
and thickness of the film is only slightly affected by the surface preparation procedure, the
pH of the Alodine solution has some effects on them. Indeed, the decrease of the pH of the
chromate bath from 2.4 to 1.2 results in the thickening of the chromate layer together with
the formation of a higher amount of defects and a more pronounced nano-porosity in the
film, which has a higher content of Cr(VI) species and a lower content of aluminium oxide at
the interface with the Alclad 2024 alloy substrate.

These differences in morphology, thickness, and chemical composition of the CCC
have consequences in the corrosion protection provided by the film. This is discussed in the
next chapter.
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Chapter 6

Microstructure and chromate
conversion coating-Alclad 2024
ll. Corrosion protection

6.1 Introduction

in chapter 5 it has been shown that both the surface preparation procedure and the
chromate process conditions, specifically the pH of the Alodine bath, affect the morphology
and chemical composition of the CCC formed on Alclad 2024 alloy. In particular, the amount
of large defects, the extent of nano-porosity, the thickness, the content of Cr(V1) species and
aluminium oxide are changed. The present chapter deals with the consequences of these
variations on the corrosion resistance of the chromate film and based on this a model of the
corrosion protection mechanism of the chromate conversion coating on aluminium is
proposed.

The corrosion behaviour of the chromated aluminium surface has been investigated by
means of electrochemical impedance spectroscopy (EIS), which is a small signal
perturbation technique extensively used to study the electrochemical processes occurring at
metal surfaces. The characterization of either chemical [1-5] or anodic [6, 7] surface
treatments for aluminium alloys is amongst the various applications of this technique. When
the measurements are carried out in aggressive electrolytes, the fit of the EIS data to a
theoretical equivalent circuit enables to gain information regarding the corrosion behaviour of
the conversion film. However, in order to confirm the interpretation of the fitting results
complementary techniques are necessary. In the present study, the choice of a suitable
equivalent circuit is based on a physical model of the chromate layer, which was derived
from the SEM and TEM investigations and has been described and discussed in the
previous chapter. In addition, the differences in corrosion resistance amongst the different
chromate coatings derived by the interpretation of the fitting resuits were checked by means
of a SEM study carried out after the impedance experiments and were supported by
electrochemical noise measurements. This additional electrochemical technique was chosen
since it has been shown to be a useful method in the investigation of the onset of localized
corrosion [8-11]. Therefore, in principal, it should be a suitable technique to study the
corrosion behaviour of the chromate conversion coating on aluminium alloys, since the
corrosion phenomena taking place at these surfaces are certainly not uniform all over the
exposed area but localized at the defects always present in the chromate film.
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The next section describes the principles and the experimental procedure of both the
impedance and the electrochemical noise methods. Whereas the results of these
investigations are given and discussed in section 6.3, after the description and explanation
of the equivalent circuit used to fit the impedance data. Similarly to the morphology and
chemical composition of the chromate film, discussed in the previous chapter, the results
concerning the corrosion protection provided by the layer are divided into two parts. While
the first deals with the effect of the surface preparation procedure, the second focuses on
the influence of the pH of the chromate bath.

6.2 Experimental procedure

The materials and the surface treatments are described in section 5.2.1 of the previous
chapter, while the SEM operation conditions are given in section 5.2.2. In the following of
this section the electrochemical techniques used for the study of the corrosion behaviour of
the chromate film are described.

6.2.1 Electrochemical Impedance Spectroscopy (EIS).

Impedance is the equivalent of resistance in AC conditions and is generally measured
under potentiostatic controls, that means a perturbating voltage, which is usually sinusoidal,
is applied to the system under study:

E = E sin(ax) (6.a)
which can be expressed as a complex function:
E=E,exp(jor) (6.b)

where E; is the amplitude of the perturbation, © the frequency expressed in radiant per
second, and t the time. If the system is linear, i.e. the potential and current are linearly
correlated, the current response will be:

I =1,sin(@t + @) (6.c)
which can be expressed as a complex function:
I=1I,exp(jort— jo) (6.d)

where |, is the current amplitude and ¢ the phase shift between the perturbating potential
and the current response. In electrochemical systems a non-linear behaviour is often
observed, however if the amplitude of the perturbation is very small (5-15 mV) the system
can be considered quasi linear, and equation 6.c is a good approximation of the current
response. In this case the impedance, defined as the ratio between potential and current, is
given as:

Z(w) = %exp(j@ =|Z|(cos¢ + jsin¢) (6.e)

The impedance can be displayed graphically using either the Nyquist plot, which is the
representation in the complex plane, or the Bode plots, in which the logarithm of the modulus
of the impedance |z|, and the phase angle ¢, are given as function of the logarithm of the
frequency.
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The impedance measurements were performed on the chromated samples in an
Avesta cell containing ca. 0.3 dm® of solution, which was kept at room temperature and
purged with nitrogen. The experiments were carried out in 3% NaCl solution with the pH
adjusted to a value of 4 by means of proper mixture of HCI and NaOH. A three electrode
configuration was employed: chromated Alclad 2024 alloy panel as working electrode, with a
surface area of 0.84 cm?, a platinum gauze as counter electrode and a silver/silver chloride
electrode (Ag/AgCl) as reference electrode. A platinum wire was connected in parallel to the
reference electrode wire by means of a 10 nF capacitor in order to avoid high frequency
distortions [12]. An electrochemical interface (Solartron 1286 ECI) in combination with a
frequency response analyser (Solartron 1255 FRA) was used to apply a small periodic
perturbation to the system. The amplitude of the perturbation was 10 mV and the open
circuit potential (OCP) was chosen as bias potential. Since the amplitude of the perturbation
is very small, several measures were undertaken in order to reduce noise problems as much
as possible: Faraday-cage, connection of the ECI/FRA to a clean earth, connection of the
computer to the ECI/FRA through optical fibre. The examined frequency range (650 kHz - 10
mHz) was split up in eight parts that differed in the value of integration time, delay time and
frequencies per decade. The integration time and the frequencies per decade were
decreased going from high to low frequencies. When the frequency of the perturbation
exceeded 10 kHz, a delay time was imposed to allow the system to follow the applied
perturbation. The measurements started after 30 minutes of OCP monitoring and were
carried out during a period of about 60 hours. Each measurement was repeated at least
three times and a good reproducibility was obtained. The simulation of the impedance
spectra was performed using the Boukamp “Equivcrt” program [13]. The choice of a suitable
equivalent circuit to model the physical system under study is discussed later in the chapter.
The denotation of the elements in the equivalent circuits defined by Boukamp [13] is used
hereafter in the thesis.

6.2.2 Electrochemical Noise (EN)

The Zero Resistance Ammetry (ZRA)

Figure 6.1: Scheme of the ZRA set-up.
RE=Reference

WE=Working

Electrode,

Electrode, CE=Counter Electrode.

Potentiostat
WE RE(2) RE(1) CE g technique was used to investigate the corrosion
® O =1  behaviour of the chromate conversion coating
------------------------------------ AgiAgC! by means of electrochemical noise
i electrode H ;
Chromated ! Chromated measurements. This technique measures the
sample sample fluctuations of the current flowing between two

nominally  identical  working  electrodes
connected to the terminals of the ZRA set-up.
The existence of current flowing through the
system is due to the fact that in real life the two
electrodes will be slightly different and the ZRA
keeps them at the same potential, measuring at
the same time their voltage fluctuations with
respect to a reference electrode. Figure 6.1
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shows the ZRA set-up used in the present work. The electrochemical noise measurements
were carried out on the chromated samples using a Solartron 1286 potentiostat working as a
zero resistance ammeter by short-circuiting the working electrode and the second reference
electrode outputs, connecting the second working electrode to the chassis ground provided
by the instrument, and letting the counter electrode output unused [14]. The experiments
were performed using a flat cell, in which the two working electrodes with exposed area of 1
cm? are positioned vertically facing each other at a distance of 10 cm (Figure 6.1). A
Ag/AgCI electrode served as reference electrode and the electrolyte consisted in 3.5% NaCl
solution, the pH of which was adjusted to a value of 4 by mixing HCI and NaOH. No stirring
and de-aeration were undertaken during the experiments, which were repeated at least three
times for each sample, and potential and current readings were made every half seconds for
a period of 22 hours.

Generally, the analysis of the noise data is made either in the time domain or in the
frequency domain. In the first case the noise resistance (R,) is calculated as the ratio of a
second-order statistics, often the standard deviation over a fixed period of time, of the
voltage fluctuations divided by the same quantity relative to the current fluctuations. If R, is
calculated over a period of time shorter than the total recording time, it becomes a function
of time and its evolution is used to follow the electrochemical behaviour of the system under
study. Although, attempts have been made to correlate R, with the polarization resistance
(zero-frequency limit of the impedance) [15, 16], doubts still exist on the validity of this
parameter in describing the corrosion behaviour of the investigated system [17]. Indeed, it
should be noted that based on the definition of R, two completely different series of current
and potential records, e.g. large standard deviation for both current and potential and small
standard deviation for both current and potential, can lead to the same value of this
parameter, which is then not able to make a clear distinction between different corrosion
behaviours.

The analysis in the frequency domain is based on the calculation of the power spectral
density (PSD) of the noise using either the fast Fourier transform (FFT) or the maximum
entropy method (MEM). In practice, the PSD is measured in a limited frequency bandwidth,
where the low frequency limit, ., is the inverse of the measurement time, usually 1 mHz,
‘and the high frequency limit, fnax, is one-half of the sampling frequency, usually around 1 Hz.
Bertocci et al. [18, 19] have introduced the parameter called spectral noise impedance (Rgn)
and defined as follows:

e

where ¥y and ¥, are the PSD of the voltage and the current noise, respectively. The authors
found the following correlation between R, and Rgy:
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that shows that R, is equal to R;, only when R, does not depend on the frequency in the
range f.i, - fmax. IN addition, they have theoretically and experimentally shown that if the two
working electrodes have identical impedance much higher than the solution resistance, Rsn
is equal to the impedance modulus of the system under study. Therefore, it was stated that
the frequency domain analysis can give more information than the time domain one. On the
other hand, Motard and co-workers [20] claimed that the signal features of the PSD curves
depend on the analysis procedure (FFT or MEM) and are not reliable.

In the present study, the current and potential time records were analysed using both
the usual approaches and a more direct evaluation. in some cases the data showed a DC
trend in addition to the dynamic noise. Therefore, before each of these analyses any drift of
the potential and/or current fluctuations was removed using a linear detrending method,
which consists in fitting a linear function to the time record and then subtracting the
computed curve so as to keep the residuals.
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Figure 6.2: Direct evaluation of the raw data of the electrochemical noise measurements.

The usual approaches consisted in processing the data by calculating either R,,, over a
fixed period of time of 3600 seconds, or Ry, using the PSD curves obtained with the FFT
method, in the frequency range:
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Fum =55 =70
2%r  2*0.5s
where T and t are the measurement and sampling time, respectively.
On the other hand, the direct evaluation of the raw data was carried out by considering
the modulus of the deviation of the current from the mean value at each reading (Figure 6.2):
Al =|1-1 (6.J)

Only deviations higher than 5 nA were taken into account, since for lower values the

= 1Hz (6.)

mean

deviations can be a result of the instrumental noise. Afterwards, the cumulative number of Al
having a certain value was plotted as function of that value and the total number of Al,
independently from the value, was calculated over a period of 60 minutes and given as
function of the exposure time (Figure 6.2). These two plots are believed to give information
concerning the corrosion susceptibility of the system under investigation. Indeed, the first
plot is correlated with the frequency, width, and amplitude of the current transients, which in
turn are corrosion events occurring on one of the two working electrodes, and the second
one is in relation with the evolution of the corrosion attack with the time of exposure to the
aggressive environment. In addition, it was observed that systems, whose different corrosion
susceptibility appeared clear from the raw current and potential time records, were better
distinguished using this direct evaluation rather than the data processing either in the time or
frequency domain. Therefore, in view also of the controversial results found in literature on
the validity of R, and R, in analysing the noise data, in this thesis the direct approach
described above is used. However, we are aware that this way of visualizing the results from
the ZRA measurements enables only a ranking of the corrosion susceptibility of the samples
and does not provide information relative to the mechanism of the corrosion attack. This
information can be obtained only from a more detailed analysis of the shape of the current
and potential fluctuations that is anyway behind the scope of this PhD project.

6.3 Results and discussion

The choice of a suitable equivalent circuit able to model the impedance response of
the chromate layer and of the reactions taking place at the samples surface is explained first.
Afterwards, the results of the fitting of the impedance spectra and of the direct evaluation of
the electrochemical noise measurements are discussed separately for the chromate films
formed after different surface preparation procedures and for those formed at different pH of
the chromate bath.

In the discussion of the impedance data only the results relative to one set of
measurements are shown. However, the conclusions are drawn based on the evolution with
the exposure time of the equivalent circuit parameters, whose trend and differences amongst
the samples were found to be reproducible. Similarly, a good reproducibility of the variations
amongst the different samples of the noise data was found to exist and therefore the
discussion is illustrated using only few examples, which are representative for the several
measurements that were performed.
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6.3.1 Choice of a suitable equivalent circuit

Examples of the impedance diagrams (Bode plots) obtained at the beginning and the
end of the exposure to the chloride-containing electrolyte are given in Figure 6.3. From the
visual analysis of the spectra, especially those relative to short immersion time, two time
constants, i.e. relaxations, can be observed and are indicated by arrows. In accordance with

the literature these time

() ] ‘ e, £ NPDCr1.4, 10 | constants are believed to be
a "h'l. \ o NPDCH.4. 60h | related to the chromate coating
%1 sesessensa aNPDCr2.4,60h | jtself and to the
8 4 B electrochemical processes
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EE CCClelectrolyte [1-3]. Some
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Figure 6.3: Bode plots, logarithm of the modulus of the the resistive and capacitive
impedance (a) and phase angle (b) vs. the logarithm of the responses of the pores and
frequency, for samples NPDCr1.4 and NPDCr2.4 at different

defects of the layer, whereas
times of immersion in 3% NaCl pH=4 solution.

the resistance R; and the CPE
Q. are ascribed to the remaining intact conversion layer. The constant phase elements are
used instead of capacitors to account for the non-ideal capacitive behaviour of the
conversion film, which is often suggested to be related to surface roughness [21-23]. The
impedance of a CPE when, as in this case, is considered to be a non-ideal parallel plates
capacitor depends on the area (A) and the thickness (d) of the layer [24]:

1

Zopp =——— 6.k
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EE
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where Y, and n are the admittance constant and the power, respectively, of the CPE, ¢, the
permittivity or dielectric constant of vacuum (8.8542*10"% F/m), and ¢ the relative dielectric
constant of the medium, 13.3 and 9.8 for Cr,O, and

AlLOs, respectively. The fitting of our impedance data @ Q,

with the Boukamp program [13] using this equivalent
circuit led to values and time evolution of the circuit
parameters without any physical meaning.

Another two-time constants equivalent network
to model conversion coated Al surfaces was
proposed by Goeminne et al. [1] and is given in
Figure 6.4-b. The authors claimed that R, is due to a
conductive path in the layer, Q; describes a network R,
of electrolyte resistances and double layer capacitors
in the pores of the conversion fiim, whereas R; and
the ideal capacitor C, represents the layer resistance
and capacity. Using this equivalent circuit, in which
the ideal capacitor is substituted with a CPE, a good  Figure 6.4: Equivalent circuits used to
fit of our impedance spectra is obtained only for the  model the impedance behaviour of the
data relative to a long time of immersion in the CCC on aluminium alloys.
aggressive electrolyte. The time after which the data
can be fitted with this model varies from sample to sample. Thus, it is thought that the
system, at least during the first hours of immersion, is more complex. Indeed, although the
visual evaluation of the impedance diagrams relative to the beginning of the exposure would
yield to two time constants, the analysis with the “EQUIVCRT" program leads to the
derivation of at least three relaxations. The number of time constants was determined using
the “frequency-error” option in the Boukamp program that calculates the difference between
the fitted and the experimental data as function of the frequency. When this difference shows
a periodicity it means that not all the time constants have been taken into account. Other
authors have previously described this method in several publications [25-28].

The transmission electron microscope investigation, which has been discussed in
section 5.3.3 of the previous chapter, was then used to build a physical model of the
chromate conversion coating/aluminium substrate system in order to figure out a more
appropriate equivalent circuit to represent its impedance response. The TEM study shows
that the chromate layer consists of a thin and dense layer (barrier layer) covering the whole
surface and of a thick layer (porous layer) on top of it that contains small pores and large
defects partially filled with corrosion products, which are likely formed during the preparation
of the samples with the ultramicrotome technique. Other authors have shown that the
corrosion products formed when a chromate film is in contact with an aqueous environment
are a mixture of aluminium and chromium oxide and are formed due to leaching and
diffusion of Cr(VI) species to the weak locations of the layer, where they can reduce and
precipitate as Cr(OH); and/or adsorb on the aluminium oxide [29]. As concern the barrier
layer, it is not clear whether it is the original aluminium oxide film or a mixture of aluminium

(®) R,
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oxy-fluoride and chromium oxide. Although our results and those found in literature [30-34]
do not unequivocally clarify the nature of this thin and dense film present at the interface
substrate/chromate layer, they do show the existence of a layered structure in the CCC
formed on aluminium.

Chromate corrosion Porous chromate
products (CCP) conversion coating (PL)

Diffusion

Element

Figure 6.5: Schematic illustration of the chromate conversion coating before deterioration together
with the equivalent circuit used to model it.

According to our TEM investigation and to the literature discussed in chapter 3 the
chromate film on aluminium can be schematically represented as in Figure 6.5 and therefore
the more appropriate equivalent circuit to fit the impedance of such complex system should
account for several phenomena: the (RQ) responses of the porous chromate layer, of the
barrier layer below it, of the barrier layer at the bottom of the defects, the impedance
response of the flaws and defects, and the electrochemical reactions occurring during the
exposure that can modify the system. However, the impedance measurements cannot
reflect all these phenomena, since not all the parameters can be isolated and especially
because the measured frequency range is not infinite. This means that very fast or very slow
responses are not included in the recorded impedance spectra and as a consequence
should not be considered in the equivalent circuit, likewise the parameters that cannot be
separated.

Based on these considerations, the equivalent circuit given in Figure 6.5 is proposed to
model the impedance behaviour of the chromate conversion coating formed on aluminium.
This network is partially derived from the circuit of Figure 6.4-b, the interpretation of which is
slightly changed, and is not considered as an absolute model of the CCC/Al system but it
well represents its impedance response under the conditions used in the present study and
within the frequency range investigated, i.e. from 0.1 Hz up to 650 kHz. It consists of the
uncompensated resistance of the electrolyte between the working and counter electrodes
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(Ra), a resistor (Ry), which models the conductive paths determined by the nano-pores in
the porous layer and is placed in parallel with a constant phase element (Q), which
represents the non-ideal capacitive behaviour of the barrier layer at the bottom of the large
defects and cracks. Moreover, Q is in series with a (RQ) element describing the
electrochemical reactions taking place in the defects of the chromate film. In particular, the
charge ftransfer resistance (R.) is inversely related to the rate constant for the
electrochemical reactions [24], whereas the double layer capacitance (Qg) that is also
modelled using a constant phase element is related to the amount of surface involved in the
corrosion process (equation 6./).

The main difference between
this interpretation of the various
circuit elements and that given in [1]
is the inversion of the assignment of
the two (RQ) elements. Indeed, in
this study R, and Qq, corresponding
to Ry and Qy, are ascribed to the
chromate layer rather than to the
large pores of the film, whereas R;
and C,, corresponding to Ry and Qq,
represent the electrochemical
processes inside the defects rather
than the CCC itself. This was also
based on the values obtained for the
power n of the two CPEs: close to 1
for Qy, which is typical for films that
behave almost as perfect capacitors,
ranging between 0.7 and 0.85 for Qq
that is more usual for the double
layer capacitive behaviour.

A further difference between
the equivalent circuit of Figure 6.4-b
and that of Figure 6.5 consists in the
addition of a diffusion element in
series with Qp, which models the
Figure 6.6. Equivalent circuits used to model the diffusion process through the

impedance spectra depending on the type of chromate chromate corrosion products (CCP)
film and on the time of immersion in 3% NaCl pH=4  formed inside the large defects and

solution. then it strongly depends on the
nature of CCP. Three different

situations are thought to occur during the immersion in the electrolyte:
v" A small amount of CCP is produced inside the defects forming a thin, dense and
protective layer that gives rise to a finite length of the diffusion path. This situation is

132




Microstructure and chromate conversion coating-Alclad 2024

Il-Corrosion protection

more probable to take place during the immersion in non- or middle aggressive
electrolytes and during the beginning of exposure to aggressive solutions, before the
occurrence of strong corrosive attack. In this case the equivalent circuit assumes the
form of the circuit in Figure 6.6-a, where the diffusion element consists of a CPE (Qocp)
with n power close to 5 in parallel with a resistor (Reep)- Indeed, it was found that in
practical situations the finite length diffusion can be reasonably modelled by a (RQ)
element instead of an O-element (Open Boundary Finite Length Diffusion OBFLD) [28].
The finiteness of the length of the diffusion path is represented by the resistance, which
is inversely proportional to the diffusion rate and directly proportional to the thickness of
the diffusion layer [24]. A large increase of the resistance related to the diffusion process
indicates that the diffusion path becomes infinite. This can be due both to a thickening of
the diffusion layer and/or to a decrease of the diffusion coefficient (D) of the charge
carriers due to a denser diffusion layer. The impedance response of the diffusion
process is represented by the CPE element, whose admittance is proportional to the
charge carrier concentrations and to the square root of the diffusion coefficients [24].
The correctness of the interpretation of this additional (RQ) element in comparison with
the circuit proposed by Goeminne et al. (Figure 6.4-b) is supported by the fact that the n
power of Q, for all the samples was found to range from 0.4 up to 0.6

A large amount of CCP is produced resulting in the formation of a thick, porous and less
protective layer in the defects of the chromate film that leads to an infinite length of the
diffusion path with consequent strong increase of the R., parameter. In this case the RQ
parallel circuit becomes equivalent to a simple Q element with the power n value of 0.5,
i.e. a Warburg element (W), in the ideal situation (equivalent circuit in Figure 6.6-b).

The admittance Y, of a Warburg element depends on the charge carrier concentrations
(Creq and Cy) and on the diffusion coefficients (Ds and D), similarly to the CPE
element representing the finite length diffusion process [24]:
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This situation is more probable to occur after a long time of immersion in middle
aggressive electrolytes and after a relatively short time of exposure to highly aggressive
solutions.

A very large amount of CCP is produced that is strongly attacked and results in a very
spongy and poorly adherent layer that does not hinder anymore the diffusion of the
charge carriers inside the defects. Therefore, the CCP do not provide any protection and
the contribution of the diffusion process to the impedance spectra becomes negligible,
leading to an equivalent circuit without diffusion element (Figure 6.6-c). This situation is
likely to take place after long time of exposure to aggressive electrolytes.
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The three equivalent networks of Figure 6.6 have been used to fit the impedance data
from 0.1 Hz up to 650 kHz of all the chromated samples at different times of immersion in
the chloride-containing electrolyte. In particular, the spectra of some of the samples are best
simulated using the circuit of Figure 6.6-a during the first hours of exposure, the circuit of
Figure 6.6-b during the middie part of the exposure, and the circuit of Figure 6.6-c during the
rest of the immersion. On the other hand, the impedance behaviour of other chromated
samples is best described by the circuit of Figure 6.6-b during the first half of the immersion
and by the circuit of Figure 6.6-c during the second one. More details concerning each
sample will be given in the next two sections prior to the discussion of the fitting results. It is
important to note that the comparison between the fitted parameters obtained with the three
different circuits is possible, since these circuits differ only in the diffusion related part,
whereas the physical interpretation of the other elements remains identical. Besides, the
trend of the other parameters is not affected by the change of the diffusion related part of the
equivalent circuit; this is also due to the fact that the contribution of the diffusion process to
the impedance response takes place at different frequencies than the other phenomena
involved.

It should be mentioned that the impedance measurements have been carried out also
in a less aggressive electrolyte, namely 0.5M K,SO, pH=4 solution, in order to be able to
compare our own results with those reported in literature [1]. Also these impedance spectra
could be fitted using one of the equivalent networks given in Figure 6.6. Specifically, during
the 60 hours of exposure in the sulfate solution the circuit of Figure 6.6-a best modelied the
impedance behaviour of the chromated samples that had the best corrosion resistance in the
chloride solution, whereas the impedance data of the other samples was best fitted using the
circuit of Figure 6.6-a and the circuit of Figure 6.6-b during the first and the last part of the
exposure, respectively. These findings are in accordance with the interpretation of the
equivalent circuits discussed above, especially as regards the diffusion element. Indeed, it is
reasonable that the degradation of the CCP, which causes the changes of the diffusion path
and as a consequence the necessity to use different equivalent networks to obtain the best
fit, occurs much more slowly in the sulfate solution than in the more aggressive chloride one.
In addition, also the comparison of the evolution of the different circuit elements with the
immersion in the two electrolytes is physically meaningful. However, for sake of simplicity
and since the main purpose of the impedance investigation is to characterize the corrosion
resistance of the chromate film rather than its morphology, only the fitting results of the
impedance measurements made in the NaCl solution will be presented and discussed in this
thesis.

In conclusion, although the equivalent circuit given in Figure 6.5 is not the only
possible model of the impedance response of chromated aluminium, it has been found to
well represent the impedance behaviour of the CCC/Al system under the experimental
conditions used and the frequency range studied in this work and to enable the comparison
of the corrosion protection provided by chromate films having different morphology, as it will
be discussed in the following two sections.
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6.3.2 Corrosion protection provided by the CCC: effect of the surface preparation

In this section the corrosion protection provided by the CCC formed after different
surface preparation procedures, i.e. short (5 minutes) or long (20 minutes) pickling with or
without a subsequent desmutting step, is discussed based on both impedance and noise
results.

» FElectrochemical Impedance Spectroscopy (EIS)

Circuit of Figure 6.6-a Figure 6.7 shows some
T 77 representative examples of the
experimental and fitted data
obtained with the equivalent circuits
described in the previous section.
The impedance spectra of the CCC
formed on the desmutted Al
y surfaces, i.e. samples NPDCr1.8 and
ol , . D, 0 SPDCr1.8, are well described during
S A the first 5 and 10 hours of
immersion, respectively, using the

. %0 equivalent circuit of Figure 6.6-a.
= "’q, inEn’;:Zrnur::m 40 Afterwards, the equivalent network of

5 "“,, Figure 6.6-b gives the best fit
) between 5 and about 45 hours of
immersion in the chloride solution in
the case of sample NPDCr1.8 and
between 10 and 50 hours in the case
of sample SPDCr1.8. Finally, the
2 a4 o 1 2 3 4 5 s 7 impedance behaviour of these
Log (Frequency f/Hz) samples during the rest of the

i exposure is best modelled by the
. “ '!ymwmmwﬁh :;’;::':f"‘ 1 50 equivalent circuit of Figure 6.6-c. On
5 the other hand, for the CCC
deposited on the pickled surfaces,
i.e. samples NPCr1.8 and SPCr1.8,
the best fit is obtained with the
equivalent circuit of Figure 6.6-b
0 during the first 10 and 40 hours of
L T T T immersion in the aggressive solution,
Log (Frequency f/ Hz) respectively, and then with the circuit

of Figure 6.6-c until the end of the

exposure. It should be mentioned

that the period during which the

different equivalent circuits best model the impedance response was found to be
reproducible within few hours for each sample. According to the physical interpretation of the
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Figure 6.7: Examples of experimental and fitted data
obtained using the equivalent circuits of Figure 6.6.
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used equivalent networks, the change from one circuit to another corresponds to changes in
the diffusion process through the CCP caused by a degradation of the corrosion protection
provided by the CCP themselves. Therefore, all the samples show such degradation but it
becomes faster going from samples NPDCr1.8 and SPDCr1.8, to sample SPCr1.8, to
sample NPCr1.8.

The following discussion of the evolution of the equivalent circuit parameters as
function of the exposure to the aggressive electrolyte is illustrated using the plots relative to
one set of measurements: however it is based on the results of various experiments for each
sample, which showed a good reproducibility in the trend of the parameters and in the
differences amongst the samples. The chart of Figure 6.8-a shows the evolution with time of
exposure of the diffusion resistance (Rq,) for samples NPDCr1.8 and SPDCr1.8.

The only difference between () 4 3

the two samples is the time at pivedpd

which this parameter has a
sudden increase, which is
related to the change of the
diffusion path from finite to
infinite, i.e. the formation of a 14
thicker but more porous and

less protective layer of CCP. 0

On the other hand, the
admittance Y, of Qg or W (b) 2
(Figure 6.8-b) stays first L oxxm At
relatively constant and after a * ’
certain period of exposure,
depending on the sample,
starts to increase. This is
believed to be related to the
formation of a spongier layer of = NPDCr1.8 o NPCr1.3
CCP, as well, that results in an 4SPDCr1.8  xSPCr1.8
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6.m-6.0). The time at which the  pH=4 solution.

increase of this parameter

occurs is shorter in the case of the chromate films formed on the Alclad 2024 surface after
the pickling step, especially in the case of a short pickling treatment (sample NPCr1.8). This
is in line with the faster deterioration of the CCP for these samples suggested by the
different equivalent circuits required to obtain the best fit at different times of immersion in
the NaCl solution. The lower stability of the corrosion products in the defects of the CCC
formed after the pickling treatment can be partially due to the lower amount of Cr(V1) species
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adsorbed in the film when intermetallics are left on the substrate surface, which was
hypothesed in the previous chapter based on IR-SE results and on the literature.

As regards the resistance of the porous chromate layer (R,), a gradual decrease
during the exposure to the electrolyte is observed for all the samples (Figure 6.9). This is
likely a result of the formation of a larger amount of pores in the chromate film, which serve
as conducting paths through the layer, and/or to a thinning of the layer itself.

Although, all _the porous
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3 - " ; - . . SPDCr1.8, show a similar
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Time of exposure in 3% NaCl pH=4 solution / h value of Ry that is higher
during the whole exposure
period in comparison with that
of sample SPCr1.8 and
especially of sample NPCr1.8. These differences can be explained by the variations in
morphology of the CCC caused by the surface preparation procedure and discussed in the
previous chapter: more pronounced nano-porosity for the pickled surfaces, especially when
a short pickling time is used, than for the desmutted ones. The immersion in the chloride
solution leads also to an increase of the admittance Y, of the CPE representing the
capacitive behaviour of the barrier layer, i.e. Q. This can be due to a thinning of the barrier
layer itself and/or to an increase of the area of the barrier layer in contact with the electrolyte
(equation 6./). Amongst the samples some differences in the value of this parameter are
observed, however they are limited and fall inside the limit of reproducibility of the
measurements. Nonetheless, its rate of increase appears always to be higher for samples
NPCr1.8 and SPCr1.8, in comparison with samples NPDCr1.8 and SPDCr1.8.

The deterioration of the corrosion protection provided by the CCC during the
immersion in the chloride solution is confirmed by the decrease of the charge transfer
resistance (chart of Figure 6.10-a) and by the increase of the admittance of the CPE
modelling the non-idea! capacitive behaviour of the double layer at the bottom of the defects,
i.e. Yo of Qq (chart of Figure 6.10-b). While the trend of the former indicates that an increase
of the corrosion rate occurs during exposure, the trend of the latter is a consequence of the
increase of the area involved in the corrosion attack (equation 6./). Also for these
parameters, while the trend is similar for all the samples the values and the rate of change
(decrease or increase) are clearly different from sample to sample. Specifically, the value of
R« becomes lower and that of Y, of Qg higher and the decrease of the former and the
increase of the latter is more pronounced going from sample SPDCr1.8 to NPDCr1.8 to

Figure 6.9: Resistance of the porous chromate layer R, as
function of the exposure time in 3% NaCl pH=4 solution.
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SPCr1.8 to NPCr1.8. This means that the rate and the extent of the corrosion attack in the
chloride solution is more limited for the chromate films formed after the desmutting treatment
than for those formed after the pickling process, especially if it is carried out for a short time.
Similarly to the deterioration of the porous chromate layer, also these findings can be
related to the differences in
morphology shown by the (@ * aNPDCr1.8 o NPCr1.8
different  chromate  films. 4SPDCr1.8  xSPCr1.8
Indeed, it was observed that
the prolongation of the pickling
step from 5 to 20 minutes and
especially the realization of the
desmutting step result in the
removal of the intermetallic
particles from the aluminium 0
surface, which in turn leads to
the formaton of a CCC (b) =
containing a lower amount of
large defects. According to the
interpretation of the equivalent
circuits, given in the previous
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involved in the corrosion attack
is the lowest for samples
SPDCr1.8 and NPDCr1.8,
intermediate for sample
SPCr1.8, and the highest for sampie NPCr1.8 that explains the corresponding differences in
the value of Y, of Qq since the beginning of the exposure. In addition, it was found that in the
case of samples NPCr1.8 and SPCr1.8 many of these large defects are located in proximity
of the IMCs. Therefore, for these samples once the corrosion attack starts at the bottom of
the defects it is enhanced by the galvanic coupling existing between the intermetallic and the
Al matrix, leading to a higher corrosion rate, i.e. lower Ry, and higher extent of attack, i.e.
higher increase of Y, of Qq4. Obviously, higher is the amount of IMCs left on the surface, i.e.
sample NPCr1.8, more pronounced is this phenomenon.

It should be noted that the differences in R of samples NPDCr1.8 and SPDCr1.8
cannot be explained based on the morphology of the CCC, since these two samples show a
very similar chromate films. Another feature that is not completely understood is the evident
variation in Y, of Qq and the absence of a specific trend in Y, of Qp amongst the samples,
since both these parameters are supposed to depend upon the extent of the large defects in

Figure 6.10: Charge transfer resistance Ry (a) and non-ideal
double layer capacitance Qg (b) as function of the exposure
time in 3% NaCl pH=4 solution.
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the layer. One possible reason is that the thickness and the dielectric constant of the barrier
layer are two additional variables in determining the value of Y, of Qu (equation 6.)).
Although these unclear points, it can be concluded, that the fitting of the EIS spectra with the
equivalent circuits given in Figure 6.6 leads to an evolution of the various circuit parameters
with the time of immersion in the chioride solution that is physically meaningful and enables
to distinguish between chromate films having different morphology.

e SEMJ/EDS investigation

The better corrosion protection provided by the CCC formed after the desmutting step
(samples NPDCr1.8 and SPDCr1.8) with respect to that formed after the pickling step
(samples NPCr1.8 and SPCr1.8) due to a lower deterioration of both the porous chromate
layer and the CCP together with a less pronounced corrosion attack at the bottom of the
defects is confirmed by the SEM/EDS investigation carried out after the impedance
measurements.

The SEM study shows
that while sample NPCr1.8 is
strongly attacked (Figure 6.11-
a), on the surface of sample
NPDCr1.8 only few areas
appear to be affected by the
immersion in the chloride
solution (Figure 6.11-b). A
more detailed SEM
Figure 6.11: SEM micrographs of samples NPCr1.8 (a) and investigation of the corrosion
NPDCr1.8 (b) after 60 hours of exposure in 3% NaCl pH=4 attack undergone during the
solution. impedance measurements by

the chromate film formed after
a short pickling treatment is given in Figure 6.12 and enables several observations. First of
all, the micrograph of Figure 6.12-a shows the presence of a large and deep pit, at the
bottom of which a white particle is present that is identified by EDS analysis as a Fe, Si-rich
intermetallic (Figure 6.12-d). This confirms the negative effect of the presence of IMCs on
the corrosion performance of Al surfaces even when covered by a CCC, as previously
suggested. In the other two micrographs (Figure 6.12-a and -b) the formation of a large
amount of extremely spongy corrosion products inside the defects of the CCC can be
observed. These are actually the chromate corrosion products mentioned above, since in the
EDS analyses carried out at their location an evident peak relative to chromium and an
extremely strong peak relative to oxygen are always present (Figure 6.12-e). In addition, in
all the EDS spectra of the CCP a chloride peak is detected and in some cases also a strong
copper peak (Figure 6.12-e). While, the presence of CI" is expected since a chloride
containing solution is used for the EIS study, the enrichment in copper is quite surprising
since the clad layer of the alloy used as substrate contains only 0.1% of Cu. This highlights
the high tendency of copper to become enriched on the aluminium surface during exposure
to aggressive media. Obviously, this phenomenon is more pronounced and has important
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consequences on the electrochemical behaviour of copper-rich alloys, as will be discussed
in the next two chapters for bare 2024 aluminium alloy.
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Figure 6.12: SEM micrographs (a, b, c¢) and EDS spectra (d, e) of sample NPCr1.8 after 60 hours of
exposure in 3% NaCl pH=4 solution.

The micrograph of Figure 6.12-b shows that the large volumes of spongy CCP inside
the defects of the film are not only poorly protective but induce also stresses in the chromate
film, which in turn result in circular cracks, indicated by arrows, at their periphery. This is
likely responsible for the detachment of the chromate film in the surrounding areas (named
Al in the micrograph) leaving the bare substrate exposed to the chioride solution; indeed at
these locations chromium is not anymore detected by EDS analysis (Figure 6.12-e).

3 4 5 6 4 8 9 10
Energy/ keV

Figure 6.13: SEM micrographs (a, b) and EDS spectra (c) of sample NPDCr1.8 after 60 hours of
exposure in 3% NaCl pH=4 solution.

The removal of large parts of the CCC from the surface of sample NPCr1.8 occurring
via detachment rather than via dissolution explains the stronger increase of Y, of Qq, i.e.
area involved in the corrosion attack, in comparison with the decrease of Ry, i.e.
acceleration of the corrosion attack. More details about this are given in the next section
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when the influence of the pH of the chromate bath on the corrosion protection provided by
the CCC is discussed.

In agreement with the evolution of the circuit parameters during exposure, when
sample NPDCr1.8 is concerned the extent of the corrosive attack is more limited (SEM
micrograph of Figure 6.11-b) and corrosion products being lower in quantity and more dense
are formed inside the defects of the film (SEM micrographs of Figure 6.13-a and -b). The
EDS spectra of Figure 6.13-c show that, although less strong than in the rest of the surface,
the chromium and oxygen signals are detected also inside the defects, which indicates the
presence of a thin chromium oxide film that is only rarely enriched in chloride.

e Electrochemical Noise (EN)

A further confirmation of the better corrosion protection provided by the CCC formed
on desmutted surfaces with respect to that formed on pickled surfaces is given by the noise
measurements.
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Figure 6.14: Current and potential time records during the 4™ hour of exposure to 3.5% NaCl pH=4
solution for samples NPDCr1.8 (a) and SPDCr1.8 (c¢). Enlargement of 300 seconds of the same
measurements: sample NPDCr1.8 (b) and sample SPDCr1.8 (d). Zero of scales arbitrary.

Some typical examples of current and potential transients are given in Figures 6.14 to
6.17. At the beginning of the immersion in the chioride solution the time records show for all
the samples fairly sharp transients for both the potential and the current (Figures 6.14 and
6.16). In the case of samples NPDCr1.8 and SPDCr1.8 during the first hours of immersion
the current spikes assume a shape characterized by a sudden increase of the current
followed by a gradual decrease to an intermediate value and finally a sudden drop to the
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initial value occurs (spikes named | in the charts of Figure 6.14-b and -d). These current
transients of samples NPDCr1.8 and SPDCr1.8 are either positive or negative depending on
which of the two working electrodes is involved in the corrosion event and are characterized
by a maximum value, i.e. amplitude, varying between 10 and 100 nA and a width in the
range of 5-15 seconds.
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Figure 6.15: Current and potential time records during the 20" hour of exposure to 3.5% NaCl pH=4
solution for samples NPDCr1.8 (a) and SPDCr1.8 (c). Enlargement of 300 seconds of the same
measurements: sample NPDCr1.8 (b) and sample SPDCr1.8 (d). Zero of scales arbitrary.

It can be noted that while the changes in current take place in few seconds the
variations of the potential are more gradual, both during the initial drop associated with the
increase in the current and during the subsequent increase back to the initial value
associated with the decrease in current, i.e. conclusion of the corrosion attack event. The
shape of the current spikes suggests that they are caused by a sudden breakdown of the
barrier layer at the bottom of the defects of the CCC, responsible for the initial rapid increase
in current, followed by the formation of corrosion products (CCP), responsible for the
intermediate gradual decrease in current, that repair and plug the flaw leading to the final
sudden drop of the current.

The increase of the time of exposure to the aggressive electrolyte resuits in more
frequent and longer corrosion events occurring at the location of the defects of the chromate
film of samples NPDCr1.8 and SPDCr1.8. Indeed, the width of the current spikes reaches
value up to 50 seconds, whereas the maximum value of the current stays in the range of 10-
100 nA (Figure 6.15). The shape of the current spikes (named I* in the charts of Figure 6.15-
b and -d) is still characterized by a sudden increase in current followed by a gradual
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decrease to an intermediate value, however a further step, in which the current remain
constant at this intermediate value, is observed before the sudden drop to the initial value
oceurs.
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Figure 6.16: Current and potential time records during the 4™ hour of exposure to 3.5% NaCl pH=4
solution for samples NPCr1.8 (a) and SPCr1.8 (c). Enlargement of 300 seconds of the same
measurements: sample NPCr1.8 (b) and sample SPCr1.8 (d). Zero of scales arbitrary.

This modification in the shape and width of the current transients is believed to be due
to a decrease of the protective properties of the corrosion products, which are produced in
larger amount but are spongier and therefore need a longer time to stop the corrosion
process. Indeed, after the breakdown of the barrier layer at the bottom of the defect, which
causes the sudden increase in current, a porous layer of CCP is formed, which leads to a
decrease of the current; however the corrosion attack can continue through the spongy
CCP, resulting in the plateau in the current transient, before the defect is repaired and
plugged, causing the sudden drop in current. According to this interpretation of the current
spikes of samples NPDCr1.8 and SPDCr1.8, the noise measurements indicate that during
exposure to the chloride solution a deterioration of the layer of CCP formed in the defects of
the CCC takes place, in fine with the resuits of the EIS investigation.

The charts given in Figure 6.16 show that since the first hours of exposure to the
chloride solution on the surface of samples NPCr1.8 and SPCr1.8 more numerous corrosion
events, associated with current spikes, take place with respect to samples NPDCr1.8 and
SPDCr1.8 (Figure 6.14). In the time records of the CCC formed on the pickled surfaces, the
current transients of type | are also observed, which are characterized by a range of
maximum current value similar to that of samples NPDCr1.8 and SPDCr1.8, 10-100 nA, and
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by a higher width, 10-100 seconds (charts of Figure 6.16-b and -d). Again, the potential
transients are more gradual than the current ones. In addition, in some cases the current
transients assume a different shape consisting in a gradual increase of the current followed
by a sudden drop to the initial value (spikes named Il). It is suggested that these transients
are associated with corrosion events taking place at locations in the CCC where spongy
corrosion products are already present, which lead to a gradual and continuous attack rather
than to a sudden breakdown. These results show that the chromate films formed on the
pickled surfaces provide a lower corrosion protection in comparison with those formed on the
desmutted surfaces already at the beginning of the exposure due to the formation in the
defects of CCP being more porous and less protective. It should be noted that this was also
at the base of the choice of different equivalent circuits to fit the impedance diagram of the
various samples.
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Figure 6.17: Current and potential time records during the 20" hour of exposure to 3.5% NaCl pH=4
solution for samples NPCr1.8 (a) and SPCr1.8 (¢). Enlargement of 300 seconds of the same
measurements: sample NPCr1.8 (b) and sample SPCr1.8 (d). Zero of scales arbitrary.

The difference in corrosion resistance shown by the chromate layers formed after
different surface preparation treatments becomes more pronounced at longer time of
immersion in the solution (Figures 6.15 and 6.17). Indeed, for samples NPCr1.8 and
SPCr1.8, when the time of exposure in the aggressive electrolyte is increased the frequency,
width, and amplitude (note that a larger current scale is used in the charts of Figure 6.17) of
the current spikes strongly increase leading to an overlapping of several transients, the
shape of which is hardly distinguished (Figure 6.17).

144




Microstructure and chromate conversion coating-Alclad 2024

(a) oo
-= NPDCr1.8 = NPCr1.8
5000 -+ SPDCr1.8 » SPCr1.8
4000
€
3 3000
o
2000
1000
0 T T " > - - - 448
5 10 15 20 25 30 35 40 45 50
Al/nA
(b) s

500 1 §

Count

100

150 200 250

AL/ nA

Figure 6.18: Number of current deviati
(Al) as function of the value of the dev
nA (a) and between 50 and 500 nA (b).

(Figure 6.19).
The
information

former gives
regarding  the
corrosion protection provided
by the CCC, while the latter
describes the variation of the
corrosion resistance during the
in the chloride
solution. Figure 6.18 shows
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This indicates that the extent of
the corrosive attack on the
surface of these samples is
strongly enhanced  during
immersion and that a complete
repair and plug of the defects
of the CCC does not occur
anymore. This is likely due also
to the detachment of large
pieces of the chromate film, as
observed during the
impedance experiments.

The results of the noise
measurements are
summarized into two charts:
the number of deviations from
the mean current values (Al,
equation 6.j), which is related
to the number, width and
amplitude of the current spikes,
as function of the value of the
deviation (Figure 6.18) and the
total amount of deviations as

function of the time of
exposure to the solution
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Figure 6.19: Total number of current deviations from the mean
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value (Al) as function of the immersion time in 3.5% NaCl pH=4
solution.

noted that this ranking is maintained and the differences between the samples are enhanced
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during the immersion in the chloride solution. This means that the chromate films formed
after the desmutting step (samples NPDCr1.8 and SPDCr1.8) provide the best corrosion
protection to the aluminium surface, the CCC deposited after a long pickling treatment
(sample SPCr1.8) provide an intermediate protection, whereas that formed after a short
pickling step (sample NPCr1.8) is the less protective, in agreement with the findings of the
EIS investigation.

An apparent contradiction between the impedance and the noise resuits consists in the
values of the charge transfer resistance, in the order of magnitude of hundred ohms, and of
the current spikes, in the order of hundred nano-amperes. Indeed, a theoretical relationship
between the corrosion current density (i) @and the polarization resistance (R;) exists [35]:

1/ S— (6.)
230, (8, + A.)

where B, and B, are the anodic and cathodic Tafel parameters given by the slope of the
polarization curves. Based on this equation and considering R, equal to the charge transfer
resistance a higher Ry should be expected. However, the applicability of this simple
relationship relies on the presence of a single charge-transfer-controlled cathodic reaction
and a single charge-transfer-controlled anodic reaction, which is likely not the case in the
corrosion processes occurring at chromated aluminium surfaces. In addition, in the system
under study the current and the charge transfer resistance cannot be directly correlated
through equation 6.p for two main reasons. First, the charge transfer resistance is much
lower than the polarization resistance for a conversion coated surface and under diffusion-
controlled conditions [36], since the resistance of the layer and the diffusion resistance
contribute also to the polarization resistance. Second, the area involved in the corrosion
attack does not correspond to the geometrical area of the sample, is unknown, and can vary
between different measurement and even during the same measurement, which last several
hours. Therefore, it is believed that the analysis of local corrosion events occurring at a
micro-scale using macro-electrochemical methods, as EIS and EN, does provide qualitative
information regarding the corrosion behaviour of the system and does enable a ranking
between different systems, but does not provide quantitative information. These can be
obtained only using local electrochemical techniques, as the micro-capillary method [37],
which can monitor a single corrosion event occurring at a location with a well-defined micro-
area.

In conclusion, the impedance and noise investigations together with the SEM/EDS
study of the corroded samples show that the presence of intermetallic particles on the
aluminium surface is deleterious for the corrosion resistance of the CCC. This is related to
the variations in morphology of the chromate film caused by the IMCs: film containing a
higher amount of large and deep defects located in their proximity. This results in a higher
extent of the corrosive attack, formation of spongy and poorly protective corrosion products,
which induce stresses and consequent detachment of the film. Besides, a decrease of the
protection provided by the CCP is likely associated also with a lower amount of Cr(Vi)
species adsorbed in the chromate film when intermetallics are present on the substrate
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surface. Finally, it should be noted that the much lower corrosion protection provided by the
CCC formed directly after the acid pickling treatment in comparison with that formed after the
desmutting process could not be foreseen by the standard methods of coating evaluation
used in the industry, which are based on thickness measurements. Indeed, in section 5.3.3
of chapter 5 it has been shown that the variations in thickness amongst the chromate films
deposited after different surface preparation procedures are very limited.

6.3.3 Corrosion protection provided by the CCC: effect of the chromate bath pH

In the previous chapter it was shown that the morphology of the chromate film
depends also on the chromate process parameters, specifically the pH of the chromate bath,
which affect also the chemical composition of the film. Therefore, the CCCs formed at
different pH are expected to provide different level of corrosion protection. This is discussed
in the present section based on impedance and noise data.

¢ Electrochemical Impedance Spectroscopy (EIS) .

The impedance spectra of the samples chromated after a pickling + desmutting
treatment, as surface preparation procedure, varying the pH of the chromate bath from 1.2
up to 2.4 were fitted using the equivalent circuits given in Figure 6.6.

Table 6.4: Equivalent circit 4 1o fit the EIS data of For samples chromated at pH 2.2
aple 6.1 uivalen ala o
d eireut’s used ‘o T The and 2.4 (samples NPDCr2.2 and

the CCC, formed at different pH of the chromate bath, o .
during the exposure in 3% NaCl pH=4 solution. NPDCr2.4) the best fit is obtained
with the equivalent circuit of Figure

. L Figure Figure Figure 6.6-b during the first 40 h and 50 h,
Equivalent circuit . . ) ]

6.6-a 6.6-b 6.6-c respectively, of immersion in the
NPDCr1.2 0-30h 30-60h - chloride solution and afterwards with
NPDCr1.4 0-25h 25-45h 45600 the circuit of Figure 6.6-c (Table
NPDCr1.8 0-5h 5-45h 45-60h  6.1). On the other hand, the data of
NPDCr2.2 . 0-40h 40-60h  samples chromated at pH 1.8, 1.4,
NPDCr2.4 . 0-50h 50-60h  ang 1.2 (samples NPDCr1.8,

NPDCr1.4, and NPDCr1.2) are well
described by the equivalent network of Figure 6.6-a during the first 5, 25, and 30 h of
immersion, respectively. Then, the circuit of Figure 6.6-b gives the best fit up to 45 h for the
samples chromated at pH 1.8 and 1.4, and until the end of the exposure for sample
NPDCr1.2. Finally, the circuit of Figure 6.6-c best fits the impedance response of samples
NPDCr1.8 and NPDCr1.4 during the remaining period of immersion. These differences
amongst the samples chromated at different pH of the Alodine solution were found to be
reproducible.

As explained in section 6.3.1, the necessity of using the different circuits of Figure 6.6
to fit the impedance data is associated with the deterioration of the film of CCP occurring
during the immersion in the chloride solution. Based on Table 6.1, it seems that the
protective properties of the chromate corrosion products formed in the defects of the CCC
decreases when the pH of the chromate bath is increased, especially above 1.4. A possible
reason of this can be found in the variations of the chemical composition resulting from the

147




Chapter 6

change of the bath pH. In section 5.3.4 of chapter 5 a decrease of the quantity of Cr(Vl)
species adsorbed in the CCC as a consequence of the increase of the pH of the Alodine
solution is suggested based both on our own results and on the literature. The Cr(VI)
species in the chromate film are believed to be responsible for the “self-healing” behaviour of
the CCC, since they can leach, diffuse and precipitate in the defects (see section 3.2.2 of
chapter 3 for more details). Therefore, the lowering of the Cr(VI) species in the chromate
layer is expected to lead to a weakening of the CCP deposited in the flaws of the chromate
film during exposure, since they will consist more of aluminium oxide that is less stable and
resistant than aluminium/chromium mixed oxide.
The chart in Figure 6.20-
b shows that the value of the (@ ° - NPDCr1.2
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to the formation of a more Figure 6.20: Diffusion resistance R, (a) and diffusion

porous and less protective film impedance Q. (b) as function of the exposure time in 3% NaCl
of corrosion products in the  pH=4 solution.

defects. Therefore, the

different values of Y, of Q., or W shown by the samples are in line with the suggestion that
the protective properties of the CCP increase when the pH of the chromate bath is
decreased. In the chloride solution this is evident for pH 1.4 and especially 1.2, while the
results of the EIS investigation in a less aggressive solution (0.5M K,SO4 pH=4), not given
here, make a clear distinction also amongst the samples chromated at pH higher than 1.4. In
particular, the presence of chloride seems to negatively affect the corrosion resistance of the
CCP of sample NPDCr1.8 since the beginning of the exposure, whereas for samples
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NPDCr1.4 and especially NPDCr1.2 a similar deterioration of the CCP occurs only after a
certain period of immersion.

The stronger degradation of the CCP on samples chromated at pH 1.4 and 1.8
compared with sample chromated at pH 1.2 is evident also in the change of R, with the
exposure time (Figure 6.20-a). Indeed, while varying the pH of the chromate bath from 1.2 to
1.4 to 1.8 the diffusion resistance decreases and the time of its sudden increase, which is
related to the change of the diffusion path from finite to infinite and therefore to the formation
of a thicker but less dense and protective film of CCP, becomes shorter. Based on the
choice of the equivalent circuit and on the evolution with time of immersion of both the
diffusion capacitance and the diffusion resistance, it is suggested that a decrease of the pH
of the chromate bath leads to the formation of a chromate conversion coating characterized
by a better “self-healing” behaviour, i.e. dynamic repair of the defects.

8 During immersion in the
4 NPDCr12 x NPDCr2.2

‘:".'..... * NPDCr1.4 —NPDCr2.4 electrolyte all the samples

'. . .

ik Seee,, * NPDCr1.8 show a decrease of the circuit

“oee,, parameter R, (Figure 6.21),
""tnee. which can be associated with a
degradation of the barrier
X el properties of the porous
chromate layer, but to a
different extent: a slower

0 10 20 30 40 50 60 o deterioration of the porous
Time of exposure in 3% NaCl pH=4 solution / h
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¥
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layer, i.e. less pronounced
Figure 6.21: Resistance of the porous chromate layer R, as decrease of R, characterizes
function of the exposure time in 3% NaCl pH=4 solution. the samples chromated at pH

1.8 and especially 1.4. This
can be explained taking into account that a decrease in pH of the chromate bath leads to a
decrease of the density of the porous layer but also to an increase of its thickness, as
described in section 5.3.4 of chapter 5. Therefore, a decrease of the pH of the chromate
solution has two contrasting effects on the resistance of the porous layer, since a higher
thickness would increase it whereas a lower density would decrease it. It seems that when
the pH is changed from 2.4 to 1.4 the increase of the thickness is preponderant on the
decrease of density resulting in an improvement of the resistance of the porous layer and in
a slower deterioration during exposure. On the other hand, the decrease of the pH from 1.4
to 1.2 leads to an opposite situation, i.e. the decrease in density is more significant than the
increase in thickness, and then the porous layer becomes less resistant.

The stronger influence of the variation of the pH from 1.4 to 1.2 on the density than on
the thickness of the CCC is in accordance with the results of the surface analysis
investigations, discussed in the previous chapter. Indeed, an increase of only a few tens of
nanometres for the thickness (Figure 5.23) and a doubling of the roughness of the surface
(second row of Table 5.4), related to the nano-porosity, were observed for the chromate film
formed at pH 1.2 in comparison with that formed at pH 1.4. Based on the physical
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interpretation of the circuit parameter Ry and on its evolution with time of exposure for the
different samples (Figure 6.21), it can be concluded that the use of a pH 1.4 in the Alodine
solution gives rise to a CCC with optimised thickness and density of the porous layer.

Similarly to the surface preparation procedure, the change of the pH of the chromate
bath does not systematically affect the value of the admittance (Y;) of the constant phase
element modelling the barrier layer (Qy), which for all the different samples slightly increases
during the exposure.

Figure 6.22 shows that
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1.4 and 1.8 and the increase in o “m“....un

the  protective  properties paest

provided by the chromate i 10 20 0 % A 60 7

corrosion products (CCP) Time of exposure in 3% NaCl pH=4 solution / h

when the pH is decreased from Figure 6.22: Charge transfer resistance Ry (a) and non-ideal

2.4 to 1.2. Besides, the IR-SE  gouble layer capacitance Qq (b) as function of the exposure
and AES studies discussed in  time in 3% NaCl pH=4 solution.

section 5.3.4 of chapter 5 show

that the increase of the pH of the chromate solution leads to the presence of Al oxide at the
interface CCC/Al substrate. This could be an additional cause of the lower corrosion
resistance shown by samples NPDCr2.2 and NPDCr2.4.

In the case of sample NPDCr1.2, the slower corrosion attack involving a smaller area
with respect to samples NPDCr2.2 and NPDCr2.4 is likely due to the formation of a thinner
but denser layer of CCP inside the defects that provides a better protection and induces a
low level of stress limiting the detachment of the CCC. Whereas, the better corrosion
performance of the chromate films formed at pH 1.8 and 1.4 is related to the better barrier
properties, i.e. lower amount of defects and higher thickness, of the porous chromate layer
that increase also the threshold stress for the initiation of cracks, rather than to the film of
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CCP, which undergoes a similar degradation as for samples NPDCr2.2 and NPDCr2.4. This
explains also the better corrosion resistance at the beginning of the exposure to the chloride
solution together with the heavier degradation during the immersion shown by sample
NPDCr1.2 with respect to samples NPDCr1.4 and NPDCr1.8. Indeed, it is suggested that
the better CCP formed in the former leads to a better behaviour at the beginning of the
immersion, whereas the better properties of the porous layer, i.e. higher density and the
lower amount of defects, observed in the last become preponderant after a certain exposure
period and limit the deterioration of the corrosion protection provided by the film during the
immersion.

» SEM/EDS investigation

The SEM investigation (Figure 6.23 and Figure 6.11-b) carried out at the end of the
EIS measurements confirms the higher extent of the corrosive attack undergone by samples
NPDCr2.2 and NPDCr2.4 in comparison with the other CCCs, especially those formed at pH
1.4 and 1.8.
g ; Indeed, the SEM micrographs
relative to the surface of
samples NPDCr2.2 and
NPDCr2.4 (Figure 6.23-c and —
d) show a large number of
locations where corrosion has
taken place leading to the
formation of round pits 1-10

um in diameter, whereas the
chromate film of samples
NPDCr1.8 (Figure 6.11-b) and
NPDCr1.4 (Figure 6.23-b) are
affected only at few sites and
that of sample NPDCr1.2
(Figure 6.23-a) has undergone
an intermediate extent of
attack. The charts given in

Figure 6.22 show also that
Figure 6.23: SEM micrographs of samples NPDCr1.2 (a), during exposure while the
NPDCr1.4 (b), NPDCr2.2 (c), and NPDCr2.4 (d) after 60 hours decrease of the charge
of exposure in 3% NaCl pH=4 solution.

transfer resistance, ie.
acceleration of the corrosion
process, is gradual for all the samples, the increase of Y, of Qq, i.e. increase of the extent of
attack, is gradual in the case of the chromate films formed at pH lower or equal than 1.8 and
much more pronounced for the others. As already noted in the previous section, this lack of
correspondence in the rate of variation of Ry and Y, of Qy suggests that the round pits
observed on the surface of samples NPDCr2.2 and NPDCr2.4 are created mainly via
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detachment of the chromate layer as a consequence of the stresses induced by the

corrosion products rather than via dissolution of the film.

This is confirmed by the micrographs of Figure 6.24 that show on the surface of these
samples the presence of
white deposits of
corrosion products,
which by means of EDS
analyses are found to be
enriched in CI".

On these
micrographs four steps of
the mechanism of
detachment of  the
chromate layer caused
by the corrosion products
can be observed:
| A large amount of very spongy corrosion products fills completely the defects and starts

to be visible on the top surface.

Il The deposit of corrosion products grows in size and leads to a variation in volume that
induces stresses in the chromate layer and gives rise to the initiation on the top surface
of a circular crack around the defect.

Il The circular crack grows and radial cracks are also formed due to the increase of the
stresses exerted by the corrosion products.

IV The circular crack reaches the aluminium substrate and a large portion of the chromate
film is detached giving rise to a weak location in the film that afterwards can undergo
further corrosion.

Figure 6.24: SEM micrographs of samples NPDCr2.2 (a) and
NPDCr2.4 (b) after 60 hours of exposure in 3% NaCl pH=4 solution.

e FElectrochemical Noise (EN)

Based on the impedance results, it can be stated that when the pH of the chromate
bath is adjusted at a value of 1.4 - 1.8 the CCC that is deposited on the Alclad 2024 alloy
provides the best “long-term” corrosion resistance to the substrate, since an optimum
compromise between the barrier properties of the porous chromate film and the self-healing
ability is reached. The noise measurements are in accordance with these findings. Similarly
to the current records of sample NPDCr1.8 discussed in the previous section (Figure 6.14-
a), at the beginning of the exposure few type | spikes characterize also the time records of
the current for samples NPDCr1.4 and NPDCr1.2. Comparing the CCC formed at pH 1.2
with those formed at 1.4 or 1.8, while the number of the current transients, related to the
number of corrosion events occurring on the surface of the two working electrodes, is higher
their width, related to the time necessary to repair a site of attack in the film, is smaller.
These observation are in agreement with the higher amount of defects, i.e. potential sites of
corrosion attack, present in the chromate film formed at pH 1.2, and the better corrosion
protection provided by the CCP of this film, as suggested by the impedance investigation.
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fi-Corrosion protection

When samples
NPDCr2.2 and NPDCr2.4 are
concerned, the frequency,
width, and amplitude of the
current spikes are much higher
since the beginning of the
exposure and are strongly
enhanced during immersion.

The findings of one set of
noise experiments, which are
representative  for all the
measurements, are
summarized in the plots of
Figures 6.25 and 6.26 that
show the number of deviations
from the mean current value
(Al), which are related to the
frequency, width and amplitude
of the current transients, as
function of the value of the
current deviation and the time
of exposure, respectively. It
can be observed that samples
NPDCr2.2 and NPDCr24

show the highest number of Al 150000

independently upon the value
of the deviation together with
the highest maximum value of
the deviation (Figure 6.25). On
the other hand, samples
NPDCr1.4 and NPDCr1.8 are
characterized by the lowest
value of these parameters, and
sample NPDCr1.2 by
intermediate values. This is
indicative of a worsening of the
corrosion protection provide by
the CCC when the pH of the

chromate bath is decreased

4 NPDCr1.2 —NPDCr2.4
* NPDCr1.4 x NPDCr2.2

1250001 5 NPDCH1.8
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50000
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Figure 6. 26: Total number of current deviations from the mean
value (Al) as function of the immersion time in 3.5% NaCl pH=4

solution.

below 1.4 and especially when is increased above 1.8. In addition, the plot of the number of
current deviations versus the time of immersion (Figure 6.26) clearly shows that the
corrosion resistance of samples NPDCr2.2 and NPDCr2.4 is much lower since the beginning
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of the exposure and deteriorates much faster during exposure than that of samples
NPDCr1.4 and NPDCr1.8. Whereas, the chromate film formed at pH 1.2 behaves similarly to
those formed at pH 1.4 or 1.8 during the first 6-8 hours of immersion and afterwards its
corrosion protection decreases as fast as that of the films formed at higher pH, i.e 2.2 and
2.4. This is in line with the EIS results, which indicate a more pronounced worsening during
the immersion in the chloride solution of the corrosion resistance of sample NPDCr1.2 in
comparison with samples NPDCr1.4 and NPDCr1.8.

In conclusion, based on the EIS and EN investigations the effect of the pH of the
chromate bath on the corrosion resistance provided by the chromate conversion coating to
the aluminium substrate can be summarized as follows:

v A decrease of the pH of the chromate bath causes the formation of a chromate film being
thicker, which would then have better barrier properties and better resistance to
detachment.

v A decrease of the pH of the chromate bath causes the formation of a chromate fim
containing a higher amount of pores and defects, which would then have lower barrier
properties and lower resistance to stresses.

v" A decrease of the pH of the chromate bath causes the deposition during exposure of
corrosion products being denser, and having lower variation in volume that leads to less
pronounced stresses in the chromate film. The chromate film would then have a better
self-healing behaviour and adhesion to the substrate.

Therefore, varying the pH of the chromate bath from 2.4 to 1.4 improves the corrosion
behaviour of the chromate conversion coating. However, when the pH is further decreased
the increase of the amount of pores and defects has a stronger effect than the increase of
the thickness and of the protection provided by the CCP and as a consequence the
corrosion performance of the chromate film becomes worst.

6.4 Conclusions

The impedance behaviour of the chromate film/aluminium substrate system has been
modelled using an equivalent circuit, which was developed on the basis both of the TEM
investigation and of the results reported in literature. Although the proposed network does
not include all the phenomena involved in the response of such complex system during the
impedance measurements, it does well represent the behaviour of the CCC on aluminium
alloys in the conditions and especially within the frequency range that were used in this
investigation. The validity of this equivalent circuit in representing the impedance response
of the chromate conversion coating/Al substrate system is supported by both the evolution
with the exposure time of the different electrical parameters, which have a well-defined
physical meaning, and by the SEM study carried out on the sample surfaces after the
impedance experiments.

In addition, the noise measurements have confirmed the differences in the corrosion
resistance amongst the different chromate films, which were highlighted by the fitting of the
impedance spectra. Specifically, the analysis of the impedance and noise data has shown
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that the corrosion protection of the chromate conversion coating on Alclad 2024 galioy

depends mainly on the following three factors:

v' Barrier properties, i.e. capability to avoid the contact of the aluminium substrate with
aggressive species, that depends on the thickness and the micro and nano-porosity of
the film.

v" Corrosion products deposited inside the defects that are determined by the chemical
composition of the layer, in particular the amount of Cr(VI) adsorbed in the film.

v" Adhesion to the aluminium substrate, i.e. capability to stand the stresses caused by the
increase in volume due to the formation of extremely spongy corrosion products, that
depends on the thickness and density of the layer.

These factors depend on the chromate process conditions, and also on the surface

preparation procedure, since both affect the morphology and the chemical composition of

the chromate conversion coating.

The decrease of the pH of the chromate bath leads to the formation of a thicker layer,
which improves the barrier properties of the film, and to a higher amount of Cr(VI) adsorbed
in the layer, which gives rise to the formation of corrosion products being more protective. In
addition, the better protection caused by the CCP limits their own amount and the change in
volume caused by them, which leads to the induction of lower stresses in the film and then a
higher adhesion to the substrate. On the other hand, the decrease of the pH of the chromate
bath causes also a larger amount of pores and defects, which makes worst the barrier and
adhesion properties of the film. Therefore, the corrosion performance of the chromate
conversion coating can be improved decreasing the pH of the chromate bath up to a value
that optimises thickness, density and Cr(VI) content of the fiim.

The presence of intermetallic particles on the aluminium substrate negatively affects
the corrosion protection provided by the CCC, since they are location of large defects in the
film and as a consequence decrease the barrier and adhesion properties of the film itself.
Once the corrosion attack has started inside the defects, the existence of the galvanic
coupling between the IMC and the Al matrix leads to an acceleration of the attack with
consequent formation of large quantity of spongy CCP. Besides, aithough not unequivocally
proved, it seems that when IMCs are left on the surface a lower amount of Cr(VI) species is
adsorbed in the CCC, which contributes to the decrease of the protection provided by the
chromate corrosion products. This highlights the importance of the surface preparation
procedure, which should enable the removal of most of the intermetallics from the aluminium
surface in order to obtain a CCC being highly protective. In conclusion, it has been shown
that the IMCs play a fundamental role in the corrosion behaviour of aluminium alloys, even
when covered by a conversion film and even in the case of alloys containing a relatively
small amount of intermetallics, as AA1230 used as clad layer for Aiclad 2024 alloy. When
alloys with a more complex microstructure, as AA2024, are considered this phenomenon is
of course more pronounced, as will be described and discussed in the next chapter.
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Chapter 7

Microstructure and chromate
conversion coating-Bare 2024

7.1 Introduction

In chapters 5 and 6 it has been shown that the surface preparation procedure largely
affects the nucleation, growth and final properties of the CCC formed on Alclad 2024
aluminium alloy. This strong influence has been correlated to the different amount of
intermetallic particles left on the surface after the surface preparation treatment. Indeed the
IMCs of Alclad 2024 alloy are rich in iron and/or silicon and act as local cathodes leading to
a preferential nucleation of the chromate film at their location and as a consequence to the
formation of a chromate film containing a large amount of defects and providing less
corrosion protection.

In this chapter the role played by the alloy microstructure on the formation and the
corrosion protection mechanisms of the CCC is further investigated considering bare 2024
aluminium alloy as substrate. The choice of this alloy was based on both technological and
scientific considerations. On one hand, amongst the aluminium alloys for aerospace
applications, AA2024 is one of the most used and studied and on the other hand it contains
a large amount of alloying elements in solid solution and of cathodic intermetallic particles.
Therefore, it may be expected that the use of this alloy would enable not only to further
confirm the effect of the cathodic IMCs on the nucleation, growth and final properties of the
chromate film but also to highlight an eventual role played by the redeposition on the surface
of small particles of some alloying elements, which are generally named smut and may
occur during the activation processes preceding the chromate treatment. In particular, the
surface preparation parameters studied are the same used in the case of the clad alloy, i.e.
length of the acid pickling treatment and presence of a desmutting step.

In the first section of the chapter the experimental procedure, which is almost identical to that
used for Alclad 2024 alloy, is shortly summarized. Afterwards, the main section concerning
the description and discussion of the results is given divided into five main parts. Similarly to
chapter 5, the first part deals with the influence of the surface preparation processes on the
morphology and microstructure of the alloy surface, since this is the base for understanding
the differences in the nucleation, growth and final properties of the CCC formed after the
different surface treatments. Particular attention is given to the amount and type of
intermetallic particles and to the redeposition of alloying elements, namely copper, on the
surface. The effects of these two microstructural parameters on the nucleation and growth

157



Chapter 7

mechanisms of the CCC are then discussed in the second and third part, respectively, of the
section. Whereas, their influence on the final morphological features of the chromate film
formed after a standard time of immersion in the Alodine bath is the topic of the fourth sub-
section. Finally, the last part discusses the influence of the morphological properties of the
film on its corrosion resistance leading to a correlation between microstructure, specifically
IMCs and copper deposits, of the aluminium substrate and the protection provided by the
CCC.

7.2 Experimental procedure

7.2.1. Materials and treatment

A bare 2024 aluminium alloy in the T3 temper, which was rolled to a thickness of 0.8
mm, was used as substrate. The chromate conversion treatment was carried out as
explained in section 5.2.1 of chapter 5 using the standard conditions, i.e. pH of 1.8 and
temperature of 25°C.

2SPCr, 2SPDCr

Figure 7.1: Schematic illustration of the different surface preparation and chromate treatment
processes investigated in the case of bare 2024 alloy.

As in the case of the Alclad 2024 substrate four different surface preparation treatments
were used before the immersion in the chromate bath: acetone cleaning and acid pickling for
5 or 20 minutes with or without a subsequent desmutting step (Figure 7.1).
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The same code for the samples is used, except for the addition of the digit 2 in order to
distinguish the bare 2024 samples from the Alclad ones: 2NP, 2SP, 2NPD, and 2SPD before
chromate process and 2NPCr, 2NPDCr, 2SPCr, and 2SPDCr after the immersion in the
Alodine 1200 solution for 3 minutes. In addition, a very short duration of the chromate
treatment, i.e. 3 seconds, was also used in order to investigate the early stages of the CCC
nucleation. This will be opportunely stated in the text.

The acid pickling treatment, i.e. procedure NP and SP, was carried out also on
samples that were mechanically polished up to 1 um using diamond paste and ethanol as
lubricant. Similarly to the unpolished samples, they were afterwards immersed in the
chromate solution for 3 seconds or 3 minutes (Figure 7.1). The use of polished surface was
mainly motivated by the attempt of avoiding any topographic artefacts in the SKPFM
potential map.

Besides, some coupons of bare AA2024-T3 were polished up to 1um, stored for 10
days in air and then directly immersed without any surface activation in the Alodine 1200
bath at room temperature and for different times: 3, 27, and 180 seconds. The samples
before the chromate treatment are called 2AR and after the standard time of immersion in
the chromate bath, i.e. 180 seconds, 2ARCr (Figure 7.1). The purpose of this part of the
study was to enable the comparison of our own results with those reported in literature,
which in most cases regard polished and untreated surfaces.

7.2.2. Surface analysis investigation

The alloy surface was investigated by means of SEM, EDS, and SKPFM technigues
after each step of the surface preparation and chromate processes described in the previous
section. The experimental conditions used are the same of those given in the sections 4.3.2
of chapter 4 and 5.2.2 of chapter 5.

7.2.3. Electrochemical investigation

The corrosion protection provided by the chromate conversion coating formed on un-
polished surfaces after the different surface preparation procedures were studied using both
electrochemical impedance spectroscopy (EIS) and electrochemical noise (EN). The
theoretical principles and the experimental conditions of these techniques have been
described in section 6.2 of chapter 6.

7.3 Results and discussion

This section describes and discusses first the results of the SEM/EDS, SKPFM studies
and afterwards the corrosion protection behaviour of the different CCCs extrapolated from
the impedance and noise data. Both for the surface analysis measurements and for the
electrochemical experiments for each sample 1 or 2 examples are given in order to illustrate
the effect of the intermetallics and the copper deposits on the formation and corrosion
protection mechanisms of the chromate film. On the other hand, this correlation between
microstructural features and nucleation, growth, and final properties of the CCC was based
on the results of several measurements.
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7.3.1 Surface morphology and microstructure
o As-received

In agreement with the literature and our previous results, which have been described
in chapter 2 and 4, respectively, the microstructure of bare 2024 aluminium alloy is
characterized by the presence of numerous large intermetallic particles (Figure 7.2-a). The
EDS spectra, some examples are given in Figure 7.2-b and -c, show that these IMCs belong
to two main groups: the round shaped Al-Cu-Mg intermetallics (named hereafter IMC,),
which are likely the equilibrium S-phase (Al,CuMg), and the Al-Cu-Mn-Fe-Si containing
intermetallics (named hereafter IMC;), which are characterized by an irregular shape and a
larger size in comparison with IMC;.
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Figure 7.2: SEM micrograph (a) of bare 2024 alloy after mechanical polishing up to 1um (sample
2AR) and EDS spectra of intermetallics IMC/IMC+* (b) and IMC,/IMC,* (c).

In addition, amongst the round shaped intermetallics a small percentage was found to
not contain magnesium (named IMC,*) and some irregularly shaped IMCs are silicon-free
(named IMC,*). Although the EDS analyses do not enable a quantitative identification of the
chemical composition of the intermetallic particles due to the strong background signal
coming from the Al matrix, the Al-Cu intermetallics (IMC4*) can be assigned, based on the
equilibrium phase diagram of aluminium and copper, to the ®-phase, i.e. Al,Cu [1]. It should
be noted that this type of intermetallics were not observed amongst the several IMCs
analysed in the AA2024 coupons, which were used for the heat treatment investigation
discussed in chapter 4 and which were obtained from a rolled batch of different thickness
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provided by a different aluminium producer. This suggests that the amount of ®-phase, and
more in general the percentage of the different intermetallics typical of 2024 aluminium alloy,
can vary from batch to batch. This is likely related to the compositional ranges allowed for
AA2024, specifically copper can vary from 3.8 up to 4.9 %, magnesium from 1.2 to 1.8%,
and manganese from 0.3 to 0.9% in weight [2].
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Figure 7.3: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and dual section analysis (c) along the black lines in the topographic image (black)
and in the potential map (grey) of sample 2AR.

Figure 7.3 reports the topographic image (a) and the Volta potential map (b) obtained
with the SKPFM technique on the same area of the sample shown in the SEM micrograph of
Figure 7.2-a. The correspondence of the AFM topographic map and the SEM micrograph
can be found observing the presence of a small hole on the bottom-left corner and of a smalll
debris on the top-left corner (enclosed in circles) of both images. Besides, they both show at
the periphery of the intermetallic named IMC, the presence of a hole, which is likely a
consequence of the mechanical polishing procedure.

On the other hand, while it is almost impossible to identify the intermetallic particles in
the topographic image they are clearly visible in the potential map as very bright areas. All
types of IMCs are found to have a more noble Volta potential with respect to the surrounding
aluminium matrix (named hereafter M in all section analyses). Figure 7.3-c shows the
section analyses carried out along the same line, marked in black, of the topographic and
potential scans. This operation is made using the “dual section” option of the software
controlling the SKPFM instrument, which enables to obtain the height (black line) and
potential (grey line) profiles along exactly the same line of the sample surface. Several
section analyses lead to the conclusion that the difference in Volta potential between the
matrix and the intermetalllics, either those belonging to the IMC, group, with or without Mg, or
those belonging to the IMC, group, containing or not silicon, varies from 150 up to 360 mV.
In addition, the IMCs have been observed to slightly protrude from the surface, since the
height at their sites is often 10-20 nm higher with respect to the rest of the surface. This is a
consequence of the more pronounced hardness of the intermetallics in comparison with the
Al matrix, which results in a different extent of thickness reduction at these two sites of the
surface during the mechanical polishing procedure.

From our investigation it is not possible to distinguish the different intermetallic
particles based on the value of their galvanic coupling with the matrix, since the ranges for
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the various types of IMCs overlap. As already explained in chapters 4 and 5, the variation in
the value of the Volta potential amongst intermetaliics of the same group is a consequence
either of small differences in chemical composition, which are below the detection limit of
EDS, or of differences in size, which affect the measured potential due to the “size effect”
phenomenon. While the cathodic nature of the Al-Cu and Al-Cu-Mn-Fe-(Si) intermetallics is
expected, since they contains elements that are more noble than aluminium, that of Al-Cu-
Mg is in contrast with the presence of a strongly anodic element as magnesium.
Nonetheless, the more noble Volta potential of the Al-Cu-Mg intermetallics is in accordance
with our own results given in chapter 4 and with those found in literature [3, 4]. As already
mentioned in section 4.4.1 of chapter 4, the cathodic nature of these IMCs can be attributed
to the presence of a modified surface layer enriched in copper.

It can be noted that the small variations in chemical composition and microstructure
amongst 2024 aluminium alloys of different batches are reflected also in the surface Volta
potential. Indeed, small differences in the range of the galvanic coupling of the IMCs with the
Al matrix are observed between the alloy used in the heat treatment study (150-300 mV) and
that used in the present investigation (150-360 mV).

The comparison of these results with those given in section 5.3.1 of chapter 5, relative
to Alclad 2024 alloy, shows that AA2024 with respect to AA1230, used as clad layer, is
characterized by a higher density of coarse intermetaliic particles that are larger in size and
cause a stronger galvanic coupling with the surrounding matrix. These differences in the
microstructure of the two aluminium alloys is of course expected based on their different
chemical composition.

e Acid pickling (polished surfaces)

The SEM study (Figure 7.4) shows that the immersion in the sulfuric/phosphoric acid

bath of the pohshed AA2024 surface Ieads not onIy to a local attack in proximity of the
: sl i intermetallic particles, which is

a consequence of the cathodic
nature of the IMCs themselves
that cause the dissolution of
the Al matrix at their periphery,
but also to the deposition of
small particles over the whole
surface, i.e. formation of a
smut. Similarly to the Alclad
Figure 7.4: SEM micrographs of bare 2024 alloy after 2024 alloy, the extent of the
mechanical polishing and 5 minutes, sample 2NP (a), or 20 |ocal attack increases with the
minutes, sample 2SP (b), of immersion in the H3PO4-H,SOs  increase of the immersion time

solution. in the pickling solution leading
to the drop out of some IMCs,

which indeed were observed to be lower in number in sample 2SP than in sample 2NP.
Besides, the additional phenomenon of the smut formation that was not observed in
the case of Alclad 2024 appears evident especially after relatively long time of immersion in
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the pickling bath (Figure 7.4-b). However, the SEM investigation carried out at higher
magnifications shows that the deposition of small particles, few nanometers in size, occurs
already after five minutes of contact with the sulfuric/phosphoric acid bath (Figure 7.5-a).
The comparison of the EDS spectra relative to areas of the surface free or covered by these
deposits (named | and |l, respectively, in the SEM micrograph of Figure 7.5-a) suggests that
these small particles consist of copper, since the signals relative to this element are slightly
stronger in the analyses made on the area where the deposits are present (Figure 7.5-d).
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Figure 7.5: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of sample 2NP. Polished sample.

Although the difference in the Cu peaks is quite limited due to the extremely small size
of the particles that results in a strong background aluminium signal, the existence of such
difference was found to be reproducible. The chemical composition of these particles is
confirmed by the EDS analyses carried out on the surface of AA2024 after 20 minutes of
immersion in the pickling bath, i.e. sample 2SP (Figure 7.6-d). Both the copper and oxygen
signals are much stronger on the zones covered by the white deposits (SEM micrograph of
Figure 7.6-a), which are present in larger amount than on sample 2NP and as a
consequence the background signal of the matrix is limited enabling the identification of the
chemical nature of these particles. According to these results, it can be stated that the
immersion in the pickling bath results in the deposition of either metallic copper or copper
oxide particles on the surface of AA2024. Besides, this phenomenon is strongly enhanced
by the prolongation of the acid pickling treatment from 5 to 20 minutes.

The dissolution and redeposition of copper particles takes place more or less uniformly
across the whole surface. This type of copper smut is a consequence of Cu release from the
solid solution and is generally associated with high dissolution rate and relatively short
solution-substrate contact time (few tens of minutes), as it is the case of the used acid
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pickling process [5]. The formation of metallic copper and/or copper oxide deposits on
aluminium surfaces is a well-known and studied phenomenon in the case of alkaline
decreasing solution [6], however it can also occur in acid solution, according to our own
results reported above and to the results of other researchers [7].
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Figure 7.6: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of sample 2SP. Polished sample..

As concern the intermetallic particles, the acid pickling process results not only in a
local attack of the Al matrix at their periphery but it also affects their own morphology and
chemical composition. The SEM investigation (Figures 7.5-b and -c and 7.6-b and -c) shows
that both types of IMCs are characterized by some spongy zones, which are likely the results
of a selective dissolution and the extent of which increases with the increase of the duration
of the pickling process. According to the literature discussed in section 2.3.1 of chapter 2,
preferential dissolution of Al, Fe, and Si from the Al-Cu-Mn-Fe-Si intermetallics and
especially of Al and Mg from the S-phase occurs in aggressive environment [8-13]. This
seems to take place also in the acid solution used as pickling bath, since the EDS analyses
detect a much stronger Cu signal at the location of either the Al-Cu-Mn-Fe-(Si) or Al-Cu-Mg
intermetallics after the immersion in the sulfuric/phosphoric acid bath (comparing Figure 7.2-
b and -c with Figures 7.5-e and 7.6-e). The selective corrosion phenomenon involving the
intermetallic particles may partially contribute to the formation of the Cu-rich smut observed
on the whole surface. Indeed, as reported in section 2.3.1 of chapter 2, Buchheit et al. [9, 14,
15] suggested that the spongy structure of the IMCs caused by the selective dissolution of
some elements favours the formation of small clusters of metallic copper, which can
electrically detach from the sample surface enabling the dissolution of copper ions in the
bath that in turn reduce and deposit back in other areas of the surface. Although this is likely
the case, it is believed in view of the large amount of copper deposits on the surface,
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especially after 20 minutes of immersion in the sulfuric/phosphoric acid bath, that the
selective dissolution of the IMCs plays only a secondary role in the copper deposition
phenomenon, which is mainly caused by the general and extensive release of copper from
the solid solution over the whole surface.

Figure 7.7 shows the topographic images (a and d) and potential maps (b and e) of the
same area of samples 2NP and 2SP of the SEM micrographs given in Figure 7.4. First of all,
it should be noted that the quality of these images is lower in comparison with those
obtained for the polished sample in the as-received condition (Figure 7.3). Especially in the
case of sample 2SP, the signal of both the height and the potential appears to be disturbed
in several horizontal scan lines (indicated by arrows in Figure 7.7). This is a consequence of
both the deep pits in proximity of the IMCs and the presence of copper deposits, i.e. smut,
on the surface. Indeed, the former feature constitutes sudden and large changes in the
height of the sample that cannot be completely followed by the tip while scanning the
surface, and on the other hand the copper deposits may remain attached to the tip during
the scan leading to problems in measuring the Volta potential.
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Figure 7.7: Topographic image with a height range of 1 um of samples 2NP (a) and 2SP (d), Volta
potential map with a potential range of 0.8 V of samples 2NP (b) and 2SP (e), and section analysis
along the black line in the potential map of samples 2NP (c) and 2SP (f). Polished samples.

Nevertheless, the SKPFM investigation confirms the conclusions drawn from the SEM
study on the changes in the microstructure of AA2024 caused by the acid pickling treatment
and enables also some additional considerations. The topographic images (Figure 7.7-a for
sample 2NP and Figure 7.7-d for sample 2SP) show both the local attack at the periphery of
the IMCs together with the presence of very small particles on the surface. On the other
hand, the potential maps (Figure 7.7-b for sample 2NP and Figure 7.7—e for sample 25P)
present two main features: cathodic areas, which are clearly associated with the intermetallic
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particles, and some zones characterized by a less noble Volta potential (named M) with
respect to the rest of the surface (named M*). The comparison of the potential maps with
both the topographic images and the SEM micrographs (Figure 7.4) suggests, especially in
the case of sample 2SP, that these anodic zones correspond to areas where the copper or
copper oxide particles have been removed during the handling of the samples and the bare
aluminium matrix is left, which is less noble in comparison with the copper deposits. This
leads also to the conclusion that the copper or copper oxide particles are not strongly
adherent to the AA2024 surface.

Finally, it is found by means of section analyses, examples are given in Figure 7.7-c
and —e, that while the potential difference between the regions of the matrix enriched in
copper (named M*) and the bare Al matrix (named M) varies from 60 up to 100 mV, the
galvanic coupling between the intermetallics and the bare Al matrix ranges between 150 and
350 mV. Therefore, similarly to the Alclad 2024 alloy, the immersion in the acid pickling bath
seems to not affect either the electrochemical nature of the IMCs, which continue to behave
as local cathodes, or the extent of their galvanic coupling with the Al matrix. On the other
hand, due to the copper enrichment observed at the location of the intermetallics (EDS
spectra of Figures 7.5-e and 7.6-e) an increase of the potential difference between Al matrix
and intermetallics would have been expected. The reason of the lack of variation in the Volta
potential of the IMCs after the pickling treatment, while their chemical composition is
changed by this process, is not clear.

» Acid pickling (unpolished surfaces)

A SEM/EDS investigation (Figure 7.8) has been carried out also on the samples that
were immersed in the pickling bath
for 5 or 20 minutes without being
previously polished in order to verify
that the polishing procedure does
not affect the reactivity of the
AA2024 surface towards the
sulfuric/phosphoric acid bath. It can
be noted that also on the unpolished
surfaces a local attack in proximity of
the IMCs together with the formation
of a smut, i.e. copper and/or copper
oxide particles, takes place during
the pickling treatment, especially
when the duration of the process is
increased from 5 to 20 minutes. The
only difference observed between
the polished (Figure 7.4) and
unpolished surfaces (Figure 7.8) is Figure 7.8: SEM micrographs of bare 2024 alloy after 5

that on the latter the corrosive attack minutes, sample 2NP (a, b) or 20 minutes, sample 25P
is localized also along the trenches (c, d) of immersion in the H3;PO4H,SO, solution.
Unpolished samples.
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left by the rolling process, where the natural aluminium oxide film is likely weaker and
therefore more susceptible to breakdown.

In conclusion, the immersion in the sulfuric/phosphoric acid solution causes local
dissolution of the Al matrix at the periphery of the IMCs, selective attack of the IMCs
themselves, and deposition of small copper or/and copper oxide particles on the AA2024
surface. The increase of the duration of the pickling treatment from 5 to 20 minutes
enhances all these phenomena leading to a surface being more enriched in Cu and
containing a lower amount of intermetallics as a consequence of the stronger attack of the
matrix in their proximity, which in turn can result in the drop out of the IMCs themselves.

e Desmutting (unpolished surfaces)

Likewise observed for Alclad 2024 alloy (section 5.3.1 of chapter 5), the immersion in
the nitric/hydrofluoric acid solution gives rise to a stronger attack of the AA2024 surface as a
consequence of the simultaneous presence of the aggressive F ions and the low pH. This
appears evident when the SEM micrographs of Figure 7.8-a, -b, and -c and those of Figure
7.9-a and -d are compared.

Figure 7.9: SEM micrographs of bare 2024 alloy after 5 minutes of immersion in the HiPQ4-H,SO,
solution and 30 seconds of immersion in the HNO3-HF solution, samples 2NPD (a, b, ¢), and after 20
minutes of immersion in the H;PO,-H,SO, solution and 30 seconds of immersion in the HNO;-HF
solution, samples 2SPD (d, e, f). Unpolished samples.

The surface of samples 2NPD and 2SPD is characterized by the presence of
numerous large pits and by a more pronounced attack at the location of the markings
caused by the rolling process. The pits are developed by the preferential dissolution of the Al
matrix in proximity of the intermetallics, which takes place during the pickling treatment and
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even more during the desmutting step leading to the removal of the IMCs themselves. In
some cases at the location of the pits part of the intermetallic is still present, as can be
observed in the SEM micrographs of Figure 7.9-b and —c for sample 2NPD and of Figure
7.9-e and —f for sample 2SPD, which show also that the IMCs themselves are attacked by
the contact with the nitric/hydrofluoric acid solution. The immersion in the desmutting bath
removes not only a large percentage of the intermetallics but also eliminates completely the
copper smut from the surface, even when present in very large quantity as a consequence of
the long pickling treatment. The absence of copper and/or copper oxide deposits appears
clear from the SEM investigation and from the EDS analyses, not shown here, which are
characterized by copper peaks similar to those of the as-received surface. Therefore, in the
case of AA2024 the nitric/hydrofluoric acid treatment fulfils really the function of a desmutting
process.

The presence of large and numerous pits, inside some of which an or part of an
intermetallic particle is still present, on the surface of samples 2NPD and 2SPD is confirmed
by the topographic images and the potential maps given in Figure 7.10. Indeed at the
location of some pits, which
are clearly visible in the
topographic map of the
surface, on the potential map
bright areas are observed, i.e.
areas having a more noble
Volta potential in comparison
with the rest of the surface.
The value of these galvanic
couples is found by means of
section analyses to vary from
140 up to 300 mV. The
similarity of this range with
those observed for the IMCs
either in the as-received
condition or after the acid
pickling step suggests that
_ these local cathodes are
0 50.0 wn 0 seow  gssociated with the
Figure 7.10: Topographic image with a height range of 1 um of  intermetallics left on the
samples 2NPD (a) and 2SPD (c) and Volta potential map with a  surface after the desmutting
potential range of 0.8 V of samples 2NPD (b) and 2SPD (d).  treatment.

Unpolished samples. The similarity of both the

SEM micrographs and the
SKPFM images of samples 2NPD and 2SPD shows that the effect of the duration of the acid
pickling treatment on the microstructure of AA2024 is completely overruled by the
desmutting process, which results in the removal of both the smut rich in copper and of a
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large part of the intermetallics independently from the previous surface treatment. This was
found also to be the case for Alclad 2024 alloy.

Although the influence of the various surface preparation steps on the microstructure
of bare 2024 and Alclad 2024 shows some similarities, which were mentioned during the
previous discussion of the results, important differences are observed for the two types of
substrate. First of all, the main effect of the acid pickling process consists of the deposition of
copper and/or copper oxide particles on the surface of AA2024, whereas in the case of
Alclad 2024 is the formation all over the surface of small pits that become larger and
shallower with the increase of the duration of the treatment. As concern the desmutting step,
while the intermetallics are completely removed from the surface of Alclad 2024, a non-
negligible amount is left on the surface of the bare alloy. In addition, the corrosive attack
appears to be more general and involving the whole surface, especially during the
desmutting process, in the case of the clad alloy than in the case of the bare one, which
shows a more localized type of attack with the formation of more isolated and deeper pits.
Obviously, these differences are related to the different microstructure of the two alloys:
more numerous, bigger IMCs having a stronger galvanic coupling with the matrix, together
with higher amount of copper in solid solution for bare AA2024 in comparison with AA1230
that forms the clad layer of the Alclad 2024 alloy.

It is expected that the presence of both the numerous and large cathodic intermetallics
and the copper deposits on the surface of AA2024 affects the nucleation and growth of the
chromate conversion coating. Therefore, an attempt to separately study the role of these two
microstructural features, i.e. IMCs and Cu-rich smut, on the formation of the CCC is made by
investigating the nucleation and growth of the film first on untreated AA2024, where only
IMCs are present, and then on the pickled and/or desmutted AA2024, where in some cases
the deposition of Cu particles has occurred in large extent. The results of these two studies
are described and discussed in the next two sections.

7.3.2 Nucleation and growth of the CCC: effect of the intermetallics
s Nucleation

Some examples of the SEM and EDS investigation carried out on bare 2024 after
mechanical polishing up to 1 um (sample 2AR) and immersion for 3 seconds in the chromate
bath are given in Figure 7.11. The SEM micrographs, especially those obtained at high
magnification (Figure 7.11-a), show that some areas of the surface are covered by a thin
layer, which is identified to consist of chromium oxide by the EDS analyses. In addition, from
the EDS spectra it can be observed that chromium and oxygen are detected only at the
location of the IMCs, either the Al-Cu-Mg (IMC,), Al-Cu (IMC4*), or Al-Cu-Mn-Fe-(Si) (IMC,
and IMC,*), whereas above the aluminium matrix they are found to be completely absent or
present in such low amount to be below the detection limit of EDS. This appears even more
clearly when the elemental maps relative to chromium, oxygen, and copper are recorded
(Figure 7.12). Indeed, the detection of chromium and oxygen is always associated with the
presence of copper, which in turn is an indication of the presence of an intermetallic particle.
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The topography and the Volta potential of the same areas of the SEM micrographs given in

Figure 7.11-a
- m*'-\ RN b o

— Matrix
- IMC1*

Gr Hocu

» 2 i
4 5 3 7 8 9 1
Energy/ keV

(d) 05

0,35

°

025

Count / County,,

s
s 2 e
PRI

0 1 2 3 H 6 7 8 9 10

4
Energy/ keV

Figure 7.11: SEM micrographs (a, b), EDS spectra (b, d) of sample
2AR after 3 seconds of immersion in the chromate bath.

and -c are recorded using the SKPFM technique (Figure 7.13).

The bright areas,
i.e. cathodic regions, in
the  potential maps
correspond to the
intermetallics observed in
the SEM investigation
and to brighter areas, i.e.
zones being higher than
the rest of the surface, in
the topographic images.
This suggests that a film
is present on the AA2024
surface at discrete sites
associated with  the
cathodic IMCs. The dual
section analyses show
the height (black lines in
the plots of Figure 7.13-c

and -f) and the potential (grey lines in the plots of Figure 7.13-c and -f) profiles along the
same line, marked in black, in the topography and potential scans. It can be clearly noted
that areas having a more noble potential, i.e. the cathodic intermetallics, are also

characterized by a higher height.
According to the dual section
analyses across several IMCs while the
increase in height at their location ranges
from 40 nm up to 130 nm, their potential
varies between 100 and 280 mV. It should
be observed that the variation in height
between the IMCs and the Al matrix
cannot be a result of the solely difference
in polishing rate, since this phenomenon
discussed in the previous section for
sample 2AR causes a very limited
difference in height, in the order of 10-20
nm. Therefore the several tens of
nanometers of difference measured
between the location of the intermetallics
and that of the matrix may be expected to
be a consequence of the formation of a elemental maps (b,
thin film above the IMCs. In addition, it is
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Figure 7.12. SEM micrograph (a) and EDS

¢, d) of sample 2AR after 3

seconds of immersion in the chromate bath.
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important to note that the 3 seconds of exposure to the chromate bath cause also a
decrease of the differences in Volta potential between the IMCs and the Al matrix from 150-
360 mV to 100-280 mV.
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Figure 7.13: Topographic images with a height range of 1 um (a, d), Volta potential maps with a
potential range of 0.8 V (b, e), and dual section analysis (¢, f) along the black lines in the topographic
images (black) and in the potential maps (grey) of sample 2AR after 3 seconds of immersion in the
chromate bath.

On the basis of the SEM/EDS and SKPFM results it can be stated that during the short
immersion in the Alodine solution while at the location of the cathodic intermetallic particles a
thin chromate film does form, above the aluminium matrix the precipitation of chromium
oxide does not occur at all or in such a limited extent that cannot either be observed in the
SEM micrographs or detected by the EDS analysis. Therefore, likewise for the Alclad 2024
alloy, the nucleation of the chromate conversion coating on bare 2024 occurs preferentially
at the sites of the cathodic intermetallics, which favour the reduction of Cr(VI) species and
the subsequent precipitation of chromium oxide/hydroxide (see section 5.3.2 for details). In
addition, it seems that the formation of a thin CCC above the IMCs leads to a decrease of
the extent of the galvanic coupling existing between the Al matrix and the intermetallic
particles themselves, which in turn results in a reduction of the driving force for the
deposition of chromium oxide/hydroxide at the location of the intermetallics.

It should be noted that also without any activation step, as it is the case for sample
2AR, the nucleation of the CCC above the intermetallics is extremely fast leading to the
formation of a layer 40-130 nm thick above each type of IMCs after only few seconds of
immersion in the chromate bath. This suggests that the cathodic nature of the intermetallics
themselves overrules the necessity of removing, partially or completely, the natural
aluminium oxide film from the surface to enable the precipitation of the chromate film at their
location.
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o  Growth

When the surface of sample
2AR is investigated after 27 seconds
of immersion in the Alodine solution
the EDS elemental maps show that
chromium and oxygen are present
homogeneously on the whole
surface and not anymore enriched at
the site of the intermetallics (Figure
7.14). This means that after the fast
nucleation of the chromate film
above the IMCs the chromium
hydroxide/oxide precipitates on the
Al matrix resulting in a CCC of
homogeneous thickness covering
the whole surface. Nevertheless, the
intermetallic particles can be still
clearly distinguished both in the SEM  Figure 7.14: SEM micrograph (a) and EDS elemental

micrographs and especially in the maps (b, ¢, d) of sample 2AR after 27 seconds of
immersion in the chromate bath.

AFM topographic images (Figure
7.15-a and -d).
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Figure 7.15: Topographic images with a height range of 1 um (a, b), Volta potential maps with a
potential range of 0.8 V (¢, d), and section analyses along the black lines in the topographic images
(e, f) of sample 2AR after 27 seconds of immersion in the chromate bath.
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Indeed, the chromate layer formed on the matrix has a different morphology than that
formed on the IMCs, although it has a similar thickness, as can be noted in the section
analyses of Figure 7.15-c and -f. The film precipitated on the matrix appears to be formed by
smaller and less compact nodules and a lack in continuity of the layer at the edges of the
intermetallics exists. On the other hand, the location of the IMCs is not anymore reflected in
the Volta potential map, which shows the existence of an extremely homogeneous potential
on the whole surface. Therefore, it seems that the immersion for 27 seconds in the chromate
bath leads to the formation of a CCC above both the Al matrix and the IMCs, which hides the
galvanic coupling between them.
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Figure 7.16: 3D topographic images (a, c¢), and section analyses along the black lines in the
topographic images (b, d) of sample 2AR after 3 minutes of immersion in the chromate bath (sample
2ARCr).

Finally, also when a conventional time of immersion in the Alodine bath, i.e. 3 minutes,
is used the site of the intermetallics is easily observed in the topographic images (Figure
7.16-a and -c), whereas the Volta potential, not given here, is completely homogeneous. The
section analyses of the AFM topographic scans show a large difference in height between
the IMCs and the matrix, ranging from 130 up to 200 nm, that is likely due to the formation of
a thicker chromate film above the matrix than on top of the intermetallics. This is in
accordance with the EDS elemental maps (figure 7.17), which highlight the presence of a
lower concentration of chromium and oxygen in correspondence of the areas enriched in
copper, i.e. at the location of the IMCs.
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In addition, likewise observed
after 27 seconds of immersion, the
difference in morphology of the CCC
formed on top of the Al matrix and
above the intermetallics is kept also
after a relative long time of dipping in
the Alodine solution. According to
the duplex structure of the CCC,
which was described in section 5.3.3
of chapter 5 in the case of Alclad
2024 alloy, it seems that in proximity
of the intermetallic particles the
formation of the porous film above
the dense and thin barrier layer is
inhibited. Besides, it is important to
note that discontinuities, i.e. deep
Figure 7.17: SEM micrograph (a) and EDS elemental holes (indicated by arrows in the
maps (b, ¢, d) of sample 2ARCr. section analyses of Figure 7.16-b

and -d), in the chromate fiim are
always present at the periphery of the intermetallics. This can be also observed in the SEM
micrograph of Figure 7.17-a.

Based on the electrochemical reactions involved in the precipitation of chromium
hydroxide/oxide from the chromate bath (reactions 3.2, 3.3, and 3.4 of chapter 3) and on the
results previously described, the following mechanism of nucleation and growth of the CCC
on aluminium alloys is proposed. The reduction of Cr(Vl) to Cr(ill), which leads to the
formation of chromium oxide/hydroxide deposits, starts at the intermetallic particles (Figure
7.18-a and -b) due to two main reasons:

v" The more noble potential of the intermetallics in comparison with the matrix favours the

occurrence of the cathodic reactions at these locations. This causes an increase of pH,
which in turn leads to the precipitation of chromium hydroxide.

¥" The natural aluminium oxide layer in proximity of the intermetallics is thinner and
contains more defects and therefore is more easily attacked by the fluoride species
present in the Alodine solution. The lower thickness and the higher conductivity of the
aluminium oxide above the intermetallics enhance the electron tunnelling at these sites.

As a consequence, a thin and dense chromate layer is formed on top of the intermetallics
after a very short time of immersion in the chromate bath. Such a film renders the
intermetallics less active, since it hinders the electron transfer giving rise to a slowing down
of the electrochemical reactions at their location and it also reduces the strength of the
cathodic nature of the IMCs leading to a decrease of the driving force for the reduction of the
chromate species at the sites of the IMCs (Figure 7.18-c). The lowering of the cathodic IMCs
activity caused by the deposition of the CCC above them is in agreement with the findings of
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llevbare et al. [16], who found that the rate of the oxygen reduction reaction on Al-Cu, Al-Cu-
Mg, and Al-Cu-Fe-Mn analogs is reduced by the presence of the chromate film.

T Timeinthe % G = = CrOx
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Figure 7.18: Schematic illustration of the influence of the intermetallic particles on the nucleation (a,
b), growth (c, d, e, f), and final morphology (g) of the CCC on aluminium alloy surfaces.

Therefore, the formation of the chromate film continues afterwards on the matrix
(Figure 7.18-d), resulting in the formation of a CCC above the whole surface and as a
consequence to the complete elimination of the galvanic coupling between the IMCs and the
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matrix (Figure 7.18-e). At this point, the driving force that causes the deposition of the layer
to take place preferentially on top of the intermetallic particles does not exist anymore. The
deposition of the chromate film on the intermetallics is largely faster than on the matrix and
this is likely the reason of the different morphology at these two locations: compact and
dense on the intermetallics, porous and consisting of small chromium oxide/hydroxide
nodules on the matrix (Figure 7.15). This results in a further growth of the chromate film on
the Al matrix, since the more pronounced porosity of the layer at its location enables both the
electrons tunnelling through the coating itself and the solution access to the aluminium
surface to be high enough for the electrochemical reactions, i.e. chromate reduction and
aluminium dissolution, to continue (Figure 7.18-f). Therefore, when the time of immersion in
the chromate bath is in the order of minutes, the chromate film deposited on the aluminium
matrix becomes thicker in comparison with that formed above the intermetallic particles
(Figure 7.18-g). It should be noted that although a thin and dense chromate film covers the
IMCs, they represents always weak spots in the conversion film, since at their periphery a
defect in the layer is created due to the different time and rate of the CCC formation above
the matrix and above the intermetallics.

As mentioned previously in the section relative to the experimental procedure the
investigation of the chromate film formation on polished and untreated 2024 aluminium alloy
was carried out also to enable a comparison between our own results and those reported in
literature and described in section 3.2.3 of chapter 3. The mechanism proposed above,
which distinguishes between the nucleation and the growth of the chromate film, explains not
only the results of our investigation but also clarify the apparent contradiction found amongst
the results of different research groups. Some authors [17-19] stated that the formation of
the chromate conversion coating on AA2024 takes place preferentially above the IMCs,
whereas other authors [20-23] suggested that the intermetallics inhibits the deposition of the
chromate film. However, while the former investigated the surface after a very short time of
immersion in the chromate bath, in the order of few seconds, the latter studied the chromate
film formation using a relative long treatment time, in the order of few minutes. Therefore, the
former were observing the nucleation of the film, which according to the mechanism
proposed is indeed occurring preferentially at the location of the intermetallics, whereas the
latter were looking at the growth of the conversion coating, which based on our mechanism
is indeed hindered above the intermetallics.

On the other hand, these studies reported in literature did not consider the influence of
the surface preparation procedure on the formation of the CCC, which is however expected
to be quite significant since the surface preparation treatments affect the microstructure of
the aluminium alloys. In particular, the treatments used in this work, i.e. pickling and
desmutting, have been shown to modify the density of the IMCs and to cause in some cases
the deposition of a copper-rich smut on the surface. The next section deals with the effects
of the various surface preparation procedures, with particular attention to the role played by
the copper-rich smut, on the mechanism of the chromate film deposition.
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7.3.3 Nucleation and growth of the CCC: effect of the Cu-rich smut
¢ Acid pickling (polished surfaces)

The SEM and EDS investigation carried out on the polished AA2024 immersed for 5
minutes in the sulfuric/phosphoric acid bath, sample 2NP, and afterwards for 3 seconds in
the Alodine solution shows that a thin layer consisting of chromium hydroxide/oxide is
formed on top of the intermetallic particles, independently on their chemical composition, but
not over the aluminium matrix. Few examples of typical SEM micrographs and EDS
analyses of sample 2NP treated for 3 seconds in the chromate bath are given in Figure 7.19.
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Figure 7.19: SEM micrographs (a, b) and EDS spectra (c) of sample 2NP after 3 seconds of
immersion in the chromate bath. Polished sample.

A similar behaviour is observed also when the acid pickling treatment is prolonged up
to 20 minutes, i.e. sample 2SP (Figure 7.20). On both samples it is evident a strong localized
attack of the Al matrix at the periphery of the IMCs, which has taken place during the surface
preparation treatment, i.e. immersion in the H,SO4H,PO, bath, and is likely enhanced
during the short chromate process due to the presence of the aggressive fluoride species in
the Alodine solution. On the other hand, the short contact with the F™ ions of the chromate
bath does not eliminate the copper-rich smut on the AA2024 surface. Indeed, after the 3
seconds of immersion in the chromate bath the metallic copper and/or copper oxide particles
are still observed on the Al matrix, especially on sample 2SP (Figure 7.20-a and b).
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Figure 7.20: SEM micrographs (a, b) and EDS spectra (c) of sample 2SP after 3 seconds of
immersion in the chromate bath. Polished sample.

Therefore, it can be concluded that the immersion of the polished AA2024 for either 5
or 20 minutes in the acid pickling bath prior to the chromate treatment does not modify the
nucleation of the film, which occurs preferentially at the sites of the IMCs, similarly to sample
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2AR (Figure 7.23-a and —-b). This means that the Cu-rich smut does not play an important
role in the early stages of formation of the CCC.

The topographic images of samples 2NP and 2SP after a standard time (3 minutes) of
immersion in the Alodine bath, i.e. samples 2NPCr and 2SPCr, show that the chromate film
deposited on the Al matrix results to be thinner and it consists of smaller and less compact
nodules in comparison with that formed on the IMCs (Figures 7.21-a and 7.22-a for samples
2NPCr and 2SPCr, respectively).
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Figure 7.21: 3D topographic image (a), SEM micrograph (b) and EDS spectra (c) of sample 2NP after
3 minutes of immersion in the chromate solution (sample 2NPCr). Polished sample.

This is especially evident in the case of the sample undergoing the more pronounced
copper redeposition during the surface preparation procedure, i.e. sample 2SPCr (Figure
7.22-a). The very limited thickness of the CCC above the Al matrix of the pickled surfaces is
confirmed by the SEM study. indeed, the presence of a chromate film is not evident from the
SEM micrographs, since the typical cracks of the CCC are not visible (Figures 7.21-b and
7.22-b for samples 2NPCr and 2SPCr, respectively), and can be resolved only by means of
EDS analysis, which detects chromium and oxygen all over the surface (Figures 7.21-c and
7.22-c for samples 2NPCr and 2SPCr, respectively). The absence of cracks is a
consequence of the low thickness of the film, which reduces the stresses induced in the
layer during the final drying step.
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Figure 7.22: 3D topographic image (a), SEM micrograph (b) and EDS spectra (c) of sample 2SP after
3 minutes of immersion in the chromate solution (sample 2SPCr). Polished sample.

When comparing sample 2ARCr with samples 2NPCr and 2SPCr, a similarity can be
found in the fact that the location of the intermetallics are defects in the chromate coating,
whereas the main difference consists of the more pronounced growth of the CCC above the
Al matrix shown by the sample chromated without any previous surface preparation
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treatment. Since the only microstructural difference between the Al matrix in the as-received
conditions and after the pickling treatment is the presence of a copper-rich smut, it can be
stated that the Cu deposits inhibit the growth of the chromate film above the Al matrix.
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Figure 7.23: Schematic illustration of the influence of the copper-rich smut on the nucleation (a, b),
growth (c, d, e, f), and final morphology (g) of the CCC on aluminium alloy surfaces.

A possible explanation to this phenomenon can be found in the interaction between
copper and ferrocyanide species, which are present in the Alodine solution and are
supposed to act as redox intermediate leading to an acceleration of the reduction of Cr(V1) to
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Cr(lll) [24] (see section 3.2.1 of chapter 3 for details). Sinha and co-workers [25] have shown
that Fe(CN)s> adsorbs on pure copper and partially decomposes forming chemisorbed
cyano species. Therefore, it is probable that Fe(CN)s* is adsorbed on the copper or copper
oxide nodules present on the matrix of AA2024 surface after the acid pickling treatment
(Figure 7.23-d) and this inhibits the electron transfer between the surface and the chromate
species in solution leading to a slowing down of the chromate film formation [21] (Figure
7.23-e and -f). Therefore, even after a relatively long immersion time, in the order of a few
minutes, in the Alodine bath, the chromate film deposited above the Al matrix results to be
thin and inhomogeneous (Figure 7.23-g) On the other hand, our results, which show the
formation of a CCC above the intermetallics already after 3 seconds of immersion in the
chromate bath, and those of Halada et al. {22], who found that compounds of K, F and CN
jions do not form on intermetallic particles, suggest that the adsorption of cyanide species
does not occur at the location of the IMCs, although they are also strongly enriched in
copper. This is likely a consequence of the pronounced cathodic nature of the IMCs that
leads to an extremely fast reduction of Cr(Vl) species and precipitation of chromium
hydroxide/oxide at their sites (Figure 7.23-a, -b and -c}; this in turn does not leave enough
time for the adsorption of Fe(CN)s® to occur

Therefore, we do not agree with McGovern et al. [21], who considered the interaction
between copper and ferrocyanide to be responsible for the formation after 5 minutes of
immersion in the Alodine bath of a thinner chromate film at the location of the Cu-containing
intermetallics of an untreated and polished AA2024 surface. In the case of an untreated
surface the rate of adsorption of cyanide species above the IMCs, which contain only a
certain percentage of copper, is expected to be much slower than on pure copper and
therefore the cathodic nature of the intermetallics plays an even more dominant role with
respect to their copper content on the formation of the chromate film. The lower thickness of
the CCC formed above the IMCs during a relatively long immersion time, in the order of
minutes, is actually occurring on the untreated AA2024 surface as a consequence of a
deactivation of the IMCs, which is however caused by the chromate film itself, as explained
in the previous section, and not by the chemisorbed cyanide species. However, in [21] it is
also shown by means of Raman spectroscopy that on a polyphase Al,.Cu,Mg, ingot after 3
seconds of immersion in the Alodine bath the higher the content of copper was in the phase
the thinner the chromate layer deposited. These results seem to contradict our theory
relative to the role of the intermetallics on the nucleation of the CCC. The authors explained
this behaviour considering that for a higher content of copper in the phase the adsorption of
ferricyanide species is higher and therefore the formation of chromium oxide is more
inhibited. However, it should be noted that aithough this can be the case, the polyphase
ingot is not really representative for AA2024, since it does not contain the strong galvanic
couples between the intermetallics and the aluminium matrix, which are the driving force for
the extremely fast formation of a thin and dense chromate film at the location of the IMCs
themselves.
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» Acid pickling (unpolished surfaces)

The SEM and EDS investigation carried out on samples 2NP and 2SP, which where
not polished prior to the acid pickling process, after 3 seconds or 3 minutes of immersion in
the Alodine bath shows that the polishing step does not affect neither the nucleation nor the
growth of the CCC. In the SEM micrographs given in Figure 7.24-a and -c the formation of a
layer above the IMCs during the short chromate process (3 seconds) can be observed. This
together with the presence of the oxygen and chromium peaks only in the EDS spectra, not
shown here, relative to the intermetallics indicates that the nucleation of the chromate film
occurs preferentially at their location. After 3 minutes of immersion in the Alodine bath the
chromate film deposited on the pickled unpolished surface, i.e. samples 2NPCr and 2SPCr,
is characterized by defects in proximity of the intermetallics and by a limited thickness above
the Al matrix (SEM micrographs of Figure 7.24-b and -d).

These results confirm the inhibitive effect of the copper-rich smut, which was observed
to form during the pickling treatment
also on the unpolished surfaces, on
the growth of the CCC on 2024
aluminium alloy. In the case of
AA2024 treated for long time in the
sulfuric/phosphoric acid solution prior
to the chromate process, i.e. the
sample characterized by the more
pronounced deposition of Cu
particles, the SEM micrograph
(Figure 7.24-d) and the EDS
analyses, not given here, show that
even after 3 minutes of immersion in
the chromate bath the fiim formed on
the matrix is not only thinner and
more porous than that deposited on
the intermetallics, but it is also Figure 7.24: SEM micrographs after 3 seconds of
completely absent in some areas of immersion in the chromate solution of samples 2NP (a)
the surface. Although this is likely a and 2SP (c), and after 3 minutes of immersion in the
consequence of the hindering of the chromate solution of samples 2NP (b) and 2SP (d).
chromate film formation caused by Unpolished samples.
the copper-rich smut, it may also
simply result from a complete absence of adhesion between the aluminium alloy substrate
and the eventually formed chromate film. This lack of adhesion is likely due to the presence
of the copper or copper oxide particles at the interface between the film and the substrate,
which would lead to the detachment of the chromate layer either during the rinsing step that
always follows the immersion in the Alodine bath or during the handling of the sample.
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¢ Desmutting (unpolished surfaces)

Figure 7.25: SEM micrographs of samples 2NPD (a, b)
and 2SPD (¢, d) after 3 seconds of immersion in the

chromate solution. Unpolished samples.

The very important role played
by the intermetallic particles and by
the copper-rich smut on the
nucleation and on the growth of the
CCC, respectively, is confirmed by
the SEM and EDS investigation
carried out on the unpolished
AA2024 surface, which was first
immersed for 5 or 20 minutes in the
pickling bath and then 30 seconds in
the desmutting one, samples 2NPD
and 2SPD, after both a very short
chromate process (3 seconds) and a
standard chromate treatment (3
minutes). In section 7.3.1 it was
shown that unlike for Alclad 2024
alloy the desmutting process does
not lead to a complete removal of the
intermetallic  particles from the
surface of AA2024, however it does

completely eliminate the Cu-rich smut resulting from the pickling step.

The SEM micrographs of
Figure 7.25-b and -d show that the 3
seconds of immersion in the Alodine
solution lead to the formation of a
deposit, which is identified by the
EDS analyses, not given here, to
consist of chromium oxide/hydroxide,
above the few IMCs left on the
surface of samples 2NPD and 2SPD.
In addition, while the morphology of
the Al matrix does not appear
modified by the short chromate
treatment (Figure 7.25-a and -c),
chromium and oxygen are detected
in very low amount also in some
areas of the matrix. These results
confirm on one hand the fact that the
intermetallics act as preferential
nucieation sites, and on the other
hand that the desmutting treatment

Figure 7.26: SEM micrographs of samples 2NPD (a, b)

and 2SPD (c, d) after 3 minutes of immersion in the
chromate solution (samples 2NPDCr and 2SPDCr).
Unpolished samples. i
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renders the Al matrix more active towards the chromate film formation, as already observed
and discussed in section 5.3.2 of chapter 5 in the case of the clad alloy.

The surface of samples 2NPDCr and 2SPDCr, i.e. samples 2NPD and 2SPD,
respectively, treated in the Alodine bath for 3 minutes, is characterized by the presence on
the Al matrix of a relatively thick film (Figure 7.26), as suggested by the cracks formed as a
consequence of the thermal stresses induced during the drying step of the chromate
process, which are proportional to the thickness of the film. This is a consequence of the
removal of the copper-rich smut from the surface caused by the desmutting treatment, which
eliminates the inhibition of the chromate growth and leads to the formation on the matrix of a
CCC being similar to that deposited on the as-received surface (sample 2ARC). In addition,
likewise in all the other samples the intermetallic particles, even if covered by the chromate
layer, are weak spots in the film itself, since they are sites of large and deep defects (Figure
7.26-b and -d). However, the amount of defects in the chromate layer formed on the
desmutted AA2024 surface is lower in comparison with that of the film deposited on either
the untreated sample or the pickled ones, since the amount of IMCs on the surface is largely
decreased after the desmutting process. Finally, it should be noted that a thick CCC forms
also inside the large pits present on the desmutted AA2024 surface (named | in the SEM
micrographs of Figure 7.26-a and -c), which are a result of the strong attack of the
nitric/hydrofluoric acid bath localized in proximity of the IMCs.

In conclusions, the heterogeneous nucleation of the chromate conversion coating
above the intermetallic particles, which was found in the case of Alclad 2024, has been
shown to occur also on the 2024 aluminium alloy surface. The role of the IMCs as
preferential nucleation sites is even more pronounced in the bare alloy than in the clad one
due to the stronger galvanic coupling created with the Al matrix by the Cu-containing
intermetallics, which are present in the former, than by the Fe-containing intermetallics,
present in the latter. In addition, the presence of metallic copper or copper oxide deposits on
the surface of AA2024 strongly hinders the growth of the chromate film giving rise to the
formation of a thin and weakly adherent CCC.

7.3.4 Morphology of the CCC: effect of the surface preparation

The results of the SEM investigation, described and discussed in the previous section,
show that the morphology of the chromate film deposited on unpolished surfaces during 3
minutes of immersion in the Alodine bath is strongly influenced by the surface preparation
treatment carried out prior to the chromate process (Figures 7.24-b, -d and 7.26). This
appears clearly also from the comparison of the AFM topographic images given in Figure
7.27. Indeed, the film formed on the Al matrix of the desmutted surfaces, i.e. samples
2NPDCr and 2SPDCr, is thicker and denser with respect to that formed on the matrix of the
pickled surfaces, i.e. samples 2NPCr and 2SPCr, especially for long acid pickling time. As
already explained in the previous section the growth of the CCC on the Al matrix is inhibited
by the presence of the copper-rich smut, which is caused by the acid pickling process and
on the other hand is removed by the desmutting treatment. Therefore, the thickness of the
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chromate film decreases when the amount of copper deposits increases, i.e. going from
samples 2NPDCr and 2SPDCr to sample 2NPCr to sample 2SPCr.

The higher nano-porosity of the CCC formed directly after the acid pickling process is
related to the fact that the coalescence of the small spherical nodules of chromium
hydroxide/oxide that form the film has not occurred in large extent as instead it is the case
for the layer formed after the desmutting treatment. This is suggested by the fact that these
spherical particles are still clearly distinguished in the topographic image only in the case of
samples 2NPCr and especially 2SPCr and it is reflected in the value of the roughness
calculated on an area of the film, 1 x 1 um in size, where large and deep defects are not
present, i.e. the RMS parameter given in the second row of Table 7.1 (see section 5.3.3 of
chapter 5 for more details). These values are an average of several roughness
measurements carried out on various topographic images for each sample.
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Figure 7.27: 3D topographic images of unpolished samples chromated for 3 minutes after different
surface treatments: acid pickling for 5 minutes (sample 2NPCr, a) or 20 minutes (sample 2SPCr, c),
acid pickling for 5 minutes + desmutting for 30 seconds (sample 2NPDCr, b), acid pickling for 20
minutes + desmutting for 30 seconds (sample 2SPDCr, d).

As concern the intermetallic particles, they are always location of defects in the
chromate films, independently on the surface preparation procedure. Nevertheless, since the
immersion in the desmutting bath largely decreases the number of IMCs on the AA2024
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surface, the chromate film deposited on the desmutted surfaces results to contain a lower
amount of defects. This explains the lower value shown by samples 2NPDCr and 2SPDCr
for the parameter RMS, (first row of Table 7.1), which is mainly determined by the large
flaws of the CCC rather than by the nano-porosity of the film.

However, the RMS;, ranges of the chromate films deposited on bare 2024 are much
higher in comparison with the values found when the clad alloy is used as substrate (first row
of Table 5.2 of chapter 5), independently upon the surface preparation route followed. This
difference is determined by the different microstructure of the two substrates: more
numerous and larger IMCs on bare AA2024 than on Alclad 2024 alloy.

Therefore, after the pickling
treatment the surface of the

Table 7.1: RMS values of the CCC formed after different surface
preparation procedure.

anper | 2NPDer | 2sper | 2spper 2@ @lloy stillcontains
more numerous and bigger

RMS") (nm) . . .
173.5 125.2 168 120.7 IMCs in comparison with

A=10x10 um L

the clad one resulting in a
RMS, (nm) 46.3 18.6 45.2 20.1 larger amount of defects in
A=1x1pm the CCC. After the

desmutting treatment the removal of the IMCs leads to more numerous, larger and deeper
pits on the surface of AA2024 with respect to Alclad 2024. Although these pits are covered
by the chromate fiim (SEM micrographs of Figure 7.26-a and -c) they contribute to the
roughness of the CCC itself since they determine large variations of the height of the
chromated surface (areas named | in the AFM topographic images of Figure 7.27-b and -d).

Based on the SEM/EDS and SKPFM investigation it can be concluded that the
increase of the length of the pickling treatment has as main consequence the decrease of
the thickness and adherence of the CCC formed above the Al matrix, as a consequence of
the increase in the amount of copper and/or copper oxide particles deposited on the surface.
Although, the increase of the time of immersion in the pickling solution leads also to a
decrease of the amount of IMCs, likewise for Alclad 2024 alloy, in the case of the bare 2024
this does not significantly affect the morphology of the chromate film, since its effect is
overruled by the negative influence of the copper-rich smut. Similarly to what observed for
the clad alloy, the desmutting process results in the formation of a chromate film being more
homogeneous, denser and containing a lower amount of defects. However, for the bare
2024 alloy this is a resuit not only of the removal of a large percentage of IMCs but also of
the complete elimination of the copper deposits caused by the pickling process.
Nonetheless, since the amount of intermetallics is higher on bare AA2024 than on AA1230
used as clad layer, even when a desmutting treatment is carried out prior to the chromate
process some IMCs are left on the surface of the bare alloy and give rise to defects in the
chromate layer.

As already observed when Alclad 2024 alloy is used as substrate, the modifications in
the chromate film morphology caused by the surface preparation procedure have
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consequences in the corrosion protection provided by the CCC itself. This is discussed in the
next section based on the results of the electrochemical impedance and noise studies.

7.3.5 Corrosion protection provided by the CCC: effect of the surface preparation
o Electrochemical Impedance Spectroscopy (EIS)

The impedance response of the chromate conversion coating formed after the long
acid pickling process (sample 2SPCr) was found to be quite different with respect to the
other chromate films. This appears clearly when the Bode plots, especially those relative to
the phase angle, of the different chromate films are compared (Figure 7.28). While, for
samples 2NPDCr, 2NPCr, and 2SPDCr the two time constants (indicated by arrows in the
Bode plots) occur at two well-separated frequency ranges, for sample 2SPCr they overlap
and as a consequence the fitting of the impedance data becomes more difficult. The
overlapping of the two relaxations is observed for this sample in all the three set of
measurements, which could be carried out only for a short period of time, about 5-10 hours,
after which very high values of the current were reached leading to instability and
overloading problems.
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Figure 7.28: Bode plots, logarithm of the modulus of the
impedance (a) and phase angle (b) vs. the logarithm of the
frequency, for all the samples after 4 hours of immersion in 3%

NaCl pH=4 solution.
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and strength of the corrosion
attack on sample 2SPCr is a
consequence of the very low
corrosion protection provided
by the chromate film deposited
on AA2024 after the long
pickling process, which can be
observed in the Bode plot
relative to the impedance
modulus (graph of Figure 7.28-
a) and which is in accordance
with the morphology of the film
shown by the SEM and
SKPFM investigation
discussed in the previous
sections. In addition, the
spectra obtained for sample
2SPCr could be modelled by
none of the equivalent circuits
proposed in chapter 6 for the
representation of the
impedance response of the
chromate conversion coating.
This is likely a consequence of
the completely different
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morphology of the chromate layer of this sample (Figure7.24-d and Figure 7.27-c) in
comparison with that observed for the films deposited on the Alclad 2024 alloy,
independently upon the surface preparation procedure followed, and on the bare 2024 alloy,
after the short pickling or the desmutting process. Indeed, sample 2SPCr shows the
presence of a very thin and discontinuous chromate film, which is even completely absent in
some areas, instead of a barrier layer and a porous film on top of it containing both large
defects and nano-pores. Therefore, the CCC formed on AA2024 after the long pickling
treatment cannot be schematically represented as in Figure 6.5 and then its impedance
behaviour cannot be modelled by any of the equivalent networks described and discussed in
section 6.3.1 of chapter 6.

On the other hand, these equivalent circuits well fit the impedance spectra of samples
2NPDCr, 2SPDCr, and 2NPCr. In particular, while the equivalent circuit of Figure 6.6-c best
models the data of sample 2NPCr during the whole exposure, it well describes the
impedance behaviour of the CCC formed on the desmutted surfaces, i.e. samples 2NPDCr
and 2SPDCr, only during the last part of the immersion in the chloride solution. Indeed, the
impedance spectra of samples 2NPDCr and 2SPDCr during the first 15 and 25 hours,
respectively, of exposure to the aggressive electrolyte are best fitted using the equivalent
circuit (b) of Figure 6.6-b. The duration of the exposure after which the equivalent circuit of
Figure 6.6-b does not give anymore a good fit is reproducible within few hours for both

samples.
Before to start the s
discussion  regarding the = 2NPDCr = NPDCr1.8

74 © 2NPCr -=-NPCr1.8

evolution of the various circuit s 2SPDCr -+ SPDCri.8

parameters as function of the
immersion time, it is important
to remark that the trends and
the differences amongst the
samples were found to be
reproducible. The resistance of

the porous chromate film Z o o " o o o 0
(Figure 7.29) decreases during Time of exposure in 3% NaCl pH=4 solution/ h

the 60 hours of exposure to the
Cl'-containing electrolyte,
especially when the chromate
process is carried out directly
after the pickling treatment (sample 2NPCr). In accordance with the lower nano-porosity of
the film (second row of Table 7.1) the R, parameter is markedly higher for the chromate
layer formed on the desmutted surfaces. This difference between samples 2NPDCr, 2SPDCr
and sample 2NPCr can be partially due also to a different thickness of the chromate film,
which is suggested by the SEM and SKPFM resuits even if not unequivocally demonstrated.
Figure 7.29 shows that the resistance of the porous chromate layer is affected not only by
the surface preparation treatments but also by the substrate used. Indeed, independently on

o
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OCoo
00,
OOOOOooooo 900000000000

Figure 7.29: Resistance of the porous chromate layer R
formed on AA2024 and Alclad 2024, as function of the exposure
time in 3% NaCl pH=4 solution.
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the surface preparation procedure the chromate film deposited on Alclad 2024 alloy, i.e.
samples NPCr1.8, NPDCr1.8, and SPDCr1.8, is characterized by a higher value of R, in
comparison with that formed on bare 2024 alloy. This difference is more pronounced when
the chromate process is performed after the pickling step (samples NPCr1.8 and 2NPCr)
and is again a consequence of the different nano-porosity of the CCC formed on the two
substrates, as shown by the different values of RMS, (second rows of Tables 5.2 and 7.1).
While the variation in density and thickness of the porous chromate film is responsible
for the different value of Ry, the different amount of large defects, often associated with the
intermetallic particles, is the cause of the differences in the rate of corrosion process, i.e.
charge transfer resistance (Ry) and especially in the extent of the corrosion attack, i.e.
admittance (Y,) of the non-ideal double layer capacitance (Qq), shown by the samples
(Figure 7.30). The decrease of Ry, associated with the acceleration of the electrochemical
reactions, and even more the increase of Y, of Qq, associated with the extension of the
corroded area, is less pronounced for the CCC deposited on the desmutted AA2024 surface
that contains a lower quantity of IMCs, i.e. samples 2NPDCr and 2SPDCr.
This is in accordance with the

4
(a) « 2NPDCr  -=-NPDCr1.8 . .
o 2NPCr o NPCr1.8 mechanism  suggested in
DC SPDCr1.8 .
s + 28PDCr - SPDCr chapter 6, which states that the

corrosion  attack of the
chromated aluminium surface
takes mainly place at the
bottom of the large defects and
therefore is strongly reduced
when the IMCs, which are sites
" of defects, are removed from
the surface. For the same
= 2NPDCr -« NPDCr1.8 reason, i.e. lower amount of
o] L 38Peer <~ 8PRCAS o intermetallics associated with

large defects in the chromate
film, when Alclad 2024 is used
as substrate instead of the
bare alloy the rate and
especially the extent of attack
is lower independently on the
0 10 2 0 © o 60 0  surface preparation procedure

Time of exposure in 3% NaCl pH=4 / h used (Figure 7.30-a and -b).

As concern the CCC deposited

0 1'0 2,0 30 40 50 60
Time of exposure in 3% NaCl pH=4 solution / h

(b) 2

Log (Y, of Qy / F)

Figure 7.30: Charge transfer resistance Ry (a) and non-ideal
double layer capacitance Qg (b) of the CCC formed on AA2024  directly  after the  pickling
and Alclad 2024, as function of the exposure time in 3% NaCl ~ Process, i.e. samples NPCr1.8
pH=4 solution. and 2NPCr, the stronger

increase of the area involved in
the corrosion attack shown by the film formed on the bare 2024 alioy may be a consequence
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not only of the larger quantity of intermetallics but likely also of the copper-rich smut present
at the interface chromate layer/substrate, which lowers the adhesion of the film itself, as
observed during the SEM investigation.

The faster and more extended attack undergone by the chromate layers formed after
the desmutting process on bare 2024 (samples 2NPDCr and 2SPDCr) in comparison with
those formed on the clad alloy (samples NPDCr1.8 and SPDCr1.8) is in line with the more
rapid deterioration of the chromate corrosion products present inside the large defects.

This is indicated by both the 2
faster increase of the
admittance of the constant
phase element related to the
diffusion process (Y, of Qg
Figure7.31) and by the
necessity to use the equivalent
circuit of Figure 6.6-c, where « 2NPD = NPDCr.8
the diffusion element is not s 2SPD -+ SPDCr1.8
anymore considered, for the o 10 2 30 20 50 60 70
fitting of the data after a shorter Time of exposure in 3% NaCl pH=4 solution / h

time of exposure to the

[
N

Log (Y, of Q.c,, / F)
. /

&

Figure 7.31: Diffusion impedance Q. of the CCC formed on
chloride solution, i.e. 15-25  Aa2024 and Alclad 2024 after the desmutting process, as
hours in the case of the bare function of the exposure time in 3% NaCl pH=4 solution.

alloy and 40-45 hours in the

case of the clad alloy. Indeed, according to the interpretation of the equivalent circuits
discussed in section 6.3.1 of chapter 6, both the increase of Y, of Qg and the change of the
equivalent circuit are associated with the formation inside the defects of the CCC of a layer
of corrosion products being thicker but at the same time less dense and less protective
towards corrosion.

s FElectrochemical Noise (EN)

The completely different corrosion behaviour of sample 2SPCr and the better corrosion
protection provided by the chromate fims formed on the desmutted surfaces (samples
2NPDCr and 2SPDCr) are found also in the potential and current time records, not shown
here, of the noise measurements. Sample 2NPCr and especially sample 2SPCr are
characterized by very large and frequent current transients, which can reach value up to
500-1000 nA. More than one transient often occur simultaneously; this renders impossible to
distinguish the shape of the transient itself. In addition, for sample 2SPCr the corrosion
attack is found to develop more in one of the two panels and a complete repair never takes
place. This is likely a consequence of the extremely high inhomogeneity shown by the
chromate film deposited on AA2024 after the long pickling treatment, which leads to a high
probability to have a very different level of corrosion resistance in the two panels used for the
noise measurements. On the other hand, the current and potential transients observed for
samples 2NPDCr and 2SPDCr are less frequent, less wide and have shapes similar to those
observed for the CCCs formed on Alclad 2024 and described in section 6.3.2 of chapter 6.
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The results of one set of
noise measurements are given
in Figure 7.32 as the number of
current deviations from the
mean value (Al, equation 6.),
which is related to the
amplitude, width, and
frequency of the current
transients, in function of the
value of the deviation itself.
The conclusions drawn from
these plots are based on a
certain number of experiments
carried out on each sample,
which were found to be
reproducible at least in the
general trend of Al vs. the
deviation value and in the
differences  amongst  the
samples. Sample  2SPCr
shows a less pronounced
dependency of the number of
current deviations on the value
of the deviation; indeed it is
characterized by a lower

amount of small deviations and a higher amount of large deviations in comparison with the
other samples. This means that the transients in the time records of the current for sample
2SPCr are more numerous, extremely wide and have a very pronounced amplitude. This in
turn suggests that the strength and extent of the corrosive attack are higher on this sample.
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Figure 7.33: Number of current deviations from the mean current value (Al) as function of the value of
the deviation for the CCC formed on AA2024 and Alclad 2024 after different surface preparation

procedures.
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On the other hand, the trend of the number of deviations vs. the value of Al is similar
for the chromate films formed either after a short pickling treatment or after the desmutting
process. However, sample 2NPCr shows a higher amount of deviations at each value of the
deviation together with a higher maximum value of the deviation with respect to samples
2NPDCr and 2SPDCr. This confirms that the corrosion protection provided by the CCC
deposited on desmutted surfaces is better than that provided by the chromate film formed

after the pickling process.
Figure 7.33 compares
the noise results obtained for
the chromated samples using
Alclad 2024 (samples
NPDCr1.8, NPCr1.8,
SPDCr1.8, and SPCr1.8) and
bare 2024 alloy (samples
2NPDCr, 2NPCr, 2SPDCr, and
2SPCr) as substrate. It can be
observed that independently
upon the surface preparation
procedure the chromate films
formed on the clad alloy are
characterized both by a more
limited amount of current
deviations at each value and
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Figure 7.34: Total number of current deviations from the mean
value (Al) as function of the immersion time in 3.5% NaCl pH=4
solution for the CCC formed on AA2024 and Alclad 2024 after
different surface preparation procedures.

by a lower value of the maximum Al. Therefore, similarly to the impedance measurements,
the electrochemical noise study shows that when a clad alloy is used as substrate the CCC
is more protective towards corrosion.
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with the increase of the immersion time. Similarly, the higher corrosion resistance of the
CCCs formed on the clad alloy with respect to those formed on bare AA2024 is not affected
by the duration of the exposure to the chloride- containing solution.

In addition, the higher strength and extent of the corrosion attack occurring on sample
2SPCr than on sample 2NPCr can be observed when only deviations higher than 50 nA are
considered (Figure 7.35). The plot of Figure 7.35 suggests that the negative effect of the
prolongation of the pickling treatment on the corrosion protection provided by the chromate
film becomes more pronounced with the increase of the exposure time to the chloride
solution.

In conclusion, the impedance and noise results show that the corrosion protection
provided by the CCC formed on AA2024, as already observed in the case of Alclad 2024, is
improved when a desmutting treatment is carried out after the pickling and prior to the
chromate process. This is due to the partial removal of the intermetallic particles, likewise for
the clad alloy, and to the complete elimination from the aluminium surface of the metallic
copper and/or copper oxide particles deposited during the pickling process. These effects of
the desmutting treatment on the microstructure of AA2024 lead to the deposition of a thicker
and more adherent chromate film containing a lower amount of flaws and defects. On the
other hand, the increase of the duration of the pickling process strongly lowers the corrosion
protection provided by the CCC deposited on bare 2024 alloy, in contrast with the effect that
this surface preparation parameter has when a clad alloy is used as substrate. This is due to
the fact that on the surface of the bare alloy the increase of the immersion time in the
pickling bath results not only in the decrease of the density of the IMCs, which in turn
improves the corrosion behaviour of the chromate layer, but also in a pronounced increase
of the amount of copper-rich smut, which in turn results in the formation of a thinner, less
homogeneous and less adherent CCC that provides a lower corrosion protection. The
impedance and noise studies show that on the corrosion resistance of the chromate layer
the positive effect of the prolongation of the pickling process associated with the partial
removal of the intermetallics is overruled by the negative effect associated with the increase
in the amount of copper and/or copper oxide particles left on the surface.

The decrease in the protection provided by the CCC caused by both the IMCs and the
copper smut on the substrate surface is also responsible for the different behaviour shown
by the chromate films formed on bare 2024 alloy with respect to those formed on Alclad
2024. Indeed, AA1230 used as clad layer is characterized by a lower density and size of the
intermetallics together with a much lower content of copper in solid solution in comparison
with AA2024. Therefore, on the surface of the clad alloy independently on the surface
preparation procedure less IMCs are left and the copper deposits are not formed. As a
consequence, the CCCs formed on Alclad 2024 alloy provide a better corrosion protection in
comparison with those formed on bare AA2024.
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7.4 Conclusions

A mechanism of the nucleation and growth of the CCC on 2024-T3 aluminium alloy
has been proposed based on the SEM/EDS and SKPFM investigation of polished aluminium
surfaces immersed for different times in the Alodine bath. The chromate film starts to form
above the intermetallic particles, which act as cathodic sites and favour the reduction of
Cr(VI) to Cr(Ill). The deposition of a thin and dense chromate film renders the intermetallics
less active and as a consequence the chromate film starts to deposit on the rest of the
surface eliminating the difference in potential between the matrix and the intermetallics, i.e.
the driving force for the deposition of the chromate film to preferentially occur at the location
of the IMCs. Therefore, the growth of the CCC continues above the matrix, where the film is
more porous. As a consequence after a relatively long time of immersion, in the order of a
few minutes, in the Alodine bath a thicker layer is formed above the Al matrix than above the
intermetallics

In addition, it has been found that the copper-rich smut, which can eventually form
during the surface preparation procedure, plays a role as important as the intermetallics in
the growth of the chromate film. Indeed, the presence of copper or copper oxide particles on
the surface causes a lack of adhesion of the chromate film to the aluminium substrate and
inhibits the reduction of Cr(VI) to Cr(lll) and the consequent deposition of the chromate film.
Obviously, these effects of the IMCs and the copper smut on the formation of the CCC have
important consequences on both the morphology and the corrosion resistance of the film. On
one hand, at the periphery of the intermetallics large defects are present in the chromate
layer due to the lack of continuity in the film at these sites deriving from the different rate and
time of formation of the chromate layer above the Al matrix and above the IMCs. On the
other hand, the presence of copper and/or copper oxide particles reduces both the thickness
and the adherence of the chromate film. In accordance with the conclusions drawn in
chapter 6 that the corrosion resistance of a chromate film depends on its barrier properties,
its adhesion to the aluminium substrate, and the type of corrosion products formed inside its
defects, the impedance and noise studies have shown that both the copper-rich smut and
the IMCs negatively affect the corrosion protection provided by the chromate conversion
coating.

These observations explain the better corrosion resistance, independently upon the
surface preparation procedure, of the CCC formed on Alclad 2024 in comparison with that
deposited on bare 2024 aluminium alloy, which contains a higher amount of intermetallics
and especially a much higher concentration of copper in solid solution. In addition, they also
explain on one hand the improvement in the corrosion protection provided by the chromate
film caused by the desmutting process, which reduces the number of IMCs and completely
removes the copper smut, and on the other hand the decrease caused by the prolongation
of the acid pickling treatment, which strongly increases the amount of copper and/or copper
oxide left on the AA2024 surface. This in turn highlights once more the extremely important
role played by the surface preparation procedure on the final properties of the chromate
conversion coating deposited on aluminium alloys.
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Chapter 8

Microstructure and cerium-based
conversion coating-Bare 2024

8.1 Introduction

In chapter 7 it has been shown that the nucleation, growth, and as a consequence the
morphology of the chromate conversion coating formed on bare 2024 aluminium alloy is
strongly affected not only by the presence of cathodic intermetallics, as already observed in
the case of Alclad 2024, but also by the eventual formation of a copper-rich smut as a result
of the surface preparation procedure. The presence of both IMCs and copper particles on
the aluminium surface has been found to have a detrimental effect on the corrosion
protection provided by the CCC, due to large defects in the film caused by the former and to
inhibition of the film growth together with loss of adhesion caused by the latter.

This chapter investigates the influence of these microstructural features, i.e.
intermetallics and Cu-rich smut, on the formation of a cerium-based conversion coating on
bare 2024 aluminium alloy. The last part of the PhD project was focused on this alternative
system on the basis of both scientific and technological reasons. On one hand, the literature
survey has shown that the formation of a cerium oxide film on aluminium alloys involves
electrochemical reactions, likewise the chromate process. Therefore, it may be expected that
the presence of local cathodes on the surface would play an important role also in the
formation and final properties of this alternative system. On the other hand, amongst the
chromium-free treatments the conversion process consisting of immersion in a cerium salts
bath is one of the most promising and has provoked a large interest in the last two decades.

Recently Wilson and Hinton [1] modified the cerium-based conversion treatment by
adding hydrogen peroxide to the cerium chloride bath, which enabled the deposition of a
relatively thick cerium oxide film in a few minutes at a relatively low temperature (about
40°C). This strongly increases the industrial applicability of the cerium-based conversion
process for the corrosion protection of aluminium alloys. Unfortunately, the CeCls-H,0, bath
is effective only for the Cu-rich aluminium alloys, i.e. 2xxx and 7xxx series. Although, several
investigations have been carried out on the formation of the cerium oxide/hydroxide film with
particular attention to the effect of the intermetallic particles, the higher reactivity towards the
CeCl;-H20, solution of the Cu-containing aluminium alloys is not yet completely understood.
Therefore, the aim of this part of the project is to clarify the role of different microstructural
features, namely intermetallics and alloying elements, in the nucleation and growth of the
cerium-based conversion coating and to explain the different behaviour shown by the
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aluminium alloys of different families. A better understanding of the effect of the alloy
microstructure on the formation of the conversion film is fundamental for the improvement of
this alternative system, since it may be expected to strongly influence also the corrosion
protection provided by the film, as it has been shown in the case of the chromate conversion
coating. This knowledge may be useful in order to render the cerium-based conversion
treatment a valuable replacement of the chromate one and to develop an industrially
applicable process able to form a protective cerium oxide film on all families of aluminium
alloys.

In the next section the experimental procedure used in this part of the research is
briefly described and then section 6.3 focuses on the presentation and discussion of the
results. This is divided into three main parts. In the first the influence of an additional surface
preparation procedure on the microstructure of AA2024 is considered, whereas the other two
parts deal with the effect of the intermetallics and the copper-rich smut, respectively, on the
nucleation, growth, and morphology of the cerium-based conversion coating. Finally in the
last section of the chapter some conclusions are drawn and some recommendations are
given.

8.2 Experimental procedure

8.2.1 Materials and treatments

Bare 2024 aluminium alloy, coming from the same batch of rolled material used for the
investigation of the chromate conversion coating, constituted the substrate. The cerium-
based conversion treatment, named hereafter cerate process, consisted of immersion at
room temperature in a CeCl;07H,0 (13 g/l) and H,O; (12.3 ml/l) solution, the pH of which
was adjusted to a value of 2 by means of addition of HCI, followed by a final drying step
carried out in an oven for 30 minutes at 50°C. It should be noted that the cerate bath is
usually heated up to 40-45 °C. In this study a lower temperature has been chosen in order to
reduce the deposition rate of the cerium oxide and to enable in this way the investigation of
the nucleation and growth of the conversion film. To this aim the duration of the immersion
was varied from very short times, i.e. 3 and 30 seconds, to a standard time, i.e. 120
seconds, and in some cases to longer times, i.e. 6 and 15 minutes.

The panels were treated using different surface preparation procedures prior to
immersion in the cerate solution (Figure 8.1). Likewise for the study of the CCC, unpolished
samples were immersed in the acid pickling bath at 60°C for either 5 minutes (sample 2NP)
or 20 minutes (sample 2SP), which was in some cases followed by the desmutting step
(samples 2NPD and 2SPD). For details on the pickling and desmutting processes refer to
section 5.2.1 of chapter 5. These samples were then immersed in the CeCl3-H,O, bath for 3,
30, and 120 seconds. When the standard time is used the samples are named 2NPCe,
2SPCe, 2NPDCe, 2SPDCe, whereas when shorter times are used it is opportunely stated in
the text. Some samples were mechanically polished up to 1 um and afterwards either
directly or after the pickling process immersed in the cerate bath for both a standard time
and shorter times. A code similar to that used in the case of the chromate treatment is
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adopted: 2AR for the polished sample and 2NP, 2SP for the samples immersed for 5 and 20
minutes in the pickling bath, respectively. When the immersion in the CeCls;-H,0, solution
lasts 2 minutes the code of the sample is changed by addition of Ce, i.e. sample 2ARCe,
2NPCe, and 2SPCe (Figure 8.1). All these procedures, which were used also in the case of
the chromate process, were chosen to enable a comparison between the cerate and the
chromate treatments, focusing on the effect that the IMCs and the Cu-rich smut have on the
formation of these conversion films.

" Bare 2024T3

“Acetone cleaning

H so4 +H,PO,
20 mmutes

2so,+H PO
5or20

Drying inoven Drying in oven

"Drying inoven || Drying in oven

72 -

“Tovs
2NPCe, 2NPDCe | | 2SPCe, 2SPDCe

2NPCe, 2SPCe

Figure 8.1: Schematic illustration of the different surface preparation and cerate treatment processes
investigated in the case of bare 2024 alloy.

An additional surface preparation route for the polished samples was investigated,
which consisted of ultrasonic acetone cleaning at room temperature for 10 minutes,
immersion in a commercial silicate non-etching alkaline cleaner (Ridoline 53™) for 4 minutes
at 65°C, followed by immersion in a Ce-based deoxidiser (0.5M H,SO, + 1.28M HNO; +
0.05M Ce(SO4); +0.04MHF + 0.1M (NH,),SO,) for 10 minutes at 35°C. Between each step
the panels were rinsed in deionised water for 5 minutes. Samples that underwent this
surface activation process are named hereafter 2DX and after the standard cerate treatment
2DXCe (Figure 8.1). Also in this case a shorter treatment time of 3 seconds was considered
in order to study the early stages of the cerium oxide film formation. This part of the research
was aimed to enable a comparison between our own results and those found in literature,
since this sequence of treatments is that originally developed by Wilson and Hinton [1].
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Finally, the cerate conversion treatment was carried out also using Alclad 2024 alloy
as substrate with the purpose of supporting the mechanism of the formation of the cerium
oxide layer on aluminium alloys, which was suggested based on the results of the
investigation on bare AA2024. In particular, unpolished panels of the clad alloy were
immersed in the CeCly,-H,0O, bath after the short pickling treatment (sample NP) with
eventually a subsequent desmutting step (sample NPD). Different durations of the cerate
process were chosen: 3, 30 seconds, 2, 6, and 15 minutes.

8.2.2 Surface analysis investigation

After each step of both the additional surface preparation procedure and the cerate
treatment the samples surface was investigated by means of SEM/EDS and SKPFM
techniques. The experimental conditions used are the same of those given in sections 4.3.2
of chapter 4 and 5.2.2 of chapter 5.

8.3 Results and discussion

This section deals both with the effect of the additional surface preparation procedure,
i.e. alkaline cleaning followed by a deoxidising step, on the microstructure of bare AA2024
and with the influence of the intermetallics and the copper rich-smut on the formation of the
cerium-based conversion coating. While the results of the surface analysis investigation,
carried out using SEM/EDS in combination with the SKPFM technique, are illustrated using 1
or 2 examples that summarize the typical behaviour shown by each sample, the conclusions
are drawn on the basis of a wide series of measurements.

8.3.1 Surface morphology and microstructure
e Non-etching alkaline cleaning (polished surfaces)

The effects of the alkaline cleaning treatment on the microstructure of AA2024 are not
directly related with the formation of the cerium oxide film, which is the main topic of this
chapter, since a deoxidising step, which further modifies the properties of the aluminium
surface, is always carried out after the alkaline cleaning itself and before the cerate process.
However, the investigation of the surface morphology and microstructure after the immersion
in the alkaline cleaning bath is discussed in this part of the section as it brings interesting
results from the point of view of the SKPFM technique.

An example of the SKPFM measurement carried out on the surface of AA2024 after
the immersion for 4 minutes in the commercial alkaline cleaner (Ridoline 53™) at 65°C is
given in Figure 8.2. While the topographic image (a) does not show many features, except
for a slight protrusion of some areas, in the Volta potential map (b) several large bright, i.e.
cathodic, zones can be observed together with smaller (1-2 um), more numerous, and less
bright areas. When the SKPFM investigation is carried out in the area enclosed in the square
given in Figure 8.2-b in combination with a SEM/EDS study, the large brighter areas in the
potential map are identified as either Al-Cu-(Mg) intermetallics, i.e. IMC/IMC4*, or Al-Cu-Mn-
Fe-(Si) intermetallics, i.e. IMC,/IMC,*, which are typical for AA2024 (Figure 8.3).
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Figure 8.2: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and section analysis along the black line in the potential map (c) of bare 2024 alloy

after mechanical polishing up to 1 um and 4 minutes of immersion in the alkaline cleaner (Ridoline
53™) at 65°C.

Comparing the potential image (Figure 8.3-b) with the SEM micrograph (Figure 8.3-¢)
and the EDS elemental maps (Figure 8.3-d to —h) it should be noted that the cathodic
regions appear to laterally extend beyond the edges of the IMCs themselves. This lateral
extension and the presence of the small cathodic spots, as well, seem to not correspond to
any variations in the chemical composition of the surface.

(a) (b) i

Figure 8.3: Topographic image with a height range of 1 um (a), Volta potential map with.a potential
range of 0.8 V (b), SEM micrograph (¢) and EDS elemental maps (d, e, f, g, h) of the area enclosed in
the square given in the potential map of Figure 8.2.

The explanation for this incongruence can be found either in the resolution of the EDS
technique or in different variables other than the chemical composition influencing the Volta
potential of a metal surface. Indeed, the lateral and depth resolutions of EDS, both in the
range of one micrometer, are likely not sufficient to detect variation in chemical composition
between the small cathodic areas and the rest of the Al matrix on the most outer layer.
Besides, the change in Volta potential could be caused by changes in the structure,
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hydratation, etc. of the aluminium oxide film rather than by changes in the chemical
composition.

Hughes et al. [2] analysed the surface chemistry of 2024-T3 alloy after different times
of immersion in the alkaline cleaner Ridoline 53™. These authors on the basis of XPS
results claimed that after a few minutes of immersion the surface is covered with an
amorphous oxide film, 5-6 nm thick, enriched in magnesium, zinc and silicon. Silicate, which
is added to the alkaline cleaner to inhibit the Al etching, is the most likely source of Si,
although the alloy itself cannot be excluded as possible source since it contains some Siin
solid solution. According to these findings, it may be suggested that the small cathodic spots
on the surface, which are not related to intermetallic particles, and the existence of a
cathodic region at the periphery of the IMCs are a consequence of inhomogeneities either in
the Mg, Zn concentration in the oxide film or in the alumino-silicate part of the passive layer.

; 4 5 ; 7 8 ; 10
Energy/ keV

Figure 8.4: SEM micrograph (a) and EDS spectra (b) of bare 2024 after mechanical polishing up to 1
um and 4 minutes of immersion in the alkaline cleaner (Ridoline 53™) at 65°C.

Indeed, the SEM micrograph of Figure 8.4-a shows the presence of small areas
(named 1), which could be associated with the small cathodic spots of the potential image,
being darker in comparison with the rest of the Al matrix (named ). It is interesting to note
that also the region at the periphery of the IMC is characterized by a darker colour. The
origin of these variations in brightness can be both differences in chemical composition and
differences in height, since the micrograph is a secondary electron image. However, the
EDS spectra carried out at the location of the dark spots do not show in comparison with
those relative to the rest of the Al matrix any appreciable difference in none of the peaks
relative to Mg, Zn, O, or Si (Figure 8.4-b). As mentioned before, the EDS technique is not
suitable for identifying variations in the chemical composition of the extremely thin aluminium
oxide film, due to its poor depth resolution, and within small areas, due to its poor lateral
resolution. On the other hand, Auger Electron Spectroscopy could be a valid alternative,
since this technique has a much higher lateral and depth resolution, in the order of a few
tens of nanometres.

Although the SEM/EDS results do not unequivocally determine the origin of the small
cathodic areas, the SKPFM measurements do clearly show their existence in a very
reproducible way. The galvanic coupling between these cathodic spots (named I) and the Al
matrix (nhamed M) is found by means of section analyses, an example is given in Figure 8.2-
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¢, to be lower in comparison with that between the intermetallics and the matrix. The former
varies from 100 up to 200 mV, whereas the latter ranges between 150 and 350 mV.
However, it can not be excluded that this difference is caused only by the smaller size of the
cathodic spots with respect to the cathodic regions associated with the IMCs.

It can be concluded that likewise the pickling and the desmutting processes the
alkaline cleaning step does not affect either the electrochemical nature of the IMCs, which
continue to behave as local cathodes, or the extent of their galvanic coupling with the
surrounding matrix. In addition, in agreement with the literature [2], despite the alkaline
conditions in the cleaner, the corrosive attack is quite limited and consists of few small and
isolated pits and of a minimal etching associated with the intermetallics (Figure 8.4-a). This
is likely a consequence of the formation of silicate compounds in the aluminium oxide film
that protect the surface from further etching.

e Ce-based deoxidising (polished surfaces)

The SEM investigation of the AA2024 surface after 10 minutes of immersion in the Ce-

deoxidiser bath shows the occurrence of a strong etching leading to the formation of
numerous large pits (Figure 8.5). Most of these pits are the result of a severe localized
attack taking place at the periphery of the intermetallics due to the galvanic coupling existing
between them and the matrix, which may cause the drop out of the IMC. This is confirmed
by the fact that inside several pits a remnant of the original intermetallic can still be observed
(Figure 8.5-b).
However, a large percentage
of the intermetallic particles is
still left on the surface and is
characterized by a pronounced
dissolution of the surrounding
Al matrix (Figure 8.6-a, -b, and
-c). In addition, a considerable
amount of particles, 0.1-1 um
in size, is present above the
matrix, inside the pits and also Figure 8.5: SEM micrographs of bare 2024 alloy after
on top of the IMCs themselves. = mechanical polishing up to 1 um, 4 minutes of immersion in the
The EDS analyses show that alkaline cleaner (Ridoline 53™) at 65°C, and 10 minutes of
those particles consist mainly immersion in the Ce-based deoxidiser at 35°C (sample 2DX).

of copper with some traces of

oxygen (Figure 8.6-e). This is in agreement with the results of Hughes, Nelson and Miller [3],
who also observed the formation of small deposits on AA2024 surface as a consequence of
the immersion in the Ce-based deoxidiser. On the basis of the value of the O K,/Cu K,
intensity ratio obtained with X-ray analysis, which was found to be much lower than the ratio
measured on Cu,O standard, these authors suggested that the particles left on the surface
have a metallic core and an oxide shell. Besides, the same research work showed by means
of XPS study that the immersion in the Ce-based deoxidiser for few minutes does remove
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the oxide film enriched in Mg and Zn left after the alkaline cleaning step, but does not
dissolve the silicate compounds.

— Matrix
- Deposits

0,1
Fi L si mn Fe
0
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Figure 8.6: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of sample 2DX. Polished sample.

According to our own results and those in the literature, it can be concluded that during
the immersion in the Ce-based deoxidiser copper/copper oxide particles deposit on the
surface of AA2024, likewise it was observed to occur during the immersion in the acid
pickling bath. However, the deoxidising step in comparison with the pickling process leads to
a much lower amount of copper particles that are on the other hand bigger in size (Figures
7.4-b and 8.5). This different morphology of the copper deposits caused by the two surface
activation treatments is likely due to a different source and mechanism of copper ions realise
into solution that afterwards are reduced back and precipitate on the surface in the form of
copper/copper oxide particles. In the case of the acid pickling it was observed that the
formation of the copper-rich smut is a consequence of the release of copper from the solid
solution. On the other hand, in the case of the immersion in the Ce-based deoxidiser it
seems that the formation of the copper particles is caused by a selective dissolution of the
intermetallics rather than by dissolution of the matrix and consequent redeposition. This is
suggested by the higher quantity of copper particles present above the IMCs and inside the
pits. Indeed, the spongy structure, which consists of clusters of copper particles, caused by
the dissolution of the less noble elements, as Fe, Si, Mn, Al, and Mg, from the intermetallics
can either remain at the position of the original intermetallic, i.e. inside the pit, or become
electrically isolated from the Al matrix and dissolve into solution as Cu® ions, which in turn
can reduce back and deposit at the cathodic sites of the surface, i.e. above the IMCs. The
occurrence of selective dissolution of Al, Fe, Mn, and Mg during immersion in the deoxidiser
bath is confirmed by the results of the analyses of the bath given in [3].
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Figure 8.7 shows the SKPFM measurement carried out on the same area of the SEM
micrograph of Figure 8.5-b. Both the pit in the center of the micrograph and the IMC in the
bottom right side are clearly recognizable in the topographic image. It can be noted that the
strong variation in height at the location of the pit gives rise to some problems during the
scan. The cathodic sites, i.e. the brighter areas visible in the potential map, are related not
only to the intermetallics but also to the copper deposits, as can be observed in the case of
the pit in the central part of the topographic image (Figure 8.7-a) that the SEM investigation
has shown to contain some copper particles (Figure 8.5-b).

(a) (b) (c)
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Figure 8.7: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and section analysis along the black line in the potential map (c¢) of sample 2DX.
Polished sample.

The cathodic nature of the copper deposits was already observed in the case of the
pickled surface and is expected since copper is a more noble element with respect to
aluminium. According to several section analyses across the IMCs and the copper particles
(Figure 8.7-c) the galvanic coupling with the Al matrix ranges from 150 to 360 mV for the
intermetallics and from 100 to 270 mV for the Cu particles. Therefore, similarly to the alkaline
cleaning process also the deoxidising step does not affect the extent of the cathodic nature
of the intermetallics. On the other hand, it should be noted that the numerous small cathodic
areas observed on the alkaline cleaned surface are completely disappeared after the
immersion in the Ce-based deoxidiser. This supports the hypothesis that inhomogeneities in
the oxide film enriched in Mg and Zn, which is formed during the alkaline cleaning and
removed during the deoxidising, are responsible for the appearance of the small cathodic
spots on the AA2024 surface after the immersion in the alkaline cleaner.

Finally, the comparison of the SEM study carried out on the bare 2024 alloy after
immersion in the nitric-hydrofluoric desmutting solution (Figure 7.9) and in the Ce-based
deoxidising bath (Figure 8.5) leads to the conclusion that the etching caused by the former is
more severe and as a consequence a higher percentage of intermetallic particles are
removed. This is likely related to the different content of hydrofluoric acid in the desmutting
and deoxidising bath: 0.5M and 0.04M, respectively. The ten times higher concentration of
HF seems to overrules the different duration of the two treatments: 30 seconds for the
desmutting and 10 minutes for the Ce-based deoxidiser.
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Summing up, the surface preparation procedure consisting of an alkaline cleaning step
followed by a deoxidising process in a cerium-containing bath results both in a severe
etching of the surface with consequent partial removal of the intermetallics, which occurs
however in a more limited extent than in the case of the desmutting treatment discussed in
chapter 7, and in the formation of copper deposits, which are however lower in quantity and
bigger in size than those formed during the long acid pickling step also discussed in chapter
7.

8.3.2 Formation of the cerium-based conversion coating: effect of the intermetallics

This section describes and discusses the results regarding the surface analysis
investigation of the bare 2024 alloy directly immersed in the CeCl;-H,O, solution, i.e. cerate
bath, for different times. Since in section 7.3.1 of chapter 7 it has been shown that the
surface of AA2024 in the as-received condition while does not present copper deposits, it
does contain intermetallics acting as strong local cathodes, this part of the study was aimed
to better understand the effect of the cathodic IMCs on the formation of the cerium-based
conversion film.
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Figure 8.8: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of bare 2024 alloy after mechanical
polishing up to 1um (sample 2AR) and 3 seconds of immersion in the cerate bath.

According to the SEM micrograph of Figure 8.8-a, the immersion for 3 seconds in the
cerate bath does not significantly change the morphology of the AA2024 surface. However,
when some areas are enlarged (Figure 8.8-b, and -c) the formation of thick deposits is
observed above some discrete regions of the surface. The EDS analyses (Figure 8.8-d, and
-e) on one hand identify the areas involved in the deposition process as intermetallic
particles belonging to the IMC,/IMC,* group, i.e. Al-Cu-Mg and Al-Cu intermetallics, on the
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other hand show that at these locations the signal relative to oxygen and chloride are very
strong and those relative to cerium are completely absent. In addition, none of the several
EDS spectra relative to various areas of the surface detect the presence of cerium.
Therefore, it can be concluded that the deposits consist of oxide/hydroxide corrosion
products enriched in chloride rather than of cerium oxide, which does not precipitate during
the short duration of the cerate process or in very low quantity, below the detection limit of
the EDS. In the rest of the chapter when mentioning that the cerium oxide is absent it is
meant that either it is really completely absent or it is present in such limited amount that
cannot be detected by the EDS analyses.

The presence of chloride in these deposits is not surprising since the main component
of the cerate solution consists of cerium chloride. The precipitation of oxide/hydroxide
compounds on top the Al-Cu-(Mg) intermetallics is likely due to the increase in pH at their
location caused by the preferential occurrence of the cathodic reactions, i.e. O, and H,O,
reduction (equations 3.710-3.712 of chapter 3), which are favoured by the higher potential of
these IMCs with respect to the Al matrix.
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Figure 8.9: Topographic images with a height range of 1 um (a, d), Volta potential maps with a
potential range of 0.8 V (b, e), and dual section analyses (c, f) along the black lines in the topographic
image (black) and in the potential map (grey) of sample 2AR after 3 seconds of immersion in the
cerate bath. Polished sample.

Although, this is likely the case, it is not clear why a similar precipitation phenomenon
does not take place also above the Al-Cu-Mn-Fe-(Si) intermetallics, i.e. IMC; and IMC,*,
which are strong cathodic sites, as well (Figure 7.3 of chapter 7). The morphology of both
these IMCs and the Al matrix is not affected by the short contact with the CeCls-H,0,
solution (Figure 8.8-a, -b, and -c).
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The same areas of the SEM micrographs of Figure 8.8-a, and-b have been
investigated with the SKPFM technique (top and bottom side of Figure 8.9, respectively).
The topographic images (a and d) clearly show the presence of thick deposits in some areas
of the surface, which correspond to brighter spots in the potential map (b and e). This
appears even more evident when a dual section analysis (c and f), which gives the potential
and height profiles along the same line on the surface, is carried out across the
intermetallics. The thickness of the oxide/hydroxide deposits is found to be in the order of
several hundreds nanometres.

These observations confirm the precipitation of a thick layer of corrosion products at
the sites of the cathodic Al-Cu-(Mg) intermetallics, which however seems to no affect the
extent of their galvanic coupling with the Al matrix. The lack of influence of the short
immersion in the cerate bath on the difference in potential between the matrix and the
intermetallics, which still varies in the range of 150-350 mV, is valid also for the Al-Cu-Mn-
Fe-(Si) ones. On the other hand, the IMC,/IMC,* are only slightly visible in the topographic
image due to a certain protrusion, which is not a result of the immersion in the CeCl3-H,O,
solution since it is observed also in the sample before any surface treatment (Figure 7.3).
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Figure 8.10: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of sample 2AR after 30 seconds of
immersion in the cerate bath. Polished sample.

Finally, while the SEM investigation does not show any appreciable modification of the
Al matrix as a consequence of the 3 seconds of contact with the cerate bath, the SKPFM
study does show the presence of cathodic spots (named | in the dual section analysis of
Figure 8.9-c) that are not related with the IMCs. Although the EDS analyses do not detect
any difference in chemical composition at these cathodic regions, it is probable that they are
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associated with variations in the composition of the aluminium oxide film, likewise for the
small cathodic areas observed after the alkaline cleaning process.

In Figure 8.10 some examples of SEM micrographs (a, b, and ¢) and EDS spectra (d
and e) carried out on the surface of AA2024 after 30 seconds of immersion in the cerate
bath are given. Likewise after a shorter time of immersion, the Al matrix and the IMC,/IMC,*
are unaffected by the contact with the cerium chloride solution, whereas on top of the Al-Cu-
(Mg) intermetallics oxide/hydroxide deposits enriched in chloride are formed. In addition,
cerium was not detected in any of the several spots of the surfaces analysed by EDS. This
suggests that the increase of the treatment time from 3 to 30 seconds does not lead to any
further modification of the AA2024 surface.

The same regions of the surface shown in Figure 8.10-a and -b, have been
investigated by means of the SKPFM technique (Figure 8.11). Based on the potential maps
(b and e) similar considerations can be made as in the case of the sample immersed for only
3 seconds in the cerate bath (Figure 8.9): the intermetallic particles still behave as local
cathodes, even those belonging to the IMC,/IMC+* group and covered by a thick film of
corrosion products, some cathodic spots are present on the surface, which are not related to
intermetallics. This confirms the conclusion drawn above that the prolongation of the
immersion in the CeCl3-H,0, bath does not give rise to further variations of the surface.
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Figure 8.11: Topographic images with a height range of 1 um (a, d), Volta potential maps with a
potential range of 0.8 V (b, e), and dual section analyses (c, f) along the black lines in the topographic
image (black) and in the potential map (grey) of sample 2AR after 30 seconds of immersion in the
cerate bath. Polished sample.

However, the dual section analyses (Figure 8.11-c and f) on one hand prove that the
extent of the galvanic coupling existing between the Al matrix and the IMCs is not modified
by the increase of the duration of the cerate process, on the other hand highlight a higher
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change in height at the sites of the IMC,/IMC,*, in the order of 100-200 nm. This means that
during the immersion in the cerate bath the protrusion of the Al-Cu-Mn-Fe-(Si) intermetallics
is enhanced, likely as a result of a more pronounced attack of the Al matrix, which seems
anyway to be a general dissolution of the whole surface rather than a localized etching at the
periphery of the IMCs.
According to the SEM study of the bare 2024 alloy after a standard, i.e. 2 minutes,
duration of the cerate process (Flgure 8.12) the Al matrix results to be still almost unchanged
: : St except for the appearance of
few isolated pits, the protrusion
of the Al-Cu-Mn-Fe-(Si)
intermetallics is further
enhanced, and at the location
of the Al-Cu-(Mg) the formation
of  Cl-rich oxide/hydroxide
deposits is still occurring

together with a slight local
Figure 8.12: SEM micrographs of sample 2AR after 2 minutes  attack of the matrix at their
of immersion in the cerate bath (sample 2ARCe). Polished periphery. Therefore, the
sample.

increase of the exposure time
to the cerate bath only
enhances the phenomena observed already after only 3 seconds of immersion. However,
while after 3 or even 30 seconds of contact with the cerium chloride solution any trace of
cerium oxide on the surface is not detected, after 2 minutes at few spots of the sample the
EDS spectra show the presence of the cerium and oxygen peaks (Figure 8.13-c). These
areas involved in the cerium oxide/hydroxide precipitation are anyhow very limited in number
and are not necessarily associated with IMCs (area named | in the SEM micrograph of
Figure 8.13-a, as an example), i.e. the deposition of cerium oxide occurs above a very
llmlted percentage of the intermetallics and not onIy at their location.

Energy/ keV

Figure 8.13: SEM micrographs (a, b) and EDS spectra (¢} of sample 2ARCe. Polished sample.

On the other hand, a common feature is observed at all the sites where the
precipitation of the cerate film has taken place: a local attack of the surrounding matrix. This
suggests that the eiectrochemical process leading to the precipitation of the cerium
oxide/hydroxide, i.e. cathodic reduction of oxygen and hydrogen peroxide with consequent
increase in pH and the anodic dissolution of aluminium, is an extremely localized
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phenomenon. The areas involved in the precipitation of cerium oxide shown in the SEM
micrographs of Figure 8.13 are enlargements of the locations named | and Il in the SEM
image of Figure 8.12-a. The topographic and potential scans of this region of the surface are
given in Figure 8.14-a and -b, respectively, together with an example of a dual section
analysis (Figure 8.14-c). The presence of the pits in the aluminium matrix in proximity of the
cerium oxide deposits can be observed in the topographic image and the height profile
across one of those (the black line in the dual section analysis of Figure 8.14-c) shows that
their depth is quite pronounced, in the order of 500 nm. In addition, the protrusion of the
IMC,/IMC,* intermetallics that was observed during the SEM study is also confirmed.
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Figure 8.14: Topographic image with a height range of 1 um (a), Volta potential map with a potential
range of 0.8 V (b), and dual section analysis (c) along the black lines in the topographic image (black)
and in the potential map (grey) of sample 2ARCe. Polished sample.

The comparison of the SEM micrograph (Figure 8.12-a) with the potential map (Figure
8.14-b) leads to the conclusion that not only the IMCs continue to act as cathodic sites but
also the areas covered by the cerium oxide (named | and 1) has a more noble Volta potential
in comparison with the bare Al matrix (named M). This can be easily noted in the dual
section analysis made across these regions (the grey line in the diagram of Figure 8.14-c).
The few zones of the sample surface, where cerium oxide has precipitated, were
characterized by means of the dual section analysis option and their galvanic coupling with
the uncoated matrix is found to vary between 100 up to 250 mV. On the other hand, the
range of potentials of the IMCs seems to not be influenced by the relatively long immersion
in the cerium-based conversion bath.

The absence of the formation of a cerium oxide film on the 2024 aluminium alloy when
any surface preparation process is not used could be a consequence of the lack in activation
of the surface, which slows down the electrochemical reactions. This would be in agreement
with the extremely localized nature of the cerium precipitation and Al dissolution reactions
observed after a standard duration of the cerate process, i.e. 2 minutes. Although the
formation of the cerium-based conversion coating likely requires the activation of the Al
surface, the results discussed above clearly show also that it is not favoured by the presence
of the Cu-rich IMCs, which were on the other hand very active towards the chromate
formation even in the absence of any surface preparation treatment (section 7.3.2 of chapter
7). Therefore, according to the results of the chromate process the activation of the surface
is not a necessary condition for the electrochemical reactions to occur at the location of the
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intermetallics. However, in the chromate bath they lead to the formation of a CCC already
after 3 seconds of immersion, whereas in the cerate bath they result in the precipitation of
Cl-rich products only above the IMC4/IMC,*. Based on these considerations, it can be
concluded that the cathodic nature of the IMCs is not a sufficient condition for the
precipitation of the cerium oxide film. On the other hand, our results seem to contradict the
results of other authors, who showed the preferential formation of the cerium-based
conversion layer on top of the Cu-rich IMCs [4-9]. However, it should be noted that either
different cerate treatments, or a surface preparation procedure, or a longer time of
immersion in the CeCl;-H,0. bath were undertaken in these studies, which can affect both
the precipitation process and the intermetallics themselves. This is discussed in more details
at the end of the next section where a model of the cerium oxide film formation is proposed,
which enables to explain not only our own results but also those found in literature.

8.3.3 Formation of the cerium-based conversion coating: effect of the Cu-rich smut

This section focuses on the influence of the surface preparation procedure on the
nucleation, growth, and final morphology of the cerium-based conversion coating with
particular attention to the effect of the presence of copper/copper oxide particles eventually
deposited on the surface. The results are described and discussed in six sub-sections. In the
first and second part the role of the acid pickling treatment is considered using polished and
unpolished AA2024 samples, respectively. Similarly to the study on the CCC the use of
polished surfaces was aimed to facilitate the SKPFM measurements, whereas the use of
unpolished ones had the purpose of investigating surfaces of practical application. The third
and fourth parts of the section deal with the formation of the cerium oxide film on bare 2024
alloy after the deoxidising process and the desmutting step, respectively. Whereas, the fifth
subsection reports the results concerning the formation of the film on Alclad 2024 alloy as
substrate. The choice of this alloy was made based on the low copper content in the clad
layer, which was expected to enable a confirmation of the role played by the Cu-rich smut.
Finally, in the sixth part a model of the formation of the Ce-based conversion coating on
aluminium alloys is proposed and an attempt to explain according to this model not only our
results but also those found in literature is made.

e Acid pickling (polished surfaces)

The results of the SEM/EDS investigation of the polished surface of bare 2024 after
immersion for 5 minutes in the acid pickling bath (H,SO4H;PO, solution) followed by 3
seconds of contact with the CeCls;-H,0, solution are illustrate with the examples given in
Figure 8.15. Several observations can be made based on the SEM micrographs and EDS
spectra. As concern the intermetallics, while those belonging to the IMC,/IMC,* group are
covered by the cerium-based conversion layer, on top of those containing copper and/or
magnesium (IMC, /IMC+*) either a thick corrosion deposit enriched in chloride (IMC+*-1 in the
micrographs of Figure 8.15-a and -b) or a cerium oxide film (IMC4*-Il in the SEM micrograph
of Figure 8.15-a) is formed. In addition, large regions (named Il) of the sample surface
appears to be covered by a thin film, which is identified by the EDS analyses to consist of
cerium oxide/hydroxide (Figure 8.15-e), and in few spots the presence of deposits with a
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filiform shape (named lil in the micrograph of Figure 8.15-c) are observed and the EDS
spectra at their location are characterized by strong oxygen and chloride peaks (Figure 8.15-
e). Therefore, the deposition of both the cerium-based conversion layer and the corrosion
products enriched in chloride is found to occur not only at the location of the intermetallic
particles but also above the Al matrix.
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Figure 8.15: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of bare 2024 alloy after mechanical
polishing, 5 minutes of immersion in the H;P0,-H,SO, solution (sample 2NP), and 3 seconds in the
cerate bath.

The SEM study at a high magnification (Figure 8.15-c) suggests that the formation of
the thin cerium oxide film takes place through the deposition at evenly distributed sites on
the Al surface of isolated and small (less than 1 pm) round particles (indicated by arrows),
which afterwards coalesce leading to a thin and compact layer. It should be noted that this
mechanism of nucleation and growth of the conversion film is in agreement with the

z ; hypothesis suggested by Li and
Thompson [10] that the
electrochemical and  chemical
reactions occurring in the cerate
bath result first in a gel precursor
followed by the formation of
microscopic cerium oxide nuclei on
the surface, which in turn act as
sites for further deposition.
Figure 8.16: Topographic image with a height range of 2 The precipitation of discrete
um (a), Volta potential map with a potential range of 0.8 V particles on the surface as initial
(b) of sample 2NP after 3 seconds of immersion in the
cerate bath. Polished sample.
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stage of the cerium-based conversion coating formation is observed also in the topographic
images obtained with the SKPFM technique. In Figure 8.16 the topographic (a) and potential
map (b) of the same region shown in Figure 8.15-a are given, as an example. It is interesting
to note that although the intermetallics are still visible as brighter spots in the potential scan,
the extent of their galvanic coupling with the Al matrix is strongly reduced. On the other
hand, a further inhomogeneity in the surface potential is introduced as a consequence of the
partial coverage of the matrix with a thin and compact cerium oxide film. Indeed, the areas
involved in the precipitation of the film (named II) result to be slightly more noble in
comparison with the regions left uncovered (named I).

Figure 8.17 shows some typical SEM micrographs (a, b, and ¢) and EDS spectra (d
and e) of the polished AA2024 surface treated for 20 minutes in the pickling bath prior to
immersion for 3 seconds in the cerate solution. It has been found that while the short cerate
process affects the intermetallics in a similar way as observed in the case of sample 2NP,
the precipitation of cerium oxide on the Al matrix results to be more pronounced. Indeed, the
Al-Cu-Mn-Fe-(Si) intermetallics and a portion of the Al-Cu-(Mg) ones (IMC*Il in the SEM
micrograph of Figure 8.17-b) are covered by cerium oxide and the formation of Cl-rich
corrosion products occurs at the location of some intermetallic particles belonging to the
IMC4/IMC+* group (IMC4*-I in the SEM micrograph of Figure 8.17-a).
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Figure 8.17: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of bare 2024 alloy after mechanical
polishing, 20 minutes of immersion in the H;PO,4-H,SO, solution (sample 2SP), and 3 seconds in the
cerate bath.

As concern the Al matrix, only few areas (named [) are not covered by a thin and
compact film consisting of cerium oxide. The EDS analyses (Figure 8.17-e) carried out at
these locations show not only the absence of the cerium peaks but also strong copper
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signals, which suggests that the Cu-rich smut caused by the long immersion in the pickling
bath (section 7.3.1 of chapter 7) is not removed by the short contact with the cerium chloride
solution. In addition, several circular rings characterized by the presence of a much thicker
cerium oxide film, are formed during the short cerate process (area named lil in the SEM
micrograph of Figure 8.17-b). The formation of such rings may be a consequence of some
drops of conversion solution left on the surface after the rinsing step in deionised water,
which always follows the immersion in the cerate bath. Indeed, this can enable the cerium
oxide deposition to continue at these sites after the removal of the sample from the cerate
solution.

Although, on sample 2SP the nucleation and growth of the cerium-based conversion
coating has been very fast, in some regions of the surface, especially at the interface
between covered and uncovered regions, small round particles, the coalescence of which
has let to the formation of the film, are still visible. This suggests that the increase of the
duration of the pickling process does accelerate the precipitation of cerium oxide but on the
other hand does not change the mechanism of the conversion film formation, which still
consists of deposition of discrete small particles evenly distributed on the whole surface that
afterwards coalesce resuiting in a thin and compact layer.
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Figure 8.18: Topographic image with a height range of 2 um (a), Volta potential map with a potential
range of 0.8 V (b), and dual section analysis (c) along the black line in the topographic image (black)
and in the potential map (grey) of sample 2SP after 3 seconds of immersion in the cerate bath.
Polished sample.

The potential map (Figure 8.18-b) of the same area of the SEM micrograph of Figure
8.17-a shows that likewise observed for sample 2NP the immersion for 3 seconds in the
CeCl;-H,0; solution leads both to a decrease of the galvanic coupling between the IMCs
and the Al matrix and to the creation of a difference in potential between the covered (named
I) and uncovered (named 1) areas of the sample. However, in the case of sample 2SP the
decrease of the galvanic coupling between matrix and intermetallics is such that it is
completely eliminated and the position of the IMCs is not anymore recognizable in the
potential scan. This is likely a consequence of the formation of the cerium-based conversion
coating at both sites, i.e. matrix and IMCs. According to the dual section analysis option
carried out at different locations of several SKPFM measurements, an example is given in
Figure 8.18-c, the thickness of the cerium oxide film formed on sample 2SP during the 3
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seconds of immersion in the cerate solution is in the order of a few tens of nanometres.
However, the circular rings (named Ill) observed in the SEM study and clearly visible also in
the topographic images (Figure 8.18-a) can reach thicknesses up to 500 nm, which results in
the formation of cracks in the film during the final drying step.

On the basis of the results discussed above, it can be concluded that the nucleation of
the cerium-based conversion coating on the pickled AA2024 surface is extremely fast,
especially when long times of immersion in the pickling solution are used (sample 2SP), it
occurs via deposition and coalescence of discrete particles evenly distributed over the whole
surface and not preferentially at the location of the intermetallic particles.

The increase of the time of immersion in the cerate bath from 3 seconds to 2 minutes
leads to the formation of a very thick cerium oxide film above the whole surface of sample
2NP, i.e. on top of both the intermetallics and the Al matrix, as can be observed in the SEM
micrographs given in Figure 8.19-a and -b. The cerium-based conversion layer is
characterized by a crack-mud structure, which is typical for thick conversion film and is a
result of the stresses induced in the film during the drying process that always ends the
conversion treatment.
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Figure 8.19: SEM micrographs (a, b) and EDS spectra (c) of sample 2NP after 2 minutes of
immersion in the cerate bath (sample 2NPCe). Polished sample.

The SEM/EDS investigation highlights also the presence of corrosion products
enriched in chloride at few spots of the surface, of areas where the film seems absent
(named | and I1), and of circular rings (named i) where a further precipitation of cerium
oxide particles has taken place above the conversion layer. The EDS analyses (Figure 8.19-
c) show that amongst the sites where the thick film is absent in some the oxygen and cerium
signal are not present (named 1) and in others instead these two elements are detected
(named Il). This means that while at some areas the Al substrate is completely uncovered, at
some other sites a thin cerium oxide film is present. The presence of some uncoated areas
may indicate that either the conversion film has not been formed or it has been subsequently
removed. Similarly, the areas where a thin cerium oxide film is present could result either
from a lower film formation rate or from a deposition occurring after the detachment of the
thick layer. Although not unequivocally proved by our results, in view of the high reactivity
shown by the pickled surface it is more likely that the lost of adhesion is the cause of the
uncovered or partially covered sites rather than the lack of precipitation.

The Volta potential measurements, not shown here, confirms that the presence of a
thick oxide layer eliminates the potential difference between the matrix and the IMCs, and
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that on the other hand the complete detachment of the film at some areas of the surface
originates a galvanic coupling between the bare substrate, which acts as anode, and the
covered surface, which acts as cathode. Anyhow, this difference in potential is limited at
some tens of millivolts.

Also the SKPFM topographic investigation (Figure 8.20) highlights both the
detachment of the thick conversion film at discrete sites of the surface and the formation of
circular rings of cerium oxide particles, which are likely a results of drops of solution left on
the sample after the end of the immersion. When a cross section analysis, i.e. the height
profile along a line
. in the image, is
I, i carried out across
m MV the uncovered
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Figure 8.20: 3D topographic image (a) and section analysis along the black the conversion film

line in the topographic image (b) of sample 2NPCe. Polished sample. or the particles
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deposited above it
is relatively high, in the order of few hundreds nanometres.

The SEM/EDS study of sample 2SP after a standard duration (2 minutes) of the cerate
process (Figure 8.21) leads to the same conclusions drawn in the case of sample 2NP, i.e.
formation of a thick cerium-based conversion coating above either the matrix or the IMCs
characterized by a crack-mud morphology, complete absence of the layer at some locations,
further deposition of cerium oxide particles above the previously formed thick conversion film
in the form of circular rings
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Figure 8.21: SEM micrographs (a, b) and EDS spectra (c) of sample 2SP after 2 minutes of
immersion in the cerate bath (sample 2SPCe). Polished sample.

In addition, likewise in the case of sample 2NPCe, where the cerium-based conversion
layer seems to be absent in some cases the aluminium surface is completely uncovered
(zone named | in the SEM micrograph of Figure 8.21-a), whereas in other cases a thin
cerium oxide film is present (zone named Il in the SEM micrographs of Figure 8.21-a and -
b). However, when sample 2SPCe is concerned, below this thin film small particles are
present and can be related with the copper deposits formed on the surface as g
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consequence of the pickling treatment, since the EDS analyses detect at this location a
strong copper signal (Figure 8.21-c). On the other hand, at the sites where the cerium oxide
is completely absent also the copper-rich smut is not present. This suggests either that the
conversion film did not form or that it has been removed together with the copper smut as a
result of a poor adhesion to the substrate. As mentioned previously for sample 2NP, the high
reactivity of the pickled surface towards the cerate solution suggests that the uncoated sites
are a consequence of the detachment of the layer. This hypothesis is supported also by the
fact that the Cu-rich smut was abserved to be loosely attached to the aluminium alloy and
therefore its presence at the interface Al substrate/conversion coating may be expected to
cause a reduction of the film adhesion.

The resuits of the SKPFM study of sample 2SPCe, not shown here, are similar to
those obtained for sample 2NPCe: homogeneous surface potential, except for the areas
where the layer has been removed that act as anodic sites, and thickness of the cerium
oxide layer being in the order of a few hundreds nanometres. Therefore, it can be claimed
that on one hand the increase of the length of the pickling process does strongly accelerate
the nucleation and formation of a thin cerium-based conversion layer during the first stages
of the film deposition, whereas it does not significantly influence the subsequent growth of
the layer.

According to the results of the SEM/EDS and SKPFM studies discussed in this sub-
section the immersion in the pickling bath, especially for a long time, prior to the cerate
process strongly enhances the precipitation rate of the cerium-based conversion coating,
which does not occur preferentially in proximity of the intermetallics but involves the whole
surface by deposition and coalescence of small cerium oxide particles. In section 7.3.1 of
chapter 7 it has been shown that the acid pickling treatment does not completely remove the
intermetallics and does not change their cathodic nature but on the other hand it does cause
the formation of a copper-rich smut, the amount of which increases with the duration of the
treatment. Therefore, the main difference in the morphology of the Al surface in the as-
received condition (sample 2AR) and after the acid pickling process (samples 2NP and 25P)
consists of the presence of copper/copper oxide particles evenly distributed on the whole
surface. Based on these observations it can be concluded that the presence of the copper-
rich smut is the main responsible for the high reactivity of the pickled AA2024 substrate
towards the cerate conversion bath rather than the cathodic intermetallic particles. In
addition, it should be noted that the activation of the surface caused by the contact with the
pickling solution may contribute in enhancing the rate of the electrochemical reactions
occurring at the sample surface during the cerate treatment.

e Acid pickling (unpolished surfaces)

The SEM investigation of the unpolished AA2024 surface after the short (5 minutes)
acid pickling treatment and different times of immersion in the cerate bath (Figure 8.22)
leads to the same conclusions drawn in the case of the sample that was mechanically
polished prior to the surface preparation process. Indeed, after 3 seconds of contact with the
CeCl3-H,0, solution (Figure 8.22-a and -b) a thin film is formed above both the Al matrix and
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the intermetallics, as a result of the precipitation and coalescence of small cerium oxide
particles. Some areas of the sample (named |} are however still uncovered and at their
location discrete particles, which constitute the first stages of the layer formation, can be
observed.

The increase of the duration of
the cerate process up to 30
seconds (Figure 8.22-c and —d)
gives rise to the growth of the
conversion film, which
becomes relatively thick and
contains numerous  cracks
resulting from the thermal
stresses induced by the drying
step. Still at some sites of the
surface the cerium oxide film is
completely absent (areas
named 1) or very thin (areas
named Il), as a consequence
of either a lack of precipitation
or of a poor adhesion. In
addition, few pits, which are
often but not always
associated with intermetallic
particles (position named Il in
the SEM micrograph of Figure
8.22-d) develop on the surface
of AA2024 during the contact
with the conversion solution.
This is a result of the presence
of aggressive CI" ions in the
treatment bath, as supported
by the EDS investigation that
shows the presence of
corrosion  products  being
enriched in chloride inside these pits. The further prolongation of the cerate process up to
two minutes (Figure 8.22-e and —f) enhances the phenomena already observed after 30
seconds (thickening of the film, formation of some isolated pits, detachment of the layer at
some sites) without causing additional modifications to the morphology of the surface.

Figure 8.23 shows the SEM investigation of the conversion film formation as function
of the immersion time in the cerate bath when a long (20 minutes) pickling treatment is used
as surface preparation procedure (sample 2SP). The increase of the length of the pickling
treatment before the cerate process accelerates the initial deposition of the cerium oxide

Figure 8.22: SEM micrographs of sample 2NP after 3 seconds
(a, b), 30 seconds (c, d) and 2 minutes (e, f) of immersion in
the cerate bath. Unpolished sample.
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layer; indeed after 3 seconds of exposure to the CeCl;-H,O, bath (Figure 8.23- a and -b)
most of the surface is covered with a film characterized by the presence of cracks, which are
indicative of an appreciable thickness. In addition, some sites (named | in the SEM
micrograph of Figure 8.23-b) are still not involved in the precipitation process, however they
are lower in extension and number in comparison with those observed on sample 2NP.
: e L On the other hand, the growth
T et rate of the cerium-based
conversion coating is not
affected by the duration of the
pickling treatment, as can be
observed comparing the SEM
micrographs of sample 2SP
after either 30 seconds or 2
minutes of immersion in the
cerate bath (Figure 8.23-c, -d, -
e, and -f) with those relative to
sample 2NP (Figure 8.22-c , -
d, -e, and -f). Indeed, also for
sample 2SP the increase of the
duration of the cerate process
thickens the layer, which
assumes the typical crack-mud
structure, causes the formation
of isolated pits (position named
Il in Figure 8.23-c and -d),
which are often occurring in
proximity of the intermetallics,
and leads to the complete or
partial removal of the film in
some areas (named | and Il
respectively, in Figure 8.23),
the number and extension of

Figure 8.23: SEM micrographs of sample 2SP after 3 seconds
(a, b), 30 seconds (c, d) and 2 minutes (e, f) of immersion in Which increase  with  the
the cerate bath. Unpolished sample. duration of the conversion
treatment. Besides, during the
2 minutes of immersion in the CeCl3-H,0, bath, the precipitation of cerium oxide continues to
occur also above the thick conversion film itself (Figure 8.23-e); this suggests that the
formation of the cerium-based conversion coating is not a self-limiting process, as the
chromate one.
Based on the results discussed in this and the previous section, it can be concluded
that the mechanical polishing, carried out prior to the pickling treatment, does not influence
the behaviour of the pickled AA2024 surface during the immersion in the cerate bath. The
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investigation using unpolished samples indeed does confirm the accelerating effect of the
Cu-rich smut towards the precipitation of the cerium oxide film. In addition, two major
problems of the cerate process have been highlighted: the local corrosive attack resulting
from the presence of the chloride ions in the conversion bath and the loose of adhesion likely
caused by the presence of the Cu-rich smut itself at the interface Al substrate/conversion
film.

e Deoxidising (polished surfaces)

The immersion for 3 seconds in the CeCls-H,O, bath of AA2024 after the alkaline
cleaning and the Ce-based deoxidising treatment (sample 2DX) leads to evident modification
of the surface, as can be observed from the SEM micrographs given in Figure 8.24-a, -b,
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Figure 8.24: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of bare 2024 alloy after mechanical
polishing, immersion for 4 minutes in the alkaline non-etching cleaner (Ridoline 53™), 10 minutes in
the Ce-based deoxidiser (sample 2DX) and 3 seconds in the cerate bath.

Comparing these SEM micrographs with those relative to sample 2DX prior to the
cerate treatment (Figure 8.6-a , -b, and -c) it can be observed that several small pits are
formed on the Al matrix as a consequence of the very short cerate process. A local attack at
the periphery of both the intermetallics and the Cu particles, which were observed to deposit
on the surface during the deoxidising step, has also occurred. In addition, at these locations
the EDS analyses detect the presence of cerium and oxygen, whereas above the rest of the
surface these elements are completely absent (Figure 8.24-d and -e). This can be seen even
more clearly in the elemental maps shown in Figure 8.25, where oxygen and cerium are
always related with sites enriched in copper, i.e either the IMCs or the Cu-rich smut, and
further confirms the acceleration effect of copper towards the precipitation of cerium oxide.
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The presence both of small pits on the Al matrix and of a film above the intermetallic
and the copper particles is also observed in the topographic images obtained with the
SKPFM technique. In Figure 8.26-a that relative to the area of the SEM micrograph of Figure
8.24-ais given.
(@) : The comparison with the
potential map (Figure
8.26-b) highlights that the
areas involved in the
deposition of the cerium-
based conversion
coating act as local
cathodes, however the
lateral extension of the
cathodic regions appears to be bigger with respect to that of the cerium oxide deposits. This
lack of correspondence in size between the areas covered with the conversion layer and
those having a more noble Volta potential is more evident in the dual section analysis
(Figure 8.26-c), which shows also that both the thickness and the cathodic nature of the
cerium oxide film are quite pronounced and can reach values up to 1 um and 450 mV,
respectively. On the other hand, the lateral and depth dimensions of the pits formed on the
aluminium matrix are both relatively limited, a few microns for the former and a few hundred
nanometres for the latter.

(a) (b) (c)

m Section Analysis
Ce-ox Ce-ox

Figure 8.25: Elemental maps of sample 2DX after 3 seconds of
immersion in the cerate bath. Polished sample.
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Figure 8.26: Topographic image with a height range of 2 um (a), Volta potential map with a potential
range of 0.8 V (b), and dual section analysis (¢) along the black line in the topographic image (black)
and in the potential map (grey) of sample 2DX after 3 seconds of immersion in the cerate bath.
Polished sample.

The lateral extension of the cathodic regions beyond the edges of the cerium oxide
deposits does not correspond to any variation in the chemical composition of the surface
detectable with the EDS technique. Therefore, similarly to the AA2024 after the immersion in
alkaline cleaner, our investigations do not enable to identify the cause of the more noble
Volta potential of some areas of the sample surface. However, they do clearly demonstrate
the preferential precipitation of cerium oxide/hydroxide at the sites involved in the deposition
of the copper particles, either above the Al matrix or above the intermetallics.

The SEM/EDS study (Figure 8.27) shows that the prolongation of the cerate treatment
time from 3 seconds to 2 minutes gives rise to the deposition of a thin cerium-based
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conversion coating above most of the sample surface. Nevertheless, in the EDS spectra
relative to some regions (named 1) the cerium peaks are not present, which suggests that
either the film has not been formed or it has been subsequently detached (Figure 8.27-e).
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Figure 8.27: SEM micrographs (a, b, ¢) and EDS spectra (d, e) of sample 2DX after 2 minutes of
immersion in the cerate bath (sample 2DXCe). Polished sample.

It can be observed that while the layer formed on the Al matrix does not have a crack-
mud structure, the film deposited above the IMCs and the Cu particles shows the presence
of some cracks. This together with the much weaker Ce signal detected in correspondence
of the matrix (note that a lower scale is used in the EDS spectra given in Figure 8.27-e
relative to the matrix) leads to the conclusion that a thinner cerium-based conversion coating
is formed on the areas of the Al matrix, which are not enriched in copper.

A confirmation is
given by the section
analyses carried out on
several topographic
images of sample
2DXCe, an example is
given in Figure 8.28. It is
found that the thickness
of the cerium oxide film
formed above the Al
matrix ranges from 100
to 220 nm, whereas the
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Figure 8.28: 3D topographic image (a) and section analysis along the
black line in the topographic image (b) of sample 2DxCe. Polished
sample.

layer deposited at the sites of the intermetallics and of the Cu-rich smut reaches thicknesses
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of several hundred nanometres and in some cases of more than 1 pm. The limited thickness
of the conversion film formed on the matrix, which indicates a low rate of the cerium oxide
precipitation at this location, suggests that the most likely cause of the observed uncovered
areas (named |) is the lack in cerium oxide deposition rather than the loose of adhesion.

The comparison of the results relative to sample 2DX with those relative to sample
2NP and especially sample 2SP, discussed in the previous sections, suggests that the
nucleation and growth of the cerium-based conversion coating on the AA2024 surface after
the deoxidising step is slower and more localized than after the acid pickling treatment.
Indeed, after 3 seconds of immersion in the CeCls-H,O, bath the cerium oxide film on
sample 2DX is thicker but also present only at few sites of the surface, whereas on samples
2NP and 2SP it is covering already most of the surface. After a standard time of the cerate
treatment, i.e. 2 minutes, while sample 2DX is characterized both by a conversion layer
being thin on the Al matrix, extremely thick at some discrete locations, and by the absence of
cerium oxide precipitation in large regions of the surface, the pickled surfaces (samples 2NP
and 2SP) are covered by a film being quite homogeneous in thickness and having a poor
adhesion to the substrate.

These differences in both the formation rate and the morphology of the cerium-based
conversion coating formed after these two surface preparation procedures can be explained
only considering the different morphology of the copper redeposition caused by the
deoxidising treatment in comparison with that arising from the pickling process and
assuming valid the acceleration effect that has been previously attributed to the copper
particles. Indeed, it was observed that the immersion in the Ce-based deoxidising bath leads
to the deposition of a lower amount and more heterogeneously distributed copper particulate
matter in comparison with the dipping in the pickling solution. According to the hypothesed
speed up of the cerium oxide precipitation caused by the copper, this in turn would lead to a
general slower precipitation on the whole sample surface but at the same time to a more
pronounced formation of the conversion film at the discrete sites involved in the deposition of
the Cu-rich smut. Finally, it should be noted that the deposition of the copper particles on
sample 2DX is occurring preferentially above the intermetallics and this is likely the cause of
the thick cerium oxide film deposited at their location rather than their intrinsic cathodic
nature. In conclusion, the predominant role of the Cu-rich smut with respect to the
intermetallics in the nucleation and growth of the cerium-based conversion coating is
confirmed by the result concerning the film formation after the Ce-based deoxidising
treatment.

o Desmutting (unpolished surfaces)

The main results of the investigation of the cerium-based conversion coating formation
on the AA2024 surface, which is pickled and desmutted prior to the cerate treatment, are
itustrated with the micrographs and EDS spectra given in Figure 8.29 that are relative only
to sample 2NPD, i.e the sample immersed for 5 minutes in the pickling solution prior to the
desmutting process. However, similar findings were obtained also for sample 2SPD, i.e. the
sample treated for 20 minutes in the pickling bath and then immersed in the desmutting one.
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This was expected to be the case, since the microstructure of the desmutted AA2024
surface does not depend anymore on the duration of the pickling treatment due to the higher
aggressiveness of the nitric/hydrofiuoric acid solution, which was found to cause a complete
removal of the Cu-rich smut and a partial removal of the intermetallic particles.

After a very short cerate process, i.e. 3 seconds, the precipitation of a cerium oxide
film while on the Al matrix occurs in the form of small isolated particles, maximum 1 pum in
size, at the location of the few intermetallics left on the surface it leads to the formation of a
thin film (Figure 8.29-a and -b). The more pronounced deposition taking place above the
IMCs is confirmed by the stronger peaks relative to cerium and oxygen observed in the EDS
spectra (Figure 8.29-c).
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Figure 8.29: SEM micrographs (a, b, d, e) and EDS spectra (c, f) of bare 2024 alloy after 5 minutes of
immersion in the H3PO,-H.,SO, solution and 30 seconds of immersion in the HNO;-HF solution
(samples 2NPD) and different times, 3 seconds (a, b, ¢), 30 seconds (d), and 2 minutes (e, f) in the
cerate bath. Unpolished samples.

Increasing the time of immersion in the CeCl;-H,O; bath enhances the cerium oxide
precipitation on the Al matrix leading in large part of the sample surface, especially after a
standard time of the cerate treatment, to the coalescence of the isolated Ce oxide particles
and to a film characterized by a crack-mud structure (Figure 8.29-d and -e), which is
indicative of an appreciable thickness of the layer. However, also after 2 minutes of
immersion large regions (named |} result to be still uncovered, as can be noted by the
absence of the Ce signal in the EDS analyses (Figure 8.29-c).

The formation of a cerium oxide film above the intermetallics already after 3 seconds
of immersion in the cerate bath could be due to the fact that when the Cu-rich smut is not
present on the Al surface the effect of the cathodic nature of the IMCs becomes
preponderant and favours the precipitation of the cerium oxide at their location. Aithough this
may be the case, our results show also that the formation of the conversion film above the
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rest of the surface does not proceed via the island growth mechanism proposed in literature
[11]. Indeed, on the Al matrix the film forms slowly via deposition and coalescence of small
Ce oxide particles homogeneously over the whole surface rather than by local film growth at
the periphery of the IMCs. A possible explanation of the precipitation of the cerium oxide
above the AA2024 surface, which does not present a Cu-rich smut after the surface
preparation procedure (samples 2NPD and 2SPD), is that the redeposition of small copper
particles takes actually place during the cerate process itself. Although this phenomenon is
not proved by the results shown above, it is highly probable due to the strong tendency of
copper to dissolve and reduce back to the Al surface in the presence of chloride ions, which
was observed to occur even on chromated Alclad 2024 during the impedance
measurements carried out in a chloride-containing electrolyte (section 6.3.2 of chapter 6).

Finally, it should be noted that the activation of the Al surface, i.e. thinning of the
natural aluminium oxide film, caused by the desmutting step contributes to enhance the
reactivity of both the Al matrix and the intermetallics towards the precipitation of the cerium
oxide. This would explain the different behaviour of the AA2024 surface directly immersed in
the CeCl;-H,0, (sample 2AR) with respect to that immersed after the desmutting treatment
(samples 2NPD and 2SPD). Indeed, aithough the only morphological difference between the
two surfaces is a considerable lower amount of IMCs on the desmutted one, on the former
the precipitation of the cerium oxide film is almost negligible, whereas on the later the
conversion film is formed on wide areas.

e Alclad 2024 (unpolished surfaces)

The SEM/EDS investigation carried out on Alclad 2024 alloy, either pickled for 5
minutes (sample NP) or pickled and then desmutted for 30 seconds (sample NPD), shows
that no significant modifications of the surface take place during the short immersion, i.e. 3
seconds and 30 seconds, in the cerate conversion bath. The only phenomenon observed to
occur is a further etching of the sample, whereas cerium is not detected either above the Al
matrix or above the intermetallics, which are still present in high quantity on sample NP. On
the other hand, when the cerate treatment time is increased to 2 minutes on both the pickled
and the desmutted surfaces small, less than 1 um in size, round-shaped particles are
formed, which are identified by means of EDS analyses to consist of cerium oxide/hydroxide
(Figure 8.30).

Although, on sample NP the precipitation of the conversion film occurs in a larger
extent at the location of the intermetallics (Figure 8.30-a and -b), the deposition of cerium
oxide on the matrix of this sample and on the surface of sample NPD, where the IMCs are
completely removed, does further confirm that the presence of cathodic intermetallics is not
a necessary condition for the cerium oxide precipitation on aluminium alloys. On the other
hand, the extremely low rate of the conversion film nucleation on Alclad 2024 alloy, which
contains only 0.1% of copper and does not undergo the Cu-rich smut formation even durihg
the acid pickling process, does support the hypothesis regarding the acceleration effect of
the copper particles towards the cerium oxide precipitation. When the cerate process is
prolonged up to 6 minutes, a higher amount of cerium oxide particles precipitate on both
samples without however resulting in the formation of a film (Figure 8.31-a and -c).
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Figure 8.30: SEM micrographs (a, b) and EDS spectra (c) of Alclad 2024 alloy after 5 minutes of
immersion in the H3PO4H,SO, solution (sample NP) and 2 minutes in the cerate bath. SEM
micrographs (d, e) and EDS spectra (f) of Alclad 2024 alloy after 5 minutes of immersion in the H3PO,-
H,S0, solution, 30 seconds of immersion in the HNO;-HF solution (sample NPD) and 2 minutes in the

cerate bath (bottom). Unpolished samples.

The further increase of the immersion time in the CeCl;-H,0; solution to 15 minutes

Figure 8.31: SEM micrographs of sample NP after 6 (a)
and 15 minutes (b) of immersion in the cerate bath and of
sample NPD after 6 (c) and 15 minutes (d) of immersion
in the cerate bath. Unpolished samples.
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has as main consequence a stronger
etching of the aluminium surface
rather than the growth of the
conversion layer. Therefore, it seems
that after the initial slow deposition of
discrete particles of cerium oxide the
subsequent step of the fim
formation, i.e. the coalescence of
such small particles, does not take
place and the corrosive attack of the
substrate caused by the aggressive

chloride ions present in the
conversion bath becomes the
preponderant phenomenon

occurring at the Al surface.

The fact that a cerium-based
conversion coating does not form on
the Alclad 2024 alloy, which has a
very low copper content in solid
solution, confirms once more that the
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presence of some copper particles on the substrate surface is a necessary condition for the
deposition of the cerium oxide film.

In conclusion, all the results discussed in these five sub-sections have highlighted the
important role played by the presence of copper particles on the aluminium surface on the
nucleation and growth of the cerium-based conversion coating. On the basis of these
findings, in the next part of the section a model of film formation is proposed and discussed
in view also of the results reported in literature.

e Model

The formation of the cerium-based conversion coating on aluminium alloys occurs
through different steps. First copper and/or copper oxide particulate matter needs to deposit
on the surface of the alloy in order to favour the precipitation of cerium oxide, which takes
place in the form of small particles. While the immersion in the cerate bath continues these
particles coalesce and lead to the formation of a thin and compact layer. The further duration
of the conversion treatment causes a thickening of the film, which can assume a crack-mud
structure during the final drying step and may eventually be removed at some sites as a
consequence of a poor adhesion to the substrate.

® Cuparticles 4 Time in the 2 Time in the 3
@ Ce oxide cerate bath cerate bath

ens of minutes ‘ minutes

Figure 8.32: Model of the cerium-based conversion coating formation on aluminium alloys.

Although this general mechanism is independent upon the surface preparation
procedure, the time necessary to form a relatively thick cerium oxide layer is determined not
only by the conversion bath parameters, as temperature and pH, but also by the type of
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processes carried out prior to the cerate treatment. Figure 8.32 illustrates three different
situations that may be expected to occur:

1. The surface preparation procedure only activates the surface, i.e. dissolves partiaily or
completely the natural aluminium oxide (1-a). At the beginning of the immersion in the
cerate bath the cerium oxide precipitation does not take place and the dissolution and
redeposition of copper occurs as a result of the selective attack of the intermetallics in
the chloride-containing conversion solution. Therefore, the copper particles are formed
faster and preferentially at the location of the IMCs (1-b), where then the deposition of
the cerium oxide film starts first (1-c). This leads also to a local dissolution of the
aluminium matrix at the periphery of the areas involved in the cbpper particles and cerate
film deposition resulting in the formation of pits (1-b and 1-c). Besides, the cathodic
nature of the IMCs can, in the absence of the copper-rich smut, play an important role
during the early stages of the conversion layer formation enhancing even more the
preferential cerium oxide precipitation at their location and the Al matrix dissolution in
their proximity (1-c). In the mean time, some copper deposits are created also above the
aluminium matrix (1-c) and therefore the precipitation of small cerium oxide particles
starts to involve the whole surface (1-d) and can give rise to a thin and compact layer
after a relatively long treatment time, which is expected to be inversely dependent on the
copper content of the aluminium alloy used as substrate. This is the situation observed in
the case of the desmutting process on AA2024 and of the pickling with or without
desmutting procedure on Alclad 2024. Obviously, the time required to form the cerium-
based conversion film above the whole surface increases when the aluminium alloy is
directly immersed in the cerate solution, since an additional period is necessary in order
to activate the surface.

2. The surface preparation procedure causes a thinning of the natural aluminium oxide
together with the selective dissolution of the intermetallics and subsequent deposition of
copper particulate matters above the Al surface and especially at the sites of the IMCs
(2-a). During the firs stages of the immersion in the cerate bath a thin conversion film
precipitates above the IMCs and some small cerium oxide particles form above the Al
matrix (2-b). Afterwards, the growth of the film continues as described above, i.e. via
coalescence of the particles (2-c) and with the formation of a crack-mud structure (2-d).
This leads to the coverage of the complete surface after few minutes of immersion and is
the situation observed for AA2024 after the Ce-based deoxidising step.

3. The surface preparation procedure gives rise to an activation of the aluminium surface
but also to the formation of a large amount of copper-rich smut homogeneously
distributed as a consequence of the dissolution and redeposition of Cu from the solid
solution (3-a). Therefore, in the first few seconds of the cerate process a thin and
compact film covers most of the surface (3-b) and afterwards grows resulting in a thick
cerium oxide layer, which contains numerous cracks (3-c) and is detached in some areas
(3-d) as a result of the poor adhesion caused by the presence of the copper-rich smut at
the interface with the alloy substrate. This is the situation occurring when the pickling
treatment is carried out on AA2024.
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The mechanism proposed is based on the fact that the presence of copper and/or
copper particles on the aluminium surface has an acceleration effect towards the formation
of the cerium oxide conversion layer during the immersion in the cerate bath. Although this
effect has been clearly demonstrated by the results discussed in the previous parts of this
section, it is not yet clear whether it is simply due to a cathodic activation of the surface, i.e.
speed up of the cathodic reduction of O, and H,0, with consequent increase in pH that
favours the precipitation of cerium oxide/hydroxide, or to a direct involvement of the copper
in the reactions occurring in the conversion bath. Another possibility is that the copper
particles favour the deposition of the cerate film at their location because they cause a
reduction of the activation barrier energy for the cerium oxide precipitation to take place, i.e.
they act as heterogeneous nucleation sites. Further investigations are required in order to
clarify this point, in particular the chemical nature of the smut, i.e. metallic copper or copper
oxide or both, should be first investigated. Nonetheless, the hypothesed important role
played by the copper particles is in accordance with and enables to explain not only our own
results but also those found in literature:

v" The occurrence of a preferential cerium oxide precipitation at the location of the Cu-
containing intermetallics is observed when the aluminium alloy is either directly
immersed in the conversion bath [8, 11, 12] or after a surface preparation process that
does not cause the formation of copper particles on the surface [6, 12, 13]. The time
required for this phenomenon to take place is relatively long and depends on the
treatment conditions: in the order of minutes when H,O; is present, of hours when the
treatment is carried out in boiling cerium salts solutions, and of days when a NaCl/CeCl;
solution is used. This findings are consistent with the model proposed above (case 1 of
Figure 8.32), which considers as first step of the conversion film formation the
redeposition of copper particulate matter occurring preferentially at the IMCs as a
consequence of the selective dissolution of the intermetallics themselves. It is important
to note that Aldykewicz, Isaacs and Davenport [8] found that the immersion of AA2024-
T4 in a NaCl/CeCl; electrolyte for 24 hours leads to the deposition of cerium oxide only
above the Al-Cu-Mg intermetallics, which are also the only ones showing a localized
attack at their location. This further confirms that in order to have the precipitation of
cerium oxide above the Cu-containing intermetallics first they need to be selectively
attacked.

v On aluminium alloys with a very low copper content (5xxx and 6xxx series) the
precipitation of cerium oxide is observed to occur in higher extent above the cathodic
intermetallics [6, 13-15), independently upon the type of cerate treatment. This is
however not in contrast with the proposed model of the cerium-based conversion layer
formation, since it may be expected that in these alloys the redeposition of copper
particles, either during the surface preparation procedure or during the conversion
process itself, is quite limited. As a consequence, the cathodic nature of the
intermetallics would play a more important role on the cerium oxide precipitation leading
to the preferential nucleation and growth of the conversion film at their location.
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V' The addition of Cu(glycinate), in the CeCls-H,0, bath is found to strongly speed up the
formation of the conversion film on Al alloys poor in copper [7]. This result further
supports the acceleration effect attributed to the copper according to our model, since
the glycinate compound is supposed to cause a deposition of copper crystallites on the
surface.

v A thin copper film is found to exist at the interface between the cerium-based conversion
coating and the Al substrate [7, 16]. This confirms the formation of copper deposits on
the surface as a first step of the cerium oxide film formation on aluminium alloys.

8.4 Conclusions

A model of the cerium-based conversion coating deposition on aluminium alloys has
been developed on the basis of the results of a SEM/EDS investigation in combination with a
SKPFM study carried out on both bare and clad AA2024 after different times of immersion in
the cerate bath. In order to characterize the role played by different microstructural features,
various surface preparation procedures were used prior to the cerate process. The proposed
model suggests that the formation of the conversion film takes place through the deposition
and subsequent coalescence of small round-shaped cerium oxide particles. First a thin layer
is deposited, which during the immersion in the bath can grow leading to a relatively
pronounced thickness and to a crack-mud structure. The nucleation of the film formation is
strongly accelerated by the presence on the surface of copper particles. The reason for that
is not yet clear, although it seems that the effect of the copper particles is more than a
simple cathodic activation of the surface. Therefore, the role played by the copper-rich smut
on the precipitation of cerium oxide needs to be further investigated taking into consideration
the possibility that the copper particles act as preferential nucleation sites as a consequence
of favourable energy variations. To do so it is necessary first of all to determine the chemical
nature of such particles, i.e. metallic or oxide.

In addition, it has been suggested that the copper-rich smut can either be a result of
the surface preparation treatments or be deposited during the early stages of the immersion
in the conversion bath. Therefore, the morphology of the cerium oxide film depends upon the
amount of the copper particulate mater and its distribution on the surface, i.e. homogeneous
or concentrated at the location of the intermetallics. This is in turn determined by both the
origin of the Cu particles, i.e. the selective dissolution of the aluminium matrix or of the
intermetallics, and the composition of the aluminium alloy substrate. In addition, the cathodic
nature of the IMCs becomes important in enhancing the film deposition rate at their location
only when the surface preparation conditions and/ or the low copper content in the alloy
substrate strongly limit the deposition of the Cu particles on the surface.

The surface analysis investigation showed also the existence of some problems that
need to be solved in order to render the cerate process a suitable candidate for the
substitution of the chromate one. First of all, the presence of a large quantity of copper-rich
smut on the aluminium surface if on one hand has the advantage of resulting in the
formation of a thick cerium-based conversion film in a very short time, on the other hand it
has the drawback of reducing the adhesion of such film to the substrate. Therefore, it should
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be chosen a surface preparation procedure able to cause a moderate copper redeposition,
possibly well incorporated in the surface oxide film, in order to optimise at the same time the
duration of the process and the adhesion of the conversion layer. In addition, another
problem of the cerate process consists of the attack of the aluminium surface caused by the
chloride ions present in the conversion bath, which is a phenomenon occurring in
competition with the precipitation of the cerium oxide. Therefore, the treatment conditions
should be adjusted in order to favour the chemical and electrochemical reactions involved in
the formation of the conversion film and to slow down those involved in the corrosive attack.
One possible way may be the use of other cerium salts rather than chloride compounds,
such as Ce(NOs)s, and the increase of the bath pH up to the limit of stability of the cerium
salt/hydrogen peroxide solution.
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The surface of aluminium and its alloys, when exposed to air, is always covered by a
thin aluminium oxide film, which is amphoteric, i.e. dissolves in strong acid and alkaline
media, and contains flaws and defects. Therefore, in many conditions this natural aluminium
oxide film needs to be replaced by a more resistant layer, a so-called conversion coating, in
order to provide a better corrosion protection to the metal substrate. Up to now most used
conversion systems are those based on chromate species, due to their excellent corrosion
resistance together with relatively low cost of application.

The corrosion phenomena occurring at the aluminium surface and the formation of the
chromate conversion coating, as well, are electrochemically driven processes. As a
consequence, the presence of local cathodes and anodes, related to microstructural
features, on the surface may be expected to strongly affect not only the type and rate of
corrosion but also the nucleation, growth and final properties of the chromate film. Therefore,
the development of a method to measure the local electrochemical activity of the aluminium
surface would enable a better understanding of these phenomena.

In the last few decades, many authors have attempted to correlate the microstructure
and the electrochemical behaviour of the aluminium alloys, especially regarding the
corrosion processes. However, controversial theories have been proposed concerning the
role played by the intermetallic particles and the alloying elements in both the local corrosive
attack of and the formation of the chromate conversion coating on the aluminium alloys
surface and further investigations are necessary. To this aim, the present PhD project
investigated the influence of microstructural features of 2024 aluminium alloy on the type of
corrosion taking place in chloride solution and especially on the formation of the chromate
conversion coating. Both scientific and industrial motivations have been at the basis of the
choice of the aluminium alloy to be investigated. On one hand, this alloy shows a quite
complex microstructure due to the presence of several types of intermetaliics and the large
content of copper in solid solution, and on the other hand it finds large application in the
aerospace industry, where a high level of corrosion resistance is required.

In order to correlate the alloy microstructure both with the mechanisms of corrosion of
the un-coated alloy and with the formation and protection of the chromate film, first of all a
method was developed to investigate the presence of local cathodic and anodic sites on the
alloy surface caused by microstructural features. It was found that the AFM operating in the
Kelvin Probe mode (SKPFM) due to its high lateral resolution and when used in combination
with SEM and EDS techniques enables to characterize the galvanic coupling existing
between the intermetallic particles and the aluminium matrix, between areas covered with
the conversion film and the bare alloy, and even between different regions of the same
intermetallic. However, the interpretation of the SKPFM resuits should be made with care,
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since limitations arise when measurements made in air are used for understanding
phenomena taking place in solution and besides all the factors determining the surface
potential measured with this technique are not yet completely understood. Indeed, in
addition to the chemical composition of the substrate, the size of the local cathodes or
anodes, the topographic features, the adsorption of species on the sample surface, together
with the structure, hydration extent, etc. of the oxide film may affect the value of the
measured potential. Although this is likely the case, the SKPFM technique has been shown
to provide very useful information regarding the distribution of cathodic and anodic areas,
which are responsible for the local electrochemistry of the aluminium alloys surface.

To study the influence of the alloy microstructure on its macroscopic electrochemical
behaviour two different approaches have been undertaken. In the case of the corrosion of
the un-coated AA2024 the microstructure was deliberately changed varying the heat
treatment procedure, in particular the time spent in air between the solution treatment and
the quenching (quench delay time), whereas in the case of the nucleation and growth of the
chromate conversion coating the amount of both the intermetallics and the Cu-rich smut on
the surface was significantly modified by using either different surface preparation
procedures prior to the conversion process or different alloys as substrate, namely AA2024
bare or cladded with commercially pure aluminium (AA1230). These investigations did
actually show that the local microscopic features of the surface determine the macroscopic
electrochemical response of the aluminium alloy:

v The changes in the properties of the intermetallic particles caused by the increase of the
quench delay time lead to changes in the type of corrosion. Specifically, when this heat
treatment parameter exceeds a threshold value, in the order of a few tens of seconds,
shell-shaped intermetallics are formed and cause the corrosion to change from general
to pitting as a consequence of a very strong and spatially localized galvanic coupling
existing between the bulk and the edges of such intermetallics (chapter 4).

v The presence of intermetallic particles, which serve as cathodic sites, on the aluminium
surface causes the nucleation of the chromate conversion coating to change from
homogeneous to heterogeneous. Indeed, the reduction of chromate species and the
consequent precipitation of chromium hydroxide occur preferentially above the cathodic
intermetallics. This, in turn, results in the formation of a conversion film being less
homogeneous, less dense, and containing a larger amount of defects often located in
proximity of the intermetallics, which are weak spots in the layer although they are
covered by the chromate film (chapters 5 and 7).

v The presence of a Cu-rich smut, which can eventually form during the surface
preparation procedure, on the AA2024 surface plays a role as important as the
intermetallics in the growth of the chromate film. It causes a lack of adhesion of the
chromate film to the aluminium substrate and inhibits the reduction of the chromate
species together with the subsequent deposition of the chromium hydroxide (chapter 7).

In addition, with regard to the chromate conversion coating, the modifications in the
morphology of the layer caused by the variations in the microstructural features of the
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aluminium alloy substrate were expected to strongly affect the corrosion protection provided
by the film itself. This has been investigated using two complementary electrochemical
techniques, i.e. impedance spectroscopy and noise measurements. The impedance
behaviour of the chromate film/aluminium substrate system has been modelied using an
equivalent circuit, which was chosen based on a TEM study and on the consistent variation
within the different elements rather than on the interpretation of the absolute values related
with the physical properties. Nonetheless, we believe that this equivalent network does well
represent the impedance behaviour of the chromate film on aluminium alloys in the
conditions and especially within the frequency range that were used in the investigation and
its validity is supported by the time evolution of the various circuit elements, which is
physically meaningful and agrees well with the results of the SEM study carried out on the
samples surface after the impedance measurements. In addition, the results of the fit of the
EIS data were supported by those obtained with the electrochemical noise technique, which
has been shown to be a valid method to study the onset of localized attack. The current and
potential time records of the noise measurements were interpreted using a simple and direct
evaluation rather than the usual approaches, which are based on analyses either in the time
or frequency domains and are, at the moment, argument of controversial discussion in the
academic world.

The use of this equivalent circuit, which models the chromate fim not as
homogeneous and considers the corrosion attack as taking prevalently place inside the
defects of the layer rather than all over the exposed area, enabled to gain from the
impedance data useful information concerning the local corrosion behaviour of the chromate
coated surface. Based on this and on the results of the noise experiments we have
suggested that the mechanism of corrosion protection of the chromate conversion coating
depends on three main factors: barrier properties, self-healing behaviour, and adhesion to
the substrate. According to the proposed mechanism, the presence of intermetallic particles
and copper-rich smut on the substrate surface are both deleterious for the resistance
towards the corrosive attack of the aluminium alloy coated with the chromate film. Indeed,
both microstructural features decrease the barrier and adhesion properties of the chromate
layer: the intermetallics due to the formation of large defects at their location, the Cu-rich
smut due to a strong reduction of the film thickness and of the chromate film/substrate
adhesion.

This approach, based on the consideration of the effects of the microstructural features
of the aluminium alloy on its macroscopic electrochemical behaviour, enabled a better
understanding of the chromate conversion coating process, which is a prerequisite for the
development of chromium-free systems that is becoming a top priority due to the health and
environmental problems related to the use of the toxic chromate species. The same
approach can indeed be applied for the investigation of alternative conversion processes
that involve electrochemical reactions similarly to the chromate one. In particular, within this
PhD project the attention was focused on the cerium-based conversion coating since from
the literature it was found that it is electrochemically driven and it is one of the most
promising chromium-free treatments. The combined use of different surface analyses
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techniques (SKPFM, SEM, EDS) has shown that while the intermetallic particles only slightly
affect the formation of the cerium oxide film, the presence of the Cu-rich smut is a necessary
condition for the precipitation of the cerium-based conversion layer, which occurs via
deposition and coalescence of small round-shaped particles. Further investigations are
required in order to clarify the exact role played by the copper and/or copper oxide particles
in the nucleation and growth of the cerium oxide layer, since several phenomena could be
involved in their strong acceleration effect: cathodic activation of the surface, participation to
the chemical/electrochemical reactions occurring in the conversion bath, favourable energy
variations, etc. In addition, the approach used in this study has highlighted some drawbacks
of the cerium-based system, namely lack of adhesion to the substrate and corrosive attack
of the aluminium. These problems need to be solved in order to render this conversion
process a suitable candidate for the replacement of the chromate conversion coating.

Finally, on the basis of the research work carried out within this PhD project it can be
concluded that to develop and/or improve alternative systems for the corrosion protection of
aluminium alloys it is first of all necessary to determine whether or not the process is
electrochemically driven. If so, then the local electrochemistry related to the microstructural
features should be considered as the major parameter in determining the efficiency of the
system, related to both the film formation and the corrosion protection provided to the
substrate. In addition, this should be done not only for the conversion treatment itself but
during the whole process, including all the surface preparation steps.
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Het opperviak van aluminium en legeringen is altijd bedekt met een dunne aluminium
oxidelaag wanneer deze worden blootgesteld aan de lucht. De oxidelaag is amfoteer, lost op
in sterk zure en alkalische oplossingen en bevat vrijwel altijd defecten. De natuurlijke
oxidelaag wordt daarom in veel gevallen vervangen door een meer resistente laag, een
zogenoemde conversie coating om voor een betere corrosiebescherming van het substraat
te zorgen. De meest gebruikte conversielaag is deze gebaseerd op chromaat vanwege lage
kosten en een zeer goede corrosiebescherming.

De corrosieverschijnselen aan het aluminium opperviak en de vorming van een
chromaat conversielaag zijn electrochemisch gedreven processen. De aanwezigheid van
lokale kathodes en anodes als gevolg van verschillen in microstructuur zullen daarom niet
alleen het type en snelheid van corrosie bepalen maar ook de vorming, groei en uiteindelijke
eigenschappen van de chromaat conversielaag. De ontwikkeling van een methode die het
mogelijk maakt lokaal de electrochemische activiteit aan het oppervlak te meten kan daarom
voor een beter begrip van de verschijnselen zorgen.

In de afgelopen decennia hebben veel onderzoekers geprobeerd om de microstructuur
en electrochemische processen van aluminium legeringen aan elkaar te correleren, met
name vanuit het oogpunt van corrosieverschijnselen. Er zijn echter controversiéle theorieén
voorgesteld met betrekking tot de rol die intermetallische deeltjes en legeringselementen
spelen in zowel de lokale corrosie aantasting als de vorming van chromaat conversielagen.
Verder onderzoek is daarom noodzakelijk. Dit promotieonderzoek heeft zich daarom gericht
op de rol van de microstructuur in AA2024 legeringen op het type corrosie dat plaatsvindt in
chloorhoudende milieus en met name op de vorming van chromaat conversielagen. Zowel
wetenschappelijke als industriéle overwegingen hebben een rol gespeeld bij de keuze van
de legering. Aan de ene kant laat deze legering een complexe microstructuur vanwege de
aanwezigheid van verschillende typen intermetallische deeltjes en het hoge kopergehalte
opgelost in de matrix en aan de andere kant wordt deze veelvuldig toegepast in de lucht- en
ruimtevaart industrie waar een goede corrosiebestendigheid vereist is.

Om de microstructuur te correleren aan de corrosiemechanismen en aan de vorming
en bescherming van de chromaat conversielaag is ten eerste een methode ontwikkeld om
de aanwezigheid van verschillen in microstructuur en van lokale kathodische en anodische
gebieden te onderzoeken. De AFM in de Kelvin Probe mode (SKPFM) vanwege zijn hoge
laterale resolutie, gecombineerd met SEM en EDS maakt het mogelijk om de galvanische
koppeling tussen intermetallische deeltjes en de matrix, tussen gebieden wel en niet bedekt
met de conversielaag en zelfs tussen gebieden binnen een intermetallisch deeltje te
bestuderen. De interpretatie van de meetresultaten moet echter met zorg gedaan worden,
omdat er limiteringen zijn bij het gebruiken van metingen gedaan in lucht om verschijnselen
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in oplossing te bestuderen. Verder zijn nog niet alle factoren die van invioed zijn op de
oppervlaktepotentiaal bekend. Naast de chemische samenstelling van het substraat kunnen
ook de grootte van lokale kathodische of anodische gebieden, de topografie, de adsorptie
van moleculen op het opperviak, mate van hydratatie etc. van invioed zijn op de waarde van
de gemeten oppervlaktepotentiaal. Ondanks dat dit waarschijnlijk het geval is, is gebleken
dat de SKPFM meettechniek waardevolle informatie oplevert met betrekking tot de verdeling
van kathodische en anodische gebieden op het opperviak welke verantwoordelijk zijn voor
de lokale electrochemie van het oppervlak van de aluminiumlegering.

Om de invioed van de legeringsmicrostructuur op de macroscopische
electrochemische eigenschappen te bepalen zijn twee verschillende benaderingen gevolgd.
In het geval van de ongecoate AA2024 is de microstructuur doelbewust gevarieerd door
verandering van de warmtebehandeling met in het bijzonder de tijd tussen de tijd in lucht na
de oplosbehandeling en het afschrikken in water (quench delay time). In het geval van
nucleatie en groei van de chromaat converiselaag is het aantal intermetallische deeltjes en
de aanwezigheid van een Cu-rijke smutlaag gevarieerd door een andere
oppervlaktebehandeling voor het aanbrengen van de conversielaag en/of het al dan niet
aanbrengen van een cladlaag (AA1230) op de 2024 legering. Het onderzoek hieraan liet
duidelijk zien dat de Ilokale microstructuur de macroscopische electrochemische
eigenschappen van de legering bepalen:

v De veranderingen in eigenschappen van de intermetallische deeltjes als gevolg van een
toename in de quench delay time leiden tot een verandering in het type corrosie. Als
deze warmtebehandelingparameter een bepaalde waarde overschrijdt (in de orde van
enkele tientallen seconden) worden schilvormige intermetallische deeltjes gevormd, die
voor een verandering in het type corrosie van algemeen naar putvormige corrosie
zorgen. Dit als gevolg van een zeer sterke en locale galvanische koppeling tussen de
bulk en de randen van deze intermetallische deeltjes (Hoofdstuk 4).

v' De aanwezigheid van intermetallische deeltjes die als kathodische plaatsen op het
aluminium oppervliak fungeren, zorgen ervoor dat de nucleatie van de chromaat
conversielaag van homogeen naar heterogeen gaat. De reductie van chromaat deeltjes
en de precipitatie van chroomhydroxide vindt bij voorkeur plaats aan het opperviak van
de kathodische intermetallische deeltjes. Dit resulteert in een chromaat conversielaag
die minder homogeen, dicht en een groter aantal fouten bevat. Deze fouten zitten vaak
in de buurt van intermetallische deeltjes en vormen zwakke plekken hoewel ze bedekt
zijn met de chromaatlaag (Hoofdstuk 5 en 7).

v De aanwezigheid van een Cu-smutlaag die zich tijdens de opperviaktebehandelingen
kan vormen op het AA2024 oppervlak speelt een minstens zo belangrijke rol als de
intermetallische deeltjes. Het zorgt ervoor dat de conversielaag zich nauwelijks bindt met
het aluminiumsubstraat en voorkomt ook de reductie van chromaat-deeltjes met de
hieropvolgende depositie van chroomhydroxide (Hoofdstuk 7).

Hiernaast werd verwacht dat veranderingen in de morfologie van de chromaat
conversielaag, veroorzaakt door veranderingen van microstructuur-variaties in de aluminium
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legering, een sterke invioed zouden hebben op de corrosiebescherming ervan. Dit is
onderzocht met behulp van twee complementaire electrochemische technieken, namelijk
impedantiespectroscopie en electrochemische ruismetingen. Het impedantie gedrag van de
laag is gemodelleerd met een equivalent circuit dat gebaseerd is op TEM onderzoek en op
consistent gedrag van de veranderingen in de parameters in plaats van de interpretatie van
de absolute waarden van de fysische eigenschappen. Desalniettemin geloven wij dat dit
equivalent netwerk het impedantiegedrag van de chromaat conversielaag onder de
bestudeerde omstandigheden goed beschrijft en in het bijzonder in het frequentiegebied dat
voor het onderzoek gebruikt is. De geldigheid van het circuit wordt ondersteund door een
logisch verloop in de tijd van de verschillende parameters en door SEM onderzoek dat is
uitgevoerd aan de monster opperviakken na afloop van impedantiemetingen. Hiernaast
worden de EIS resultaten ook ondersteund door resultaten verkregen met de
electrochemische ruis meettechniek waarvan is aangetoond dat het een goede methode is
om de start van gelocaliseerde aantasting te onderzoeken. Het stroom- en spanningsverloop
is geinterpreteerd op een eenvoudige en directe manier in plaats van de gebruikelijke
benaderingen die zijn gebaseerd op verloop in tijd of in het frequentie domein. Deze
methoden zijn momenteel onderwerp van discussie in the academische wereld.

Het gebruik van dit equivalent circuit die de chromaatfilm niet modelleert als een
homogeen systeem maar de preferentiéle corrosieaantasting in de defecten in ogenschouw
neemt maakt het mogelik om bruikbare informatie met betrekking tot de Ilokale
corrosieaantasting van het gechromateerde opperviak af te leiden. Hierop en op de
electrochemische ruismetingen gebaseerd denken we dat het mechanisme van
corrosiebescherming van de chromaat conversielaag is gebaseerd op drie belangrijke
factoren: barriere eigenschappen, zelf-reparerend gedrag en hechting aan het substraat.
Volgens het voorgestelde mechanisme zorgen de aanwezigheid van precipitaten en de
koperrijke smutlaag beiden voor een afname van de corrosiebestendigheid van de
aluminiumlegering gecoat met een chromaat conversielaag. Beide
microstructuureigenschappen zorgen voor een afname van de barriere eigenschappen en
hechtingseigenschappen; de intermetallische deeltjes door de vorming van grote defecten in
de laag en de Cu-rijke smutlaag door een sterke afname in de dikte en hechting van de
conversielaag.

Deze benadering, gebaseerd op het in ogenschouw nemen van de effecten van de
microstructuur van de legering op het macroscopisch electrochemische gedrag maakte een
beter begrip van het chromaat conversie behandeling mogelijk. Dit is een vereiste voor het
ontwikkelen van chroomvrije systemen welke nodig zijn nodig vanwege gezondheids- en
milieuproblemen gerelateerd aan het gebruik van de giftige chromaten. Dezelfde benadering
kan dan ook worden toegepast voor het onderzoek naar alternatieve conversieprocessen
waar electrochemische reacties aan ten grondslag liggen. In het bijzonder is in dit
promotiewerk gekeken naar cerium-gebaseerde coatings omdat volgens de literatuur is
gebleken dat het aanbrengen hiervan ook electrochemisch gedreven is en verder is het een
van de meest veelbelovende chromaat-vrije behandelingen. Het gecombineerde gebruik van
verschillende opperviakte analyse technieken (SKPFM, SEM, EDS) heeft aangetoond dat -
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terwijl de intermetallische deeltjes slechts een beperkte invioed hebben op de vorming van
de ceriumoxide laag - de aanwezigheid van de Cu-rijke smutlaag is noodzakelijk voor de
precipitatie van de cerium-conversielaag welke plaatsvindt via depositie en groei van kleine
ronde deeltjes. Verder onderzoek is nodig om de exacte rol van de koper en/of koper-oxide
deelties in de nucleatie en groei van de ceriumoxide laag te verklaren. Verschillende
fenomenen kunnen bijdragen aan hun versnellende rol — kathodische activatie van het
opperviak, deelname aan electrochemische reacties in het conversiebad, preferentiéle
energie variaties etc. Voorts heeft de benadering in dit promotieonderzoek serieuze
tekortkomingen van de cerium gebaseerde conversie lagen laten zien, namelijk gebrek aan
hechting met het substraat en corrosieve aantasting van het substraat. Deze problemen
dienen eerst opgelost te worden om dit conversieproces een goede kandidaat te maken voor
vervanging van de chromaatconversielaag.

Ten slotte kan op basis van het onderzoek in deze promotie geconcludeerd worden,
dat om ontwikkeling en/of verbetering van alternatieven mogelijk te maken het allereerst
noodzakelijk is om te bepalen of het proces electrochemisch gedreven is. Als dit zo is, dient
de lokale electrochemie in relatie tot de microstructuur beschouwd te worden als de
belangrijkste parameter voor het bepalen van de efficientie van het systeem. Dit is weer
bepalend voor zowel de vorming van de film als aan de corrosiebescherming van het
substraat. Verder dient dit niet alleen gedaan te worden voor de conversiebehandeling zelf
maar ook voor alle voorgaande opperviaktebehandelingsstappen.
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