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I. INTRODUCTION  

1. CORROSION PROCESSES, AND MECHANISMS  

1.1. Definition  

In the literature, there are various definitions, about the corrosion processes. It could 
be considered as undesirable lose of properties of solid materials, as consequence of 
their interaction with their surrounding environment. These interaction as nature and 
intensity strongly depend on the nature (composition structure and properties) of the 
material, the conditions of the environment (composition, pH, temperature, etc), and also 
on the exposed surface area of the material. The importance of the last factor is 
originated from the heterogeneous character of the corrosion reactions. According to 
Davis [1], the corrosion processes could be divided into several basic groups, as is 
shown in Fig. 1: 

 

Figure 1: Basic classification of corrosion processes [1]. 
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As it could be seen from the figure, the various corrosion processes possess 
distinguishable features. Alternatively, the corrosion processes could be classified, regarding 
the nature of the reasons, causing them. Thus, they could be divided into mechanical 
chemical (electrochemical), and combined.  

1.2. Mechanical corrosion forms 

 They could be described as corrosion processes, provoked by reasons, originated from 
mechanical action of the environment on the respective constructions and the details, 
composing them. The basic form is known as Corrosion fatigue.  

 - Corrosion fatigue is described in [2] as mechanical degradation of a material under 
the joint action of tensile stress and cyclic loading. This kind of corrosion usually appears at 
fuselage plates. The most famous case is the partial rupture of the fuselage during flight 
No243, at 1988 [3].       

 

Figure 2: View of the aircraft after the flight No243, at 1988 [4]. 

 The fluxes of various gases, liquids and even colloids (suspensions, etc) could 
initiate development of erosion corrosion.  

- Erosion corrosion. It is generally caused in locations of fluid vortexes and appears 
in tube connections, pipeline, and everywhere of sharp change of the pressure, the direction 
or the speed of the respective flux. In [5] a special case of erosion corrosion, named 
“cavitation” is described. The next figure represents images of typical examples of erosion 
corrosion. 
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Figure 3. Typical locations of erosion corrosion a- turbine [6], b – tubular connection [7] 

Another basic form of corrosion is caused by coincident mechanical and chemical 
impact on the metallic details/constructions, as is described below. 

1.3. Combined corrosion forms: 

 - Stress corrosion cracking is defined in the literature [5] as formation of brittle 
cracks in a material through the simultaneous action of a tensile stress and a corrosive 
environment. The authors relay it with simultaneous action of mechanical tensions, and 
presence of corrosive species in the environment. According to them, this process is initiated 
by corrosive species, which form active corrosion paths, and the mechanical forces cause 
further path propagation. A photography [8] and a schematic model of metal, affected by 
stress corrosion cracking [9] are shown in Figure 4:  
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Figure 4. Image [8] and schematic presentations [9] of stress corrosion cracking. 

1.4. Chemical corrosion forms 

- Galvanic corrosion: In brief, Petrucci [10] formulates this kind of corrosion as 
“undesirable voltaic cells. In that means, here should be mentioned that the different metals 
possess different (individual) activities. Therein, a hierarchical order of relative activities of 
the metals (as pure chemical elements) is represented in the literature [11]. Thus, various 
metal could be considered as “more active”, or “nobler”, according to their aptitude to enter 
into the solution in form of ions. Quantitatively, this affinity could be measured by so called 
“electrode potential”. It occupies negative signs for more active metals, zero for the 
hydrogen referent electrode, and positive for the nobler metals [12].   

Meo              �          Me+n 
(reduced form)                          (oxidized form)  

Actually, all alloys possess higher aptitude to suffer galvanic (electrochemical) corrosion 
due to the simultaneous presence of more active and nobler metals.  

- Uniform corrosion. It could be characterized as a form of galvanic corrosion, at 
which the attack passes spontaneously either on the entire surface, or on large superficial 
areas. It generally leads to removal of large amounts of material from the metallic surface. It 
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appears as in remarkable rise of the superficial roughness, so in weight loss from the 
material. Figure 5 represents a typical example for uniform corrosion.       

 

Figure 5. Uniform corrosion [13]. 

- Pitting corrosion.  This kind of corrosion processes could be observed as 
appearance of small pits, and the mechanism of their appearance has generally 
electrochemical character, as well. It will be discussed in detail, in the next sections of the 
present work.   

- Dealloying: is described in [14] to be related with a loss of the more active 
composing metal of the alloy, which leads to formation of sponge-like remnants of the 
nobler metal. Additionally, it can also occur by re-deposition of the noble component of the 
alloy on the metal surface. Figure 6 represents a photography with sponge-like area, formed 
as consequence of dealloying.   
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Figure 6. Cross section of a metal with dealloying [14] 

Galvanic couples could also arise when there are localized fluctuations of the 
composition of the surrounding environment where the metallic piece is situated. This case 
is described below. 

- Crevice corrosion is a localized form of corrosion usually associated with a 
stagnant solution on the micro-environmental level. Such stagnant microenvironments tend 
to occur in crevices (shielded areas) such as those formed under gaskets, washers, insulation 
material, fastener heads, surface deposits, disbonded coatings, threads, lap joints and 
clamps. Crevice corrosion is initiated by changes in local chemistry within the crevice [15]. 
This kind of corrosion is consequence of partial (incomplete) shielding (Fig. 7), or localized 
deviation of the environmental composition, such as: accumulation of aggressive species 
(i.e: Cl- ions); depletion of oxygen in the crevice; shift to localized acidification of the 
electrolyte (Fig.7).     
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Figure 7. Non-metallic shielding gasket (a) and metallic fitting (b) suffered crevice corrosion caused by 
the gasket [16]. 

Crevice corrosion is encountered particularly in metals and alloys which owe their 
resistance to the stability of a passive film, since these films are unstable in the presence of 
high concentrations of Cl- and H+ ions. 

The basic mechanism underlying crevice corrosion in passivatable alloys exposed to 
aerated chloride-rich media is gradual acidification of the solution inside the crevice, leading 
to the appearance of highly aggressive local conditions that destroy the passivity [16].  

 

Figure 8.  Schematic presentation of the presence of crevice corrosion in a local area [16].  

Another type, very similar to the crevice corrosion appears, as a result of partial 
detachment of the protective layer. It could be described as follows:  
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-   Filiform corrosion. It carries this name rather because of its morphology, then 
due to the reasons and factors triggering it. As is mentioned elsewhere [17]. The filiform 
corrosion could be recognized by the filament morphology of its presence, as is 
demonstrated in Figure 9.  

 

Figure 9. Photography of filiform corrosion [17].  

The mechanism of development of this kind of corrosion is described in detail in 
[17], but in brief, could be considered that after water uptake, local failures of the coating 
appear in form of randomly distributed filament like features. They are either consequence 
of residual hydrolysis of the chemical bonds among the ingredients of the coatings, as is 
proposed by Zheludkevich & co. [18], or filling of the coating pores by components of the 
liquid medium, as is described by Palavinel and co. [19]. Both of these reasons enable 
penetration of the electrolyte and subsequent reaching of the metal surface by aggressive 
species (Cl-, OH-, dissolved O2, etc.). As a result, the accumulation of corrosion products 
under the coating layer causes its further delaminating, and consequently – deeper spreading 
of the corrosion “filaments”.  This mechanism is illustrated in figure 10.  

 

Figure 10. Schematic illustration of filiform corrosion [17]. 
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Usually, several kinds of corrosion processes occur in a given corroding system. 
Consequently, several factors coincidently predetermine the predominant corrosion process. 
Besides the compositions of the corrosive environment, and this of the respective alloy, the 
structure of the latter also possesses its influence on the entire corrosion process. During the 
metallurgical production, the compositions of the alloys depend on these of their fusions, 
while the structures are predetermined by the metallurgical post treatments. The importance 
of these treatments is not limited to the mechanical properties, but also the susceptibility to 
corrosion processes. In that means, the regimes of rolling, casting, forging, aging, molding 
or extrusion completely predetermine the microstructure of the corresponding metallurgical 
products. The rate of the intergrannular corrosion is exactly predestined by the 
microstructure of the alloy.  

- Intergrannular corrosion. As is mentioned above, the metallic alloys possess 
granular structures, where inclusions of intermetallic precipitates stay on the grain 
boundaries. The presence of intergrannular corrosion in aluminum alloys is explained in 
[20]. The authors mention that small quantities of iron in aluminium or titanium (metals in 
which iron has a low solubility), segregate to the grain boundaries where they can induce 
intergranular corrosion. Certain precipitate phases (e.g. Mg5Al 8, Mg2Si, MgZn2, MnAl6, 
etc.) are also potential reason for enhancement intergranular attack of high strength 
aluminium alloys, particularly in chloride-rich media. 

As is already mentioned above in the present text, the surface also has important role 
regarding the corrosion processes. A peculiar form of intergrannular corrosion which 
appears on the surface of the metal alloys is so called “exfoliation corrosion”.  

- Exfoliation corrosion. It appears at the flattened grain boundaries on the metallic 
surface. Afterwards, the corrosion attack on these boundaries induces posterior removal of 
superficial grains, and even entire layers from the surface, as is demonstrated in figure 11. 

According to [20] exfoliation corrosion is a somewhat rarer type of intergranular 
corrosion that tends to be associated with aluminum alloys that have been rolled or extruded. 
Sometimes this type of corrosion has been called layer corrosion or lamellar corrosion. 
Highly cold-worked aluminum alloys, especially those containing copper (2XXX alloys) or 
zinc-magnesium-copper (7XXX) as alloying constituents have been reported to be the most 
susceptible. Thin gauge products forms can be most affected. 
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Figure 11. Image of exfoliation corrosion [21].  

- Hydrogen corrosion: It appears in gas-holders, tubes containers, etc, where there is a 
contact between metal and gaseous hydrogen. It causes increase of the brittleness of the 
respective metallic constructions, by penetration of gaseous H2. The mechanism of this 
phenomenon is described in [22], to be composed by two stages: adsorption of atomic 
hydrogen, and posterior formation of molecular H2. The latter causes elevated pressure, 
causing higher brittleness of the steel.   

1.5. Biologically induced 
corrosion  

Various species are able to induce 
corrosion processes, as result their living. The 
most wide spread type of biological corrosion 
is the microbiologically influenced corrosion 
(MIC). It could be considered as deterioration 
of metals and alloys induced by metabolic 
activity of microorganisms [23]. The 
microbiological corrosion is an object of 
various articles [24 – 26].  The next figure 
shows photography of steel chain occupied by 
corrosion inducing species.   

Figure 12. Image of biological corrosion 
caused by mussels [27].  
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As was mentioned in section 1.1. of the present work, the corrosion processes depend 
on the conditions, and features of the surrounding environment. The presence of 
microorganisms leads to change of the chemical composition and even the pH of the 
medium. For instance, microorganisms, such as: Thiobacillus thioparus produce sulfuric 
acid, as a metabolic product [28]. Nitric acid could be also produced via bioconversion of 
NH3 at presence of various species, for example: Nitrosolobus multiformis, Nitrospira 
gracilis, Nitrococcus mobilis, etc [29]. Various fungus, as Streptomyces vioaceus, 
Aspergillus fumigatus, Micromonospora chalcea, etc [30]. 

2. STANDARDS AND MEASUREMENTS FOR CORROSION IMPACT 

DETERMINATION  

The industrial standards are not limited only to specification of the methods and 
conditions of alloy production, and the conditions of production of derivative products (i.e: 
fittings tubes etc.) and the appropriated condition of their exploitations, but also there are 
standards for determination of the corrosion rates.  

The exfoliation corrosion could be determined by a micrograph of this type of 
corrosion can be found in ASTM Standard G-34, [31] "Standard Test Method for 
Exfoliation Corrosion Susceptibility in 2XXX and 7XXX Series Aluminum Alloys (EXCO 
Test)", or ASTM Standard G66 "Standard Test Method for Visual Assessment of 
Exfoliation Corrosion Susceptibility of 5XXX Series Aluminum Alloys (ASSET Test)" 
[32]. Entire guide for execution of corrosion tests is available in Internet [33].    

Information for standard procedures for evaluation of intergrannular corrosion is 
described as well [34]. In brief, they are as follows:  

 - Oxalic Acid Test, ASTM A262, Practice A (Oxalic Acid Etch) The oxalic acid 
etch test is a rapid method of screening those specimens of certain stainless steel grades 
which are essentially free of susceptibility to inter granular attack associated with chromium 
carbide participates. The test is used for acceptance but not rejection of material. 

 - Ferric Sulfate - Sulfuric Acid, ASTM A262 - Practice B (Streicher Test) This 
test is based on weight loss determinations and provides a quantitative measure of the 
relative performance of the material evaluated. The procedure includes subjecting a 
specimen to a 24 to 120 hour boil in ferric sulfate - 50% sulfuric acid. This procedure 
measures the susceptibility of stainless steels and nickel alloys to inter granular attack 
associated with the precipitation of chromium carbides at grain boundaries. 
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 - Nitric Acid, ASTM A262, Practice C, (Huey Test) The specimens are boiled for 
five periods, each of 48 hours, in a 65 per cent solution of nitric acid. The corrosion rate 
during each boiling period is calculated from the decrease in the weight of the specimens. 
Properly interpreted, the results can reveal whether or not the steel has been heat-treated in 
the correct manner. The customer must specify the maximum permissible corrosion rate 
and, in applicable cases, data on sensibilizing heat treatment. The environment is strongly 
oxidizing, and, is only used as a check on whether the material has been correctly heat 
treated. This test is suitable for the detection of chromium depleted regions as well as 
intermetallic precipitations, like sigma phase, in the material. The Huey test is also used for 
materials that come into contact with strongly oxidising agents, e.g. nitric acid. This 
procedure may also be used to check the effectiveness of stabilizing elements and of 
reductions in carbon content in reducing susceptibility to inter granular attack in chromium-
nickel stainless steels. 

 - Copper - Copper Sulfate - 16% sulfuric acid, ASTM A262 - Practice E 
(Strauss Test) This procedure is conducted to determine the susceptibility of austenitic 
stainless steel to inter granular attack associated with the precipitation of chromium-rich 
carbides. Once the specimen has been subjected to the solution boil, it is bent through 180° 
and over a diameter equal to the thickness of the specimen being bent. This test is based on a 
visual examination of the bent specimen. 

 - Copper - Copper Sulfate - 50% sulfuric acid, ASTM A262 - Practice F It is 
based on weight loss determination which provides a quantitative measure of the relative 
performance of the material evaluated. It measures the susceptibility of "as received" 
stainless steels to inter granular attack. 

 - Salt Spray Test (SST) Procedures. Among the basic test methods for 
determination of the corrosion impact, and respectively – the corrosion protective ability and 
durability of various protective coatings is via their submission water (3.5% NaCl solution) 
spraying. For higher rate of reliability, the spraying should be performed on considerable 
number of coated metallic plates, and visual inspections should be done, in order to 
determine the impact on their surfaces. The spray salt tests must correspond to the respective 
requirements, described in ASTM B 117 [35]. The evaluation of the results of SST consists 
on the time expensed since the initial moment of submission to salt spray, to the moment of 
appearance of corrosion damages on the sample’s surfaces.  

Besides its application in the industrial practice, this method is also used for additional 
confirmation in scientific works [36 – 42].  



� � � �
� �

�

�

�����������	
��

�

����������	��
�����
	��
�	���	���
�	���	��
���
�	
� �
����	��
��������	������	���	�
�����	����������������
����	� �

3. CORROSION MECHANISM OF 2024 ALUMINUM ALLOY  

Aluminum alloys are widely used in the aeronautical industry and marine engineering 
due to their light mass and advantageous mechanical properties. However, these alloys have 
a low resistance against corrosion because of the presence of alloying elements which can 
locally break down the passive film and allow the attack of aggressive ions like chloride 
ions that can initiate pitting or crevice corrosion [43]. Here should be mentioned that this 
alloy is typical representative of the Aliuminium –Copper alloys, (Series AA2xxx). The 
compositions of the most ordinary used alloys from this group is described elsewhere [44]. 
Kopeliovich classify this group of alloy as “heat treatable”, remarking the most basic 
possible metallurgical post treatments, as aging hardening, annealing, quenching etc. Table 
1 represents the standard compositions of the aluminium copper alloys.   

Table 1:  Standard compositions of aluminum-copper alloys [44] 

 

Especially, the AA2024 is extensively used due to its excellent weight-to-strength 
ratio. However, the composition of this alloy (see table 1) makes it very prone to corrosion 
processes. The intermetallic particles cover about 3% of the geometric surface area of the 
alloy, Al2CuMg (S-phase) is the predominant type, followed by Al6 (Cu, Fe, Mn) [45]. 
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Additionally, other phases, such as: Al2Cu (� -phase), and Al20Cu2(Fe Mn)3 are found in the 
composition of this alloy, as well [46]. The composition of the intermetallics is generally 
predetermined by the composition of the alloy, whereas their morphology and distribution 
depends on the conditions of its production. Hatch [47] has divided the intermetallic 
precipitates into coarse intermetallics and fine precipitates. According to him, the coarse 
intermetallic particles form during the solidification process, while fine precipitates 
(including hardening precipitates in the matrix and grain boundary precipitates) appear 
during the artificial aging process of the metallurgical thermal post-treatment.  

The most frequently types of corrosion for the aluminum alloys, are pitting, 
intergannular and crevice. The aluminum is described in literature to possess extended 
aptitude for formation of dense superficial oxide layer [48]. Because of the native oxide 
layer of Al, the uniform corrosion is very rarely observed, only at special conditions.  
Nevertheless, the aluminium alloys are generally much more susceptible to suffer corrosion, 
due to the presence of superficial intermetallics inclusions. Namely in their location this 
oxide layer is interrupted. Consequently, the areas occupied by the intermetallics become 
preferable centers of corrosion initiation [49].   

3.1. Pitting corrosion 

Pitting corrosion is a localized form of corrosion, which appears due to the 
simultaneous presence of different metals on the alloy’s surface, and the formed 
intermetallic precipitates. In the literature [50] the corrosion of alloys is described as 
consequence of formation of undesirable voltaic cells. There, the relatively more active 
metal suffers dissolution, being anodic area, whereas the nobler metal serves as a cathode. 
On the anodic and cathodic areas simultaneously run processes of oxidation (i.e: metal 
dissolution) and reduction of species from the electrolyte. The reduction processes could be: 
reduction of oxygen, hydrogen evolution or other process, depending on the pH and the 
composition of the electrolyte. This mechanism is confirmed for the AA2024 [45, 49, 51, 
52], as well.  
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Figure 13.  Illustration of electrochemical corrosion of Al alloys generally; a- Superficial native oxide 
layer on the Al-anodic part; b- noble metal; c- area of the aluminium matrix; d- superficial boundary of 

the aluminium part; e- drop of electrolyte (water solution of NaCl) 

Practically, more complicated mechanism is involved in the pitting corrosion in 
AA2024. Rao and co. [53] describe the kinetics of the pitting corrosion, dividing the process 
into three basic stages:  

Pitting initiation Generally, the aluminum possesses aptitude to form protective 
oxide layer, whose structure is still not completely understood. It is accepted that this film is 
composed by a denser Al2O3 layer, covered by porous AlO(OH), and Al(OH)3 [53 - 55]. It 
thickness is considered to be not equally distributed on the metallic surface, as is described 
above.  

In this context, locations with the lowest thickness are preferable centres of attack by 
species from the environment (electrolyte). Rao [53] remarks that there are three main 
models of pitting initiation: 1) adsorption mechanism 2) penetration mechanism 3) film 
breaking mechanism.  

Furthermore, the already initiated pit enters in the second stage, as it is written 
before in the present text.  

Another authors [56] mention that at specific conditions, (pH higher than 8) the 
oxide film becomes be soluble. It dissolves regarding the following reaction:  

Al 2O3 + 2OH– �  2AlO2
– + H2O    (1) 

The discovered underlying metal could enter in additional reactions of dissolution, 
following reactions 2 and 3:    

2Al(metallic) + 6H2O �  2A3+ + 6OH- + 3H2�        (2)  

2Al(metal) + 3H2O �  Al2O3 + H2�                               (3) 
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The dissolution processes, described above (reactions 1 - 3) are further accelerated 
by the respective cathodic processes, which could be either hydrogen evolution, or oxygen 
reduction.  

O2 + 2H2O + 4e- �  4OH-     (4) 

H+ + e- �  H2      (5)                        

By that manner, the couple of Cu and Al form undefined multitude of voltaic cells, 
where reduction processes occur on the cathodic zones (on the nobler Cu), and oxidation on 
the anodic areas. The oxidation process is actually the metal dissolution, as is described by 
reactions 2 And 3.     

Therefore, the corrosion attack begins at the locations of defects of the oxide layer 
and/or the sides where it is thinner. Figure 14 illustrates example of corrosion process, 
where the cathodic and anodic areas are separated in different places of the metallic surface.  

 

Figure 14.  Schematic presentation of corrosion process, of separated cathodic and anodic areas 

Metaestable pits are pits that survive for a very short lifetime in the order of seconds 
or less. For this intermediate stage there is equal probability for further development or 
disappearance. Both processes could occur, following either equation 2, or reaction 3. In that 
stage, different numbers of corrosion pit appear and disappear coincidently.   

Those parts of pits which continue their growth enter in the next stage, described in 
the next section. 

Pit growth is the last stage of the pitting corrosion denominated as stable pits 
growth. Each stage could be distinguished taking into account various electrochemical 
parameters of characterization which will be discussed in the next paragraph. 
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4. PROTECTION OF ALUMINIUM ALLOYS   

4.1. Coating systems  

Undoubtedly,�the deposition of various coatings is among the widest spread manner for 
protection of the metals against corrosion is by deposition of various coatings. By that 
manner, a barrier layer is formed, between the metal surface and the surrounding 
environment. In order to execute this function, the coating systems should fulfill some basic 
requirements, in order to guarantee reliable and durable corrosion protection. 

In the aircraft industry, multilayered systems are employed, composed by primer layer 
(usually conversion coating) and upper, finishing layers [18, 19, 57].    

Nowadays, the sol-gel technology enables synthesis of hybrid primer coatings. 
According to Zheludkevich [18], these coatings possess various advantages, as: improved 
adherence to the metal oxide layer, and the upper coatings, mechanical and thermal 
durability, flexibility, etc. The simultaneous presence of inorganic and organic moieties in 
the composition of hybrid primer-coatings renders enhanced compatibility as with metallic 
substrate, so with the upper coating layers, because of their aptitude to form chemical bonds 
with them, as is shown in Fig. 15.  

 

Figure 15. Illustration of multilayer system with presence of sol-gel-derived primer coating [18].   

Nevertheless, this kind of coatings possesses some disadvantages.  Palavinel [19] 
mentions that various species from the corrosive medium could penetrate through these 
coatings. The performance of these primer coatings could be further improved, by addition 
of corrosion inhibitors in their compositions. 
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4.2. Environmentally friendly compounds in the coatings 

During some decades the Chromium Conversion Coatings were the basic group of 
substances used for corrosion protection of various metals and alloys. Recently, it was found 
that the Cr(VI) compounds reveal high rate of toxicity, are harmful for the human health, 
and environmentally incompatible [58]. Since 2007 Cr(IV) usage was prohibited in 
European Community, initially in the electronic industry, by Restriction of Hazardous 
substances” (RoHS) [59], and afterwards in the automobile industry  by “End of life 
vehicles” (ELV) directive [60].  

These environmental regulations have stimulated large investigation efforts for 
encountering of alternative environmentally friendly coatings systems, which correspond to 
the basic requirements for durability and protective abilities.  

In this context, the lanthanide compounds have been proved as the most efficient 
corrosion inhibitors [49, 61]. Voevodin & co. [62] have investigated the protective abilities 
of epoxi - ZrO2 coatings with inclusions of Ce(NO3)3, NaVO3, or NaMoO4 inhibitors. As 
main result, they have established that Ce(NO3)3 reveals the best inhibition ability. 
According to Hamdy and Beccaria [63] cerium compounds reveal the highest corrosion 
inhibition efficiency among the lanthanides. They have evinced that the inhibition rate of 
CeCl3 is even comparable to this of the chromates. Large number of scientific articles is 
dedicated in the elucidation of the corrosion inhibitive potentials of the Rare–Earth, and 
especially – cerium compounds [36, 49, 62 – 76].   

Simultaneously, considerable detrimental effect, caused by the involvement of cerium 
compounds on the structures of the coatings is also observed [62, 77]. The reasons for this 
negative effect could be: 

- Partial dissolving of these Ce-salts after contact with water. It leads to formation of 
pores and cavities inside the coatings. These cavities facilitate the penetration of corrosive 
species, as O2, H2O, Cl-ions, etc. This penetration is depicted in the next figure. 

- Cracking of the coatings – When Ce-salt is involved inside hybrid coating, it could 
change the pH of the medium after contact with water [78, 79]. This change could provoke 
hydrolysis of the chemical bonds, among the rest ingredients of the coating.  

- Inactivation of the Ce-inhibitor – During the synthesis of the coating, after the addition 
of the Ce-compound, it could enter in undesirable chemical reactions with the rest 
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ingredients. These reactions could lead to formation of insoluble Ce-products, resulting in 
inactivation of the active Ce-inhibitor.    

 

Figure 16.  Schematic presentation of penetration of corrosive species through hybrid coating.  

One of the basic approaches for avoiding of the negative influence of the Ce-compounds 
is via their encapsulation inside nano-particles, as is described in [36, 57, 77, 80].   

4.3. Cerium conversion coatings  

Besides their involvement as corrosion inhibitors, the cerium compounds could be 
deposited directly on the metallic surface in form of Cerium Conversion Coatings (CeCC). 
They could be employed either as self-sufficient primer layers, or in combination with sol-
gel derived hybrid coatings. During their deposition, the CeCC coatings undergo chemical 
conversion from initial water-soluble Ce substances to insoluble layer, represented by 
mixtures of Ce2O3, CeO2, Ce(OH)3 and Ce(OH)4. In that means, obviously the features of 
the obtained coatings depend on the conditions of their deposition.  
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4.4. Stages and factors influencing on the CeCC coating  

4.4.1. Influence of the preliminary-treatments  

They are necessary in order to prepare the metallic surface prior film deposition. The 
basic purpose of these treatments is to provide clean surface with determined roughness and 
superficial chemical composition. That is the reason to apply various procedures for 
preliminary treatment. 

- Mechanical grinding - It is the simplest method for predetermination of the surface 
roughness before coating deposition. This approach is used by several authors [39, 56, 82 - 
84]. This process is industrially unattractive, and its application is usually avoided.  

- Degreasing – The metal alloys usually are protected by temporal hydrophobic 
coatings, and that is the reason the clean them by organic solvents. Usually this procedure is 
performed by rinsing in acetone, ether, alcohol or mixtures of them for several minutes. 

- Alkaline cleaning (desmutting) It leads to entire removal of the superficial metallic 
layer, together with all its defects, because of the high solubility of aluminum in alkaline 
media. The application of this procedure could substitute the mechanical grinding. There are 
standard procedures, as is described in [36, 57, 80, 85], but some authors prefer alternative 
receipts. These receipts vary in respect to the composition of the alkaline bath, the 
temperature an duration of the exposure. 

Alkaline etching of AA6060 alloy in 100g/lNaOH solution, at 60 °C, for 50s id 
proposed by Lunder and co. [86, 87]. Decroly and Petitjean applied exposition of AA6082 
plates in 50 g/l aqueous NaOH solution for 3 to 10 minutes in at room temperature [88].  
Other authors prefer to use more soft conditions: immersed for 2min in 0.5M NaOH 
solution, [89].  

- Acidic activation This operation enables partial dissolution of the Al-oxide layer by 
diluted acids. In these conditions, as a result of the simultaneous growth and dissolving of 
the superficial film, it reaches a channel-pore structure, as is shown in the next figure.  
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Figure 17. Illustration of formation of porous oxide films on the Al surface [90] 

The purpose of this preliminary procedure is to obtain much more uniform 
deposition of CeCC, afterwards. Generally, this procedure consists on immersion in diluted 
acids for relatively short time. Again, some authors preferred to apply standard procedures 
with commercial acidic solutions [36, 57, 80, 91]. Other receipts could also be found in the 
literature, as: treatment in 0.05M H2SO4 for 5min at room temperature [85], 5min in 0.5M 
acetic acid [89], or in a perchloric acid/ethanol mixture for 3 min [92].  

Finally, a comparative research work has been performed in order to compare the 
impact of the acidic and alkaline treatments, before spray deposition of CeCC coating from 
CeCl3 solution [93]. As result, the authors report that the performance of only one time 
deposited coating after acidic treatment (in commercial cleaner) excels 40-layered coating 
after the alkaline procedure ( for 5 min. in 1%wt. H2SO4 at 50 °C).  
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4.4.2.  Conditions of the coating deposition  

The CeCC coatings owe their name, because of entering in chemical reactions with 
the metallic surface during their application. This fact predetermines the excellent adhesion 
that they should possess.  

The deposition mechanism for these coatings involves both the oxidation of 
aluminum and the reduction of hydrogen peroxide as could be described by the following 
reactions [93]: 

     (6) 

    (7) 

The generation of hydroxide ions results in an increase in the pH near the surface of 
the substrate, which causes the precipitation of cerium oxide species by reactions such as 
[93]: 

 (8) 

  (9) 

   (10) 

Practically, there are several important parameters, that could be varied, in order to 
optimize this process, improving the characteristics of the coatings, and decreasing the time 
and material spends for the deposition process. In brief, these parameters are:  

- Deposition method: It could be via spin coating, dip coating, spray coating, 
electrodeposition, etc..   

- Composition of the solution for deposition: It includes: i- kind of the Ce-
precursor for deposition; ii- concentration and the Ce-substance; presence of oxidants; pH of 
the solution.  

- Duration of the deposition process: There is an optimal duration of this 
process. Because it requires participation of Al from the substrate (see equation 6), when 
enough dense coverage by the CeCC is already formed, it does not allow any further contact 
between the metallic surface and the deposition solution. After this moment, any further 
continuation of the deposition process should lead neither to thickening, nor to densification 
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of the coating. By other words, after this moment the process should be terminated, in order 
to avoid time wasting.  

- Temperature of deposition: According to the literature, the CeCC-deposition 
is kinetically controlled process, and thus the higher temperatures should lead to 
acceleration of the coating deposition. Nevertheless, the most often used oxidant is H2O2, 

and the temperature should not be superior to 50 – 60 °C, because the higher temperatures 
could lead to decomposition of the peroxide, and/or the additional acids in the solution. 

- pH of the system: It has a dualistic nature. By one side, the medium should be 
alkaline, in order to facilitate reaction 9 (i.e, conversion from water-soluble Ce-precursor, to 
Ce-hydroxides). On the other hand, the alkaline medium could cause precipitation of the Ce-
compounds (following the same reaction 9), resulting in formation of Ce-hydroxide 
sediments instead of desirable CeCC-coating.  

Practically, this process requires strongly acidic medium with pH between 2 and 3.5. 
This value promotes dissolution of the superficial oxide layer, and consequently – 
deposition of uniform CeCC layer. If the pH is neutral, only island like deposits should 
appear on the surface of the intermetallics.  

- Presence of oxidants: It is clear that the presence of oxidants predetermines 
whether the deposited coatings should be composed mainly by ceric (i.e: Ce(IV)) species, or 
predominantly cerous (Ce(III)) compounds.  Although some authors preferred to use 
KMnO4, [95], or perchloride  NaClO4, [85], the majority of authors employ the hydrogen 
peroxide H2O2 as an o9xidant. The main reason for the superior behaviour of this substance, 
compared to the rest possible oxidants is that it has severeal functions: (i) – complexing 
agent; (ii) – oxidant; (iii) – crystalisation inhibitor; (iv) – additional source of supplemental 
OH- ions, that additionally favour the entire deposition process, as is described elswhere 
[96].  

Additionally, the authors alaso remark that all of the deposition process passes 
through intermediated complex ions, such as: Ce(OH)2

2+, Ce(H2O2)
3+, and other Ce(IV)(O-

O)(OH)2 species.           
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Figure 18. Schematic summarising of the proposed by Scoles [96] mechanism of the cerium conversion 
coatings 
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 Here should be mentioned that the composition of the metallic surface has a crutial 
importance about whether the solid cerium oxides/hydroxides should possess form of 
deposited continuous film, or just sediments. The latter form is rather undesirable in trhe 
case of CeCC coatings.     

- Number of multiple depositions: Usually, the number of repetition of the 
coating procedure leads to improvement of their performance. Additionally, it enables 
obtaining of multilayer systems with individual composition of each layer. However, in the 
case of conversion coatings, it is more reasonable to enlarge the deposition time, instead to 
apply multiple deposition, although the latter, approach could lead to decrease of the cracks 
of the resulting coating.    

- Posterior sealing procedure: The post treatment procedure could 
substantially improve the performance of the CeCC. The temperature and duration of the 
post-treatment has been object of research in [97]. The authors have performed it by 
immersion of CeCC-coated AA 2024-T3 plates in 2.5 wt.% NH4H2PO4 solution, for 
different times, 10, 30 and 120 s, and temperatures 55, 70 and 85 °C, respectively.  The 
authors conclude that the best coating is obtained for at least 10 minutes at minimum 70 °C. 
Additionally, at room temperature, any changes have not been observed. The authors 
explain the beneficial effect by the post treatment with formation of supplemental hydrated 
CePO4, that fills the cracks of the CeCC coating, making it much denser. Other authors also 
propose phosphating procedure, at pH = 4.5, 85°C for a final sealing step [98]. Furthermore, 
this method is proposed by Fachikov & co. for corrosion protection of zinc [99], and low 
carbon steel [100]. The tretmant by phosphates is also well known as preliminary treatment 
prior depositions of various galvanic coatings [101].   
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5. THEORETICAL BASES OF THE MEASUREMENT TECHNIQUES  

5.1. Electrochemical methods 

- Basic terminology: The electrochemical reactions, such as the corrosion of metals 
and alloys, possess heterogeneous nature, and always are related to transfer of charges 
across interfaces. The most important feature is that in the electrochemical systems (circuits) 
the charge carriers are various ions, which receive or render their charges by interaction with 
electrodes.  

When a metallic piece is immersed in solution that contain ions of the same metal, 
simultaneous dissolution, and deposition of metal on the solid metallic surface of the 
electrode always appear. So, equilibrium establishes between the metal and the electrolyte.  

This equilibrium is always related to a potential difference between the bulk of the 
electrolyte and the electrode. This potential is known as “electrode potential” and could be 
determined by measurements with reference electrode. The reference electrode possesses the 
ability to maintain constant values of their potentials. The basic reference electrodes are: 
hydrogen electrode, calomel electrode and the silver/silver chloride electrode [102 – 104]. 

The next figure shows examples for referent electrodes  

 

Figure 19.  Examples for commercial reference electrodes [104] 

 In conditions of corrosion process, on the surface of the metal always appear 
cathodic and anodic zones, where reduction and oxidation take a place, respectively. These 
processes run with transfer of electrons between the metal and ions from the electrolyte. In 
that case, the potential difference on the electrode surface is called “stationary potential”. 
The example for corrosion of Al-Cu alloy is clearly illustrated in Fig. 11.  The potential of 
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the corroding electrode could be measured (registered) by bridge of Poegendorf, as is 
represented in Fig. 20. 

 

Figure 20. Electrochemical cell with bridge of Poegendorf [105].   

Various configurations of electrochemical cells could be designed, but the most 
classical are shown in the following figure:  

 

Figure 21. Classical Electrochemical two – and three electrode split-cells [105]. WE – Working 
electrode; RE- Reference electrode; AE – counter electrode 
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When the stationary potential is shifted by third (counter) electrode, the phenomenon 
is known as “polarisation”. This phenomenon stays in the basis of entire class of 
electrochemical measurements, for determination of the kinetics of the corrosion processes.    

 

Table 2. Standard electrode potentials, of various metals, regarding SHE [103] 

 

They could be performed by different techniques, but the basic electrochemical 
polarization methods are: cyclic and linear voltammetry.  

 The linear sweep voltammetry is based on recording the currents through the 
Reference electrode (RE), during gradual change of electric signal, by the counter electrode 
(CE), or vice versa. Depending on whether the current or potential is the measured 
parameter, the LSV, could be performed in potentiodynamic, or Galvanidynamic regime.   

The Electrochemical Impedance Spectroscopy (EIS) could be considered as an 
electrochemical analytical method, based on measurements of the respond of the 
electrochemical system (cell), during input of sinusoidal altering electric signal with 
different frequencies. 
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This method enables to measure the capacitances and inductances, of the system. The 
analysis of the impedance spectra allows to distinguish the contribution of each element of 
the electrochemical system.  

The data of the EIS are usually represented in Bode and Nyquist plots, as is shown it 
the figure below.    

 

Figure 22. Classical Electrochemical two – and three electrode split-cells.   
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Usually, the corroding metal in electrolyte could be analysed by application of 
equivalent circuit of Rendles. It contains the resistance of the electrolyte (Rel), the charge 
transfer resistance (Rct), and the capacitance of the electric double layer (Qedl). This layer 
appears always on the interface between two phases (liquid, gaseous, solid, etc.). The next 
figure contains schematic illustration of electric double layer.     

 

Figure 23. Schematic illustration of electric double layer. 

5.2. None-electrochemical methods 

- Optical microscope: The optical microscope, often referred to as the "light 
microscope", is a type of microscope which uses visible light and a system of lenses to 
magnify images of small samples. Optical microscopes are the oldest design of microscope 
and were possibly designed in their present compound form in the 17th century. Basic 
optical microscopes can be very simple, although there are many complex designs which 
aim to improve resolution and sample contrast. Historically optical microscopes were easy 
to develop and are popular because they use visible light so that samples may be directly 
observed by eye. The image from an optical microscope can be captured by normal light-
sensitive cameras to generate a micrograph. Originally images were captured by 
photographic film but modern developments in CMOS and charge-coupled device (CCD) 
cameras allow the capture of digital images. Purely digital microscopes are now available 
which use a CCD camera to examine a sample, showing the resulting image directly on a 
computer screen without the need for eyepieces. 
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- Atomic Force Microscopy: Atomic force microscopy (AFM) or scanning force 
microscopy (SFM) is a very high-resolution type of scanning probe microscopy, with 
demonstrated resolution on the order of fractions of a nanometer, more than 1000 times 
better than the optical diffraction limit. The precursor to the AFM, the scanning tunneling 
microscope, was developed by Gerd Binnig and Heinrich Rohrer in the early 1980s at IBM 
Research - Zurich, a development that earned them the Nobel Prize for Physics in 1986. 
Binnig, Quate and Gerber invented the first atomic force microscope (also abbreviated as 
AFM) in 1986. The first commercially available atomic force microscope was introduced in 
1989. The AFM is one of the foremost tools for imaging, measuring, and manipulating 
matter at the nanoscale. The information is gathered by "feeling" the surface with a 
mechanical probe. Piezoelectric elements that facilitate tiny but accurate and precise 
movements on (electronic) command enable the very precise scanning. In some variations, 
electric potentials can also be scanned 
using conducting cantilevers.  

-Scanning Electronic Microscopy: 
This method of observation is based on 
detection of signals, emitted by a sample; 
which is in conditions of irradiation of 
accelerated electron beam. This method 
enables obtaining of information regarding 
the topography, structure and composition 
of the sample [108].  

The derivative emissions could be 
divided into three basic groups: (i) - 
Secondary electrons: They are originated 
by the electronic shells of the atoms composing the specimen, after collisions with these of 
the initial electronic beam. (ii)  - Back scattered electrons: They are electrons of the initial 
emission reflected by the atoms of the specimen. (iii)  - Characteristic X-rays:  They appear 
because of the excitation of the electrons, from the electronic shells of the atoms composing 
the specimen, due to the kinetic energy of the initial electron beam. They are in the basis of 
EDX analysis.  

Fig. 24. shows schematic presentation of the penetration of the electronic beam 
through a solid material.  

Figure 24. Schematic view of interaction between 
electronic beam and solid samples [108] 
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II.  AIM AND TASKS  

The general aim of the present research work is to elucidate the influence of various 
conditions on the deposition of Cerium conversion coatings on AA2024 aircraft alloy.  

In order, to execute the present research work, the following tasks were performed:  

1. Influence of the preliminary treatment. 

2. Influence of the electrolyte composition and temperature deposition on the 
features of Cerium Conversation Coatings  

2.1. Investigation of the concentration and the oxidation state of the cerium 
ions in the used electrolyte. 

2.2. Influence of the oxidant concentration  

2.3. Influence of the pH of the coating baths  

2.4. Temperature dependence on the deposition process  

2.5. Duration of the deposition process. 

2.6. Investigation of the influence of NaCl on the features of cerium 
conversion coatings 

3. Characterization of the obtained Ce-Conversion Coating 

3.1. SEM and EDS characterization 

3.2. Electrochemical methods: Polarization and Impedance methods 
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III.  EXPERIMENTAL  

1. MATERIALS AND METHODS  

1.1. Description of the samples  

The samples were in form iof metallic plates of  D16 AM, (produced in Ukrania) with 
equal sizes of 40 x40 x 4 mm and had passed different treatments, depositions, 
electrochemical evaluation and superficial characterization. The measurements have been 
performed, according the conditions, described below:  

1.2. Measurements and characterisation 

- Electrochemical measurements - A three-electrode electrochemical flat cells with 
100 ml. of 3.5%wt. NaCl solution was used for all electrochemical measurements (Fig. 16). 
Circular section (area equal to 2 cm2) from each sample surface was selected as a working 
electrode (WE). The counter electrode (CE) was a platinum net with a two orders of 
magnitude larger area than that of the working electrode in order to avoid the influence of its 
surface capacitance on the experimental results. All WE-potential values were measured 
versus a commercial Ag/AgCl – 3M KCl, standard reference electrode, model 0726100, 
produced by Metrohm, with potential  E(Ag+/ AgCl) = 0.2224 V. The polarization and 
impedance measurements were carried out by means of a potentiostat/galvanostat 
AUTOLAB PG 30/2 of ECOCHEMIE, Netherlands, supported by a frequency response 
analyzer FRA-2. In order to avoid the influence of the external static electric fields, the 
electrochemical cell was inserted in a Faraday cage 

- Electrochemical impedance spectroscopy: Frequency range: from 104 – 10-2 Hz, 
distributed in 6 steps per decade, at signal amplitude: 10 mV vs OCP.  

- Linear Voltammetry:   

� “Short potentiodynamic curves” – in range: from (OCP – 30mV) to (OCP + 
30mV), with potential sweep range: 167 mV/s.   

� Cathodic polarization curves - in range: from (OCP + 10mV) to (OCP -500 
mV), with potential sweep range: 1mV/s.   
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�  Anodic polarization curves - in range: from (OCP -500mV) to (OCP -10 mV), 
with potential sweep range: 1mV/s.   

� Surface observation – Optical metallographic microscopy (OMM) observations 
for the samples surface were carried out with a BOECO metallographic 
microscope at low (x40), and high (x100) magnifications. The microscope was 
connected to a web camera with 600 x 800 pixels resolution acting as an 
effective digital optical microscope system. 

1.3. Description of the treatment procedures and solutions 

1.3.1. Preliminary treatments of the samples.  

In order to determine the optimal conditions of preliminary treatment, the samples 
have passed different combinations of the following procedures: 

1.3.1.1. Mechanical grinding.  

I t was performed by wet polishing with emery papers with 200, 500, 800, and 1000 
grits and cleaning with tap, and distillated water after each grinding stage. The 
samples that were not selected to pass further treatments underwent additional 
polishing with 1200 grits paper. This procedure always finished by cleaning with 
tap-water and soap.  

1.3.1.2. Degreasing  

It was performed by immersion of the samples in “pure” acetone for at least 5 
minutes at room temperature in covered vessel with perturbation. At last, the 
samples passed by cleaning with tap and distilled water.  

1.3.1.3. Alkaline Etching  

It was performed by immersion of the already polished substrates in preliminary 
heated 50 g/l aqueous solution of NaOH, at 55 °C for 5 minutes, followed by acidic 
activation in diluted HNO3 : H2O (1 : 1 in volume) at room temperature.    
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1.3.1.4. Acidic activation.  

 It was made by immersion in water solution of H2SO4 260 g/l (equal to 133 ml of 
concentrated H2SO4 in 1000 ml). for 5 minutes at 55 °C.  

After each procedure, the samples were cleaned by vigorous flux of tap water and 
distilled water.  

The samples were in three groups, according the preliminary treatment applied: Only 
mechanical treatment (up to 1200 grits), mechanical grinding and alkaline cleaning, or 
mechanical treatment and acidic activation.  

- Solutions for conversion coating:  

- Cerium chloride solution: 0.05 M CeCl3 aqueous solution.  

Initial calculations: determination of the real molecular weight. It was established 
that 372.6g. of CeCl3.7.H2O (heptahydrate) contains  CeCl3 246.6 g. of the dry salt. 1M of 
the salt in 1000ml. is 1M solution. Thus, 372.6 g. of CeCl3.7.H2O in 1 liter makes 1Molar 
solution. Consequently in order to obtain 0.02M, it is necessary to dissolve 372.6X 0.05 = 
18.63g in 1 liter solution. 

For 250 ml. only a quarter part was used (i.e: 4.657g). Actually, the real weight was 
4.682 g.    

� Cerium ammonium nitrate solutions: Two solutions of 0.05 M diammonium 
pentanitrocerate (NH4)2Ce(NO3)5 and 0.05 M diammonium hexaniytrocerate  
(NH4)2Ce(NO3)6 solutions were prepared by  dissolving of the respective salts in the 
appropriated quantities of water.   

Additions:  

1. Oxidant addition: Initially, 5 ml of hydrogen peroxide (H2O2 30%) were added to 
250ml. of the described above solution.  

2. Buffering The pH of the obtained solution was adjusted by addition of diluted HCl 
(1:3 - HCl : H2O). It was performed via slow dropping until reaching of pH of 
2.60.    
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2. DESCRIPTION OF THE SAMPLES , SUBMITTED TO INVESTIGATION  

2.1. Group 1, Influence of the preliminary treatment. 

 Three samples have passed the respective preliminary treatments, described in the 
previous section.  

Table 3. Samples and deposition procedures 

Samples Preliminary treatment 

G1-PI Mechanical  

G1-PII Mechanical + alkaline 

G1-PIII Mechanical + acidic 

2.2. Group 2, Influence of the deposition temperature and preliminary 
treatment  

Description of the samples: Four samples of D16 AM, (Group 2) with equal sizes 
of 40 x40 x 4 mm have passed different treatments and subsequent depositions. The 
methods of preliminary treatment and the deposition temperatures are represented in Table 4 

Table 4. Samples and deposition procedures  

Samples  Preliminary treatment  Deposition temperature 

G2-PI Mechanical + alkaline 18 °C 

G2-PII Mechanical + alkaline 50 °C 

G2-PIII Mechanical only 18 °C 

G2-PIV Mechanical only 50 °C 

 All samples from Table 4 underwent depositions by 0.05 M CeCl3, with addition of 
30 % of H2O2, 20ml. per l. They were performed in Petri-vessels for 15 minutes at the 
temperatures, described in the Table.   

 



� � � �
� �

�

�

�����������	
��

�

����������	��
�����
	��
�	���	���
�	���	��
���
�	
� �
����	��
��������	������	���	�
�����	����������������
����	� �

2.3. Group 3. Influence of the oxidation state of the Cerium salts 

The samples were preliminary treated at the conditions, described in the previous 
sections, and each approach for preliminary treatment is remarked in the table below.  

The deposition solutions were composed by 0.05 M solutions of the respective Ce-salts, 
with supplemental addition of 30% H2O2 in 30ml/l. All the depositions were executed at 55 
°C, for 30 minutes. This approach permitted to compare the influence so of the Ce-oxidation 
state, so of the anionic part of the respective Ce-salt.     

Table 5. Samples and deposition procedures  

Samples Cerium salt used Preliminary treatment 

G3-PI (NH4)2Ce(NO3)5 Mechanical 

G3-PII (NH 4)2Ce(NO3)5 Mechanical + alkaline 

G3-PIII (NH 4)2Ce(NO3)5 Mechanical + acidic 

G3-PIV (NH4)2Ce(NO3)6 Mechanical 

G3-PV (NH4)2Ce(NO3)6 Mechanical + alkaline 

G3-PVI (NH4)2Ce(NO3)6 Mechanical + acidic 

2.4. Group 4. Investigation of the influence of NaCl on the features of cerium 
conversion coatings  

The mechanical treatment was performed via wet polishing with SiC emery papers, 
with: 240, 500 and 1000 grits subsequently. After each step the metallic plates underwent 
cleaning by tap water and washing powder.  

 The chemical treatment was executed by cold etching in NaOH aqueous solution for 
2 minutes at 18 °C.  Afterwards, the plates passed vigorous cleaning by tap and distilled 
water.  

 After this treatment, the samples have passed acidic activation in HCl:H2O2 (1:1) at 
18 °C. Afterwards, the plates passed vigorous cleaning by tap and distilled water.  
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2.4.1. Solution preparation:   

 - Etching solution: It was actually 50 g/l aqueous solution of NaOH. It was 
prepared by dissolving of 10.16 grams in 200 ml. of distilled water.  

- Model corrosive medium: 3.5% of NaCl solution. It was prepared by dissolving 
of 3.5000 g of NaCl in 1000 ml. distilled water.  

- Solution for conversion coating: [CeNo3+6H2O] 0.05M with diferent additions of 
NaCl as is described in table 2. 

Additions:  

� Oxidant addition. Initially, 40 ml of hydrogen peroxide (H2O2 30%) were 
added to 250ml. of the described above solution.  

� Buffering. The pH of the obtained solution was adjusted by addition of 
diluted HCl (1:3 - HCl : H2O). It was performed via slow dropping until reaching of 
pH of 2.1.    

2.4.2. Coating of the samples.  

It was performed via dip coating for 45 minutes in covered Petri-vessels, either at 
ambient temperature, or at 40 °C (see table 2).  

Six samples of D16 AM, with equal sizes of 20 x20 x 4 mm had passed different 
depositions, as is summarized in Table 6.  

Table 6.  Procedures and codes of samples of group 4 

Table 1  Quantity (g NaCl/l) Deposition temperature 

G4-PI 3.5 18 °C 

G4-PII 3.5 40 °C 

G4-PIII 1.7 18 °C 

G4-PIV 1.7 40 °C 

G4-PV 0.85 18 °C 

G4-PVI 0.85 40 °C 
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2.5. Group 5. Investigation of the influence of the oxidant on the features of 
cerium conversion coatings 

The mechanical treatment was performed via wet polishing with SiC emery papers, 
with: 240, 500 and 1000 grits subsequently. After each step the metallic plates underwent 
cleaning by tap water and washing powder.  

 The chemical treatment was executed by cold etching in NaOH aqueous solution for 
2 minutes at 18 °C.  Afterwards, the plates passed vigorous cleaning by tap and distilled 
water.  

 After this treatment, the samples had passed acidic activation in HCl:H2O2 (1:1) at 
18 °C. Afterwards, the plates passed vigorous cleaning by tap and distilled water.  

Table 7. Procedures and codes of samples of group 4 

Table 1  Quantity (ml. H2O2/l) Deposition temperature 

Piece I 25 40 °C 

Piece II 50 40 °C 

Piece III 100 40 °C 

2.6. Group 6. Optimization of the composition of the coating solution 

This group is composed by five pieces with simultaneous change of the 
concentration of the basic compound (Diammonium pentanitrocerate), maintaining of the 
pH of the coating solution by Louriett buffer [111], and at last, improved preliminary 
treatments.  

The Louriett buffer was prepared by mixing of two initial solutions in appropriated 
relation. Solution 1 was obtained by dilution of 8.5 ml of 36% HCl, up-to 1000 ml. Solution 
2 was prepared by dissolving of 7.5 g. glycine and 5.85 g. NaCl in 1000ml. of distilled 
water. The final buffer solution was obtained by addition of 600 ml of solution 2 to 400 ml. 
of solution 1, in measuring flask.      
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All of the samples underwent mechanical treatment. It was performed by subsequent 
grinding with: 250, 500, 800 and 1000 grits SiC emery papers, followed by cleaning with 
tap – and distilled water.  

In some cases, additional chemical treatment procedure was applied. It was executed 
by immersion for 2 minutes in 50g/l NaOH, followed by exposition to diluted HNO3 (1:1 to 
distilled water). Both of these procedures were carried out at room temperature.  

The deposition procedures were performed by dip-coating for 2 hours into the 
respective coating solutions at 40 
C in thermostat. All of the coating solutions contained 
(NH4)2Ce(NO3)5, NaCl, H2O2 in distilled water. For the purpose of the investigation, the 
respective ingredients had different concentrations. Only the NaCl, was always added to be 
3.5g. per liter of the coating solution. The compositions of the solutions and the preliminary 
treatments are ordered in Table 8. 

Table 8. Samples and conditions of their preparations 

Sample Basic compound 
Concentratio

n 
(M) 

pH 
Presence of 

buffer 

Quantity of 
H2O2 (ml / 

l) 

Preliminary 
treatment 

G6-PI (NH4)2Ce(NO3)5 0.10 2.00 + 25 Only 
mechanical  

G6-PII (NH4)2Ce(NO3)5 0.10 2.00 + 25 Mechanical 
and 

alkaline 

G6-PIII (NH4)2Ce(NO3)5 0.05 2.00 - 25 Mechanical 
and 

alkaline 

G6-PIV (NH4)2Ce(NO3)5 0.05 2.61 - 25 Mechanical 
and 

alkaline 

G6-PV (NH4)2Ce(NO3)5 0.10 2.00 + 50 Only 
mechanical 
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IV.  RESULTS AND DISCUSSIONS 

1. GROUP 1, PRELIMINARY TREATMENT  

 Taking in account that the preliminary treatment has crucial importance for the 
subsequent coating deposition, preliminary characterizations were undertaken. For this 
reason, three plates of the alloy were submitted to the respective preliminary treatments, as 
is described in Fig. 25.   

 

Figure 25. Impedance spectra, acquired after 24 hours of exposition to 3.5 %. G1-PI – mechanical 
treatment; G1-PII – mechanical with alkaline; G1-PIII – mechanical + acidic 

The impedance spectra, acquired after 24 hours of exposition to the model corrosive 
medium show that the chemical subsequent steps of preliminary treatment decrease the 
corrosion resistance of the superficial oxide film. The semi-circle of the mechanically 
treated specimen has obviously bigger radius, compared to the rest samples.  

The results of the subsequent modeling of the spectra by appropriated equivalent 
circuit are as follows: The circuit used in the present work is modified version of the 
classical Randle’s cell. It is composed by Rel – the resistance of the electrolyte, Qedl – 
constant phase element of the electric double layer, connected in parallel to subsequent 
connection of Rct and Qdiff. The leas two elements could be ascribed to the charge transfer 
(all electrochemical reactions composing the corrosion process) and the diffusion of 
corrosive species near the metal surface.   

The equivalent circuit is depicted in Figure 26.  
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Figure 26. Equivalent circuit employed for fitting to the EI-spectra  

As a result of the fitting of the spectra the equivalent circuit the following data have 
been obtained:  

Table 9. Fitting of the impedance spectra shown in fig. 17 to the equivalent circuit from Fig. 26 

Samples G1-PI G1-PII  G1-PIII  

Treatment Mechanical  Mechanical alkaline Mechanical acidic  
Rel (� ) 8.35 7.41 7.40 

error (%) 1.62 1.94 1.94 

Qedl (s
n.� -1.cm-2) 8.79 x10-5 3.70 x10-5 4.83x10-5 

error (/) 2.70 3.49 3.79 
N 0.90 0.89 0.95 

error (/) 0.60 0.64 0.72 

R(ct)
  (� ) 15.97x103 8.85x103 7.79x103 

Error (/) 8.03 6.53 7.26 
Qdiff (s

n.� -1.cm-2) 6.25x10-4 5.85x10-4 8.44x10-4 

error (/) 34.34 22.90 31.60 

N 0.69 0.54 0.55 

error (/) 16.09 13.19 17.87 

The data in the table confirm that the chemical treatment procedures possess 
detrimental effect on the corrosion resistance of the samples because the charge transfer 
resistance Rct of the mechanically treated sample G1-PI, is twice higher that these of the 
specimens with additional chemical treatment.  

The constant phase element Qedl describing the capacitance of the electric double 
layer on the metal/electrolyte interface for the mechanically treated G1-PI is twice higher 
than these of the rest samples. This fact means that the corresponding capacitive resistances 
of these samples (G1-PII & G1-PIII) are higher. Additionally, the exponent n of Qdiff 



� � � �
� �

�

�

�����������	
��

�

����������	��
�����
	��
�	���	���
�	���	��
���
�	
� �
����	��
��������	������	���	�
�����	����������������
����	� �

possesses values, near to 0.5, meaning that this constant phase element could be ascribed to 
the diffusion processes.  

The AFM images (Fig. 27) reveal that the lowest value of the constant phase element 
Qedl belongs to the smoothest surface, achieved after mechanical grinding and alkaline 
etching (i.e: sample G1-PII). This fact is additional evidence for the direct relation between 
the element Qedl and the metallic surface. By other words, the smoother surface possesses 
higher capacitive resistance of the electric double layer.   

  

Figure 27. AFM images of AA2024 samples after different approaches of preliminary treatment a – G1-
PI;  b – G1-PII; c – G1-PIII 

The corrosion process of AA2024 possesses predominantly localized character. This 
fact means that the Atomic Force Microscopy could not be used for determination of the 
corrosion impact in that case. After the corrosion tests, the samples were submitted to 
optical metallographic microscopy. The OM images are shown in Fig. 28.  

 

Figure 28. OM images of AA2024 samples after different approaches of preliminary treatment a – G1-
PI;  b – G1-PII; c – G1-PIII 

The images of the OM also confirm the results obtained by the EIS measurements. In 
the case of mechanical preliminary treatment (G1-PI with Rct 15.97 k� /cm2) there is much 
weaker corrosion attack, compared to the rest samples. In the cases of alkaline (G1-PII with 
Rct 8.85 k� /cm2) and acidic (G1-PIII with Rct 7.79 k� /cm2) preliminary treatments, the 
corrosion features are pitting, and intergrannular, respectively.   
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2. GROUP 2, INFLUENCE OF THE DEPOSITION TEMPERATURE AND 

PRELIMINARY TREATMENT  

The samples have passed electrochemical evaluations that evince the crucial 
importance of the deposition temperature. In Fig. 29 two samples with CeCC deposition at 
18 and 50 °C, after mechanical and alkaline pretreatment are represented.  

 

Figure 29. Impedance spectra, acquired after 24 hours of exposition of samples after different 
preliminary treatments and deposition temperatures a – Nyquist plot; b – Bode plot 

On the Bode plot (position a), at middle frequencies there is an enlarged maximum 
of the phase shift. It is a result of overlapping of two maxima, for the oxide layer and the 
coating, respectively. The difference is even much more obvious in the Nyquist plot 
(position b), where the imaginary component of the impedance Z” achieves almost -90 k� , 
and the real value Z’ is in the order of 200 k� . For comparison, the semi-circle for the 
sample treated at 18 °C is almost invisible. 

Surprisingly, after only mechanical preliminary treatment (samples G2-PIII and G2-
PIV), the temperature of deposition does not influence so significantly. This fact means 
that the alkaline procedure leads to deterioration of the adherence of the CeCC to the 
metallic substrate. Indeed, during the preliminary treatments, it was observed that the 
alkaline bath procedure causes formation of dark coloured smut of re-deposited copper 
containing corrosion products. In the literature, [102], it is pointed that the copper rich 
smut could favour the deposition process. It is probable, because the smut provides larger 
cathodic area, and as was described in the theoretical part, the cathodic zones supply 
hydroxylic (OH-) anions by the oxygen reduction (see reaction (4)). Afterwards, the 
abundance of OH- near to the metallic surface causes intensive precipitation of Ce(OH)3 
and/or Ce(OH)4.  
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Figure 30. Impedance spectra, acquired after 24 hours of exposition of samples after different 
preliminary treatments and deposition temperatures. a – Nyquist plot; b – Bode plot 

 

Figure 31. Anodic polarization curves of the samples coated at different temperatures. a – sample G2-
PI; b – sample G2-PIV; c – sample G2-PIII; d – sample G2-PII 

Nevertheless, this copper-containing re-deposited smut has not enough satisfying 
adherence, and consequently - it does not provide a stable base for the CeCC-coating. 

The polarization measurements involve even clearer image about the behavior of the 
samples from Table 3. The anodic polarization curves of the samples are shown in Figure 
31. 

The curves in the figure undoubtedly reveal that the most protected sample among 
the specimens in Table 3 is the specimen G2-PII. It is prepared in “hot” bath (50 °C), after 
subsequent mechanical & alkaline pretreatment procedures.  Nevertheless, the worst sample 
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(i.e: G2-PI, see Table 3) is also pretreated by combination of mechanical and alkaline pre-
treatment procedures. The difference between the best and the worst sample is the 
temperature of the deposition of CeCC coating. The former one underwent deposition at 18 
°C, whereas the latter was submitted to coating deposition at 50 °C. This insignificant 
temperature difference of about 32 °C, provokes remarkable change of the anodic current 
densities, in the case of alkaline preliminary treated samples. In Fig. 23 it is demonstrated 
that the anodic current densities at -450 mV differ with more than four orders of magnitude 
(i.e: 2.26x10-2 and 4.64x10-5 A/cm2, for 18 and 50 °C, respectively).  

Additional feature for the superior behavior of sample G2-PII, compared to the rest, 
is the presence of horizontal part in its curve (curve d, Fig 31). It is situated between -708 
and -635 mV. This section is known as “passivity region”, and it absents in the rest curves.  
It is additional evidence for the better corrosion protection of the CeCC, formed on the G2-
PII sample.     

In contrary, for the samples suffered only mechanical preliminary treatment there is 
a overlapping of the curves at 2.12x10-3 A/cm2. The contradiction between the tremendous 
importance of the deposition temperature for the alkaline treated samples (samples G2-PI; 
G2-PII), and its neglect influence for the mechanically treated (samples G2-PIII; G2-PIV), 
is evidence for the presence copper enriched smut, in the latter case. Now, could be 
concluded that the Cu-smut during the alkaline pre-treatment procedure disjoins during the 
deposition process at 18 °C. Furthermore, it disjoins from the AA2024-substrate surface, 
together with the Ce-coating. As a result, the Cu-containing smut has dualistic action: by 
one hand, it improves the CeCC coating deposited at 50 °C, by the other hand, it 
deteriorates the Ce-coating adhesion at 18 °C.   

The “short” polarization curves possess very interesting features, as well. As could 
be seen from Figure 32, the curve of the sample prepared by mechanical and alkaline 
pretreatment and with “cold” deposition (G2-PI), has completely different shape. It is oval 
and smooth, and any sharp edges absent, in difference of all rest. In addition, it is shifted in 
the cathodic direction, possessing OCP = -862 mV, while the rest curves are with -723 mV 
for G2-PII; -693 mV for G2-PIII and -740 mV for G2-PIV, respectively. Its polarization 
resistance (Rp) was determined to be 2.618 k�  / cm2. The shapes of the rest curves do not 
enable to determine Rp values accurately, but from the figure could be deduced that this 
parameter has about one order of magnitude higher values.    
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Figure 32. “Short” polarization curves of the samples coated at different temperatures.    a– sample G2-
PI; b – sample G2-PIV; c – sample G2-PG2-PII; d – sample G2-PIII 

The cathodic curves follow the same tendencies as the anodic ones. Figure 33 
represents the cathodic polarization curves of the samples described in Table 3.   

Again, lowest cathodic current densities belong to the sample G2-PII, prepared by 
mechanic and alkaline preliminary treatment and “hot” deposition at 50 °C. The highest 
current densities are possessed by G2-PI (with “cold” deposition, at 18 °C, after the same 
preliminary treatment).  

 

 

Figure 33. Cathodic polarization curves of the samples coated at different temperatures.    a – G2-PI; b – 
G2-PIV; c – G2-PII; d – G2-PIII 
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Samples G2-PIII, and G2-PIV (both with only mechanical pre-treatment) have 
similar curves. However, the cathodic curve of the mechanically pre-treated sample with 
cold deposition looks more similar to the best one (mechanical + alkaline and hot 
deposition).  

The results of the analysis of the cathodic curves are shown in Table 10.  

Table 10. Data from cathodic polarization curves of samples, treated by mechanical or alkaline 
treatment 

Samples 
Corrosion current density at 

-950 mV. (� A / cm2)* 
Open Circuit Potential. 

(mV)* 

G2-PI 70.17 -840 
G2-PII 1.33 -720 
G2-PIII 2.25 -695 

G2-PIV 14.30 -790 

*The values are measured via acquisition of cathodic curves by Ag/AgCl reference electrode 

Although, the simultaneous variation of two conditions (temperature of deposition 
and preliminary treatment), table 6 reveals that the higher current densities are observed 
for the curves with more negative values of OCP. Only the samples G2-PII and G2-PIII 
show slight deviation from this trend. Their deviation is consequence of the coincident 
differences between the preliminary treatments of the substrates, and the deposition 
temperatures in their cases.   

Two contradictive trends are observable in Fig. 33. By one hand, the worst curves 
belong to samples G2-PI and G2-PIV. The former specimen underwent mechanical and 
hot alkaline preliminary treatment, and deposition at 18 °C, whereas the latter passed only 
mechanical pre-treatment and deposition at 50 °C. It should be concluded that both of 
alkaline procedure and high temperature deposition have detrimental effect on the CeCC 
protective film.  

By other hand, the best features of the protective film are revealed by the sample that 
possesses the combination of only mechanical treatment, and deposition at 18 °C (i.e: G2-
PIII, curve d, figure 33). This contradiction appears to be result of the dualistic character of 
the influence of the temperature of deposition and the alkaline procedure of preliminary 
treatment. It could be described as follows:  
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Hot Alkaline pretreatment procedure: By one side, it leads to dissolution of the 
superficial Al-layer, causing accelerated corrosion. By the other, the aluminium plate 
creates repassivation, by growth of thick oxide layer.  

Additionally, re-deposition of copper [89] occurs, as well. It causes enlargement of 
the total cathodic area, favouring the cathodic processes.  

The only mechanical preliminary treatment leads to removal of the thick oxide layer, 
formed during the rolling procedure in the metallurgical production of the AA2024 alloy. 
Consequently, the plates possess lower thickness of the oxide layer. 

As a result, the alkaline procedure that should assist the obtaining of thicker oxide 
layer should be performed at softer conditions (lower temperature or lower concentration 
of NaOH, and shorter duration of the exposure to the alkaline solution).  

Deposition temperature: As is described in [94], the CeCC-coating process is 
kinetically controlled process. This fact undoubtedly means that the increase of the 
temperature with 10 °C, should accelerate the deposition process with 2 to 4 times. 
However, the higher temperatures provoke decomposition of H2O2. The peroxide is really 
important substance because it serves as an accelerator of the deposition process (in this 
case it is not correct to use the term “catalyst” because it also suffers chemical conversion 
during the coating process).  

Thus, could be concluded that the temperature accelerates the deposition but at too 
high temperatures, the H2O2 decomposes. Consequently, the deposition process should be 
performed at lower temperatures.    
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3. GROUP 3. INFLUENCE OF THE OXIDATION STATE OF THE CERIUM SALTS  

As consequence of the equivocal results for group 2, the experiments with two 
different cerium salts: diammonium pentanitrocerate ((NH4)2Ce(NO3)5) and diammonium 
hexanitrocerate ((NH4)2Ce(NO3)6) was combined with three different preliminary 
treatment approaches. The general difference between these salts is that the in the former 
is Ce(III) salt, whereas the latter one is Ce(IV) compound.  

 

 

Figure 34. Cathodic (a) and anodic (b) polarization recorded after 24 hours of exposition in the 
corrosive medium of the samples coated by (NH4)2Ce(NO3)5.  1 – G3-PI; 2 – G3-PII; 3 – 

G3-PIII 

In that means, the samples submitted to investigation are six pieces, coated with one 
of the salts, after different preliminary treatments. The compositions of the coating 
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solutions are described in section 2.3. of the experimental part. The preliminary treatments 
follow the procedures, described in section 2.2. The assignments of the samples, and the 
methods of their preparations are summarized in Table 5.  

The cathodic curves (position a) of Figure 34 look almost identical, whereas the 
anodic ones (position b) have quietly different shapes. The unique difference in position 
(a) is that the sample submitted only mechanical preliminary treatment (i.e: G3-PI, curve 
1) has more negative value of OCP than the rest two. This fact is indirect indicator that the 
surfaces of the AA2024 metallic plates possessed different chemical compositions, after 
the respective preliminary treatments. The most probable source of change of the 
superficial composition of the metallic plates is the copper enrichment. It could be 
consequence either of selective dissolution of the more active components composing the 
S-phases, or Cu-redistribution, as is mentioned by Yasakau and co. [49]. These phenomena 
should provide larger cathodic areas (Cu-enriched superficial zones) which should enhance 
the Ce-coating process. Nevertheless, the cathodic current densities are relatively equal.   

The anodic curve of this sample (G3-PI) is the smoothest one (curve, see Fig. 34-b). 
It does not show any features of pitting corrosion, in difference of the rest curves (see 
curves 2 and 3). This fact means that probably the entire anodic surface (i.e: the Al-matrix) 
suffers uniform corrosion. Its appearance could be explained having in mind the thinner 
oxide layer as consequence of the mechanical polishing. The rest two curves (see fig 34, 
position b, curves 2 and 3) possess sharp rises of the current densities, which is obvious 
evidence for presence of pitting. Furthermore, the curve of sample G3-PIII has the highest 
current density. At -400 mV, it is equal to 670 � A /cm2, whereas the rest two curves 
overlap at about 25 � A /cm2. This fact is clear indication for the detrimental effect of the 
acidic activation procedure (see section 2.2.5 of the experimental part).  

In order to follow the comportment of the respective ceric Ce(IV) salts during the 
coating deposition, and to evaluate the characteristics of the obtained films, they were also 
submitted to measurements, at the same conditions as the cerous Ce(III) ones. The 
procedures of film preparation and deposition are described in section 2.3. of the 
experimental part and their compositions are summarized in Table 5.    

Fig. 35 represents the cathodic (a) and anodic (b) polarization curves, acquired after 
24 hours of exposition in 3.5% NaCl model corrosive medium.     
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Figure 35. Cathodic (a) and anodic (b) polarization recorded after 24 hours of exposition in the 
corrosive medium of the samples coated by (NH4)2Ce(NO3)6   1 – G3-PIV; 2 – G3-PV; 3 – 

G3-PVI 

 Here, the cathodic curves also possess quietly similar shapes and possess enough 
similar current densities. However, in difference of Figure 34, the respective OCP values 
differ with almost 100mV among themselves.  

In this case, only the anodic curve of the sample with acidic preliminary treatment 
(G3-PVI) does not reveal any features of pitting corrosion. However, its current densities 
are obviously higher that these of the rest samples. These facts mean that on the anodic 
areas (represented basically by the Al-matrix) suffer severe uniform corrosion. The most 
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probable reason for this phenomenon is that the acid has attacked the Al-oxide layer of the, 
perforating it, as is described in the theoretical part (see Figure 15 of the theoretical part).   

In addition, the Ce(IV) salt has revealed generally worse behavior than the Ce(III). 
As evidence, Figure 36 shows two impedance spectra acquired after 24 hours exposition of 
two samples, submitted to conversion coating after only mechanical preliminary treatment.    

 

 

Figure 36. Electrochemical impedance spectra recorded after 24 hours of exposition in the corrosive 
medium of the samples coated by: 1 - (NH4)2Ce(NO3)5 and 2 - (NH4)2Ce(NO3)6 

The Nyquist plots of the impedance spectra undoubtedly shows that the sample G3-
PIV, coated by the Ce(IV) salts has much worse barrier properties, because the radius of 
its semicircle is twice smaller than this of G3-PI, coated by the respective Ce(III) 
compound. Additionally, the phase-shift curves of the respective Bode plots are clearly 
distinguishable.  

The former one, (curve 1) achieves 70°, whereas the second one reaches almost 80°. 
This fact undoubtedly reveals the better capacitive performance of the superficial layer. 
However, the �  = f(logf) curve of sample G3-PI occupy larger range of frequencies. This 
fact means that there is overlapping of two maxima. Their presence is indication of 
presence of two superficial layers: of the oxide layer and the coating, respectively.  
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 As is mentioned in the literature [39], the addition of small quantities of NaCl into 
the coating solution could contribute to better and more adherent CeCC-layer. The basic 
idea is that if there is a corrosion process induced during the coating, it should enhance the 
activity of the cathodic areas (i.e: the copper inclusions), and by that manner, higher OH- - 
content will be represented near to the metallic surface (due to the oxygen reduction process, 
(reaction 4)). Consequently, more dense films should be expected as consequence of 
intensive precipitation and deposition of Ce(OH)3 and/or Ce(OH)4 compounds.    

 The preparation procedures and description of the samples could be found in section 
2.4. and table 5 of the experimental part.    

Figure 37 represents impedance spectra recorded after 24 h of exposition for three 
samples, coated at room temperature, with different additions of NaCl into the coating 
solution.  

 

Figure 37. Electrochemical Impedance Spectra, acquired after 24 h of exposure, for samples coated at 
room temperature 1 – G4-PI, 2 – G4-PIII; 3 – G4-PV 

As could be seen from Figure 37, almost the entire spectra overlap in the Bode plots. 
Hence, any differences could not be seen among them. In the Nyquist plots, it looks that the 
coating with 3.5 g/l NaCl addition (G4-PI) looks to possess the highest barrier ability. It is 
twice higher than this one with 1.7 g/l NaCl. Surprisingly, the sample with the lowest salt 
addition (G4-PV) stays between the rest two.  
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After 48 hours even these differences disappear. The reason for their disappearance is 
the fact that up-to 48 hours all of the coatings are already broken.  

 

Figure 38. Electrochemical Impedance Spectra, acquired after 48 H of exposure, for samples coated at 
room temperature. 1 – G4-Pi, 2 – G4-PIII; 3 – G4-PV 

The spectra, obtained after 24 hours of exposition for the samples with deposition at 
40 °C (i.e: P4-PII, G4-PIV, G4-PVI, with 3.5; 1.7; 0.85 g/l of NaCl, respectively) have 
very peculiar shapes, due probably to the coincident presence of several different process, 
such as corrosion, adsorption and desorption of various species on the electrode/electrolyte 
interface.  

Nevertheless, after 48 hours of exposure, these samples had typical spectra for bare 
alloy, as could be seen from the Figure below.  
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Figure 39. Electrochemical Impedance Spectra, acquired after 48-h of exposure, for samples coated at 
room temperature. 1 – G4-PI, 2 – G4-PIII; 3 – G4-PV 

In contrary to the fact that after 24 hours the sample (G4-PI), with 3.5 g/l NaCl 
addition to the coating solution revealed the highest barrier ability (see Figure 37), Figure 39 
(position (a)) shows that after 48 hours, it has lost completely its protective abilities. The 
anodic curve of this specimen (curve 1) reveals the highest anodic current density. At -400 
mV, its current density reaches 5.6 mA/cm2, whereas the rest two curves overlap at 0.24 
mA/cm2, being 20 times lower.  

Position (b) of Figure 39 does not coincide with the position (a). It shows that the 
worst features belong to G4-PIV, prepared by supplement of 1.7 g. NaCl to the coating 
solution. Nevertheless, it is the unique that does not reveal features of pitting corrosion. This 
fact means the oxide layer on the Al-matrix is severely attacked, resulting in uniform 
corrosion of the entire anodic area of the alloy.  

Taking in account that the general difference between the curves in positions (a), and 
(b) is that the former are prepared at room temperature, whereas the latter are coated at 40 
°C, could be concluded that the addition of NaCl is so important, as the temperature of 
deposition.  

Due to the simultaneous influence of both these factors, any clear dependence between 
the quantities of the salt in the deposition solution and the features of the coatings was not 
observed.    
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Figure 40. Anodic polarization recorded after 48 hours of exposition in the corrosive medium of the 
samples coated at: (a)– room temperature: 1 – G4-PI; 2 – G4-PIII; 3 – G4-PV – 40 °C: 1 – G4-PII; 2 – 

G4-PIV; 3 – G4-PVI 

According to Conde & co. [39] the addition of NaCl should favour the CeCC 
deposition process. The authors explain this beneficial effect, observed by them by the 
following concept: During the deposition process, the NaCl stimulates the corrosion of the 
alloy. Consequently, the salt should enhance the cathodic activity of the copper containing 
areas. This enhancement should intensify the production of OH- - ions, near to these areas, 
because of the oxygen reduction reaction (Figure 13, and reaction (4) in the theoretical part).   
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The local abundance of hydroxyl ions, near to the cathodic zones, should trigger 
precipitation of Ce(OH)3 / Ce(OH)4 species, that should form CeCC coating. However, these 
insoluble compounds could either deposit on the metallic surface, or just to precipitate, 
forming powder-like sediments. Namely, the latter case is the reason for the low durability 
of the coatings.     

5. GROUP 5. INVESTIGATION OF THE INFLUENCE OF THE OXIDANT ON THE  

FEATURES OF CERIUM CONVERSION COATINGS  

Alternatively to the addition of NaCl, the CeCC deposition could be improved by 
supplemental addition of the oxidant (i.e: peroxide). It serves as accelerator of precipitation 
of Ce(IV) oxides/hydroxides (as is well described and illustrated in the theoretical part, 
section 4.4.2, equation 7). In this case, the term “catalyst” should not be used, because the 
peroxide also suffers chemical conversion, producing excess of OH- - ions. In other words, 
having in mind equation (7) in the theoretical part, H2O2 appears to be very important 
ingredient of the Ce-coating solution, because it is indirect provider of supplement OH- - 
ions near to the cathodic zones.  

In that particular case, the question is whether the obtained Ce-oxides/hydroxides 
should form protective film, or will they be just rather in form of sediments, with 
insignificant adherence to the metallic surface. Figure 41 shows impedance spectra for 
samples from group 5, recorded after 24 hours of exposition to the 3.5% NaCl model 
corrosive medium. The samples and their preparation are described in section 2.5. and Table 
7 of the experimental part.      

 

Figure 41. Electrochemical Impedance Spectra in Bode (a) and Nyquist (b) plots, acquired after 24 h of 
exposure, for samples coated at room temperature. 1 – G5-PI, 2 – G5-PII; 3 – G5-PIII 
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As could be seen in the figure, the barrier ability of the sample treated in solution with 
25ml/l of H2O2 obviously excels all of the rest, despite the fact that the latter contain 2 and 4 
times more peroxide. This fact undoubtedly means that well adherent protective film could 
be obtained only in solution with 25 ml/l of the peroxide.. In the rest two cases, the excess of 
H2O2 results in formation of solid sediments. Furthermore, this specimen (i.e: G5-PI) 
remains its barrier properties even after 168. This fact means that the respective coating 
possesses remarkable durability, as could be concluded after comparison of Figures 42 and 
43.      

 

Figure 42. Electrochemical Impedance Spectra in Bode (a) and Nyquist (b) plots, acquired after 168 h of 
exposure, for samples coated at room temperature. 1 – G5-PI, 2 – G5-PII; 3 – G5-PIII 
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Figure 43. Anodic polarization recorded after 24 (a) and 168 (b) hours of exposition in 3.5% NaCl 
corrosive medium. 1 – sample G5-PI; 2 – sample G5-PII; 3 – sample G5-PIII 

The polarization measurements completely confirm the results acquired via EIS. The 
fig.43 illustrates the anodic polarization curves, recorded after 24 h (position (a)), and 168 h 
(position (b)) of exposition to the corrosive medium.  

Because this sample reveals really impressive barrier ability and durability, it was 
submitted to SEM / EDS analyses. Figures 44 and 45 represent low and high resolution 
SEM images of the surface of G5-PII.  

The EDS map – analyses are shown in Fig. 44.   
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Figure 44. Low resolution SEM-image of G5-PII 

The low resolution image shows a multitude of small holes on the surface of the 
coating, accompanied by several larger dark spots. The former are probably due to observed 
presence of bubbles during the exposition of the metallic plates to the coating solutions. 
Because of the strongly acidic properties of the coating solution, intensive hydrogen 
evolution was observed. It appeared as presence of gaseous bubbles adherent to the metallic 
surface.  

It is expectable that initially, these bubbles cover only the more active cathodic sites. 
Afterwards, the bubbles block the access of the species to the surface of the respective 
cathodes. Consequently, the less active cathodes become the major centers of hydrogen 
evolution. The appearance, and subsequent growth of the gas bubbles, hinders as the access 
of corrosive species to the corresponding cathodes, so this of Ce-ions. That is the reason for 
the presence of high population of small holes.  

The larger black spots are rather consequence of the presence of S-phase coarse 
particles, which provoke production of bigger bubbles.  

The next figure represents high resolution SEM – image, obtained at 2250x 
magnification. It clearly shows the strongly cracked structure of the coating. The origin of 
the cracks is the drying stage of the coating. During this stage, the evaporation of the 
adsorbed water, leads to shrinking of the coating. This phenomenon results in appearance of 
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mechanical tensions and consequently – cracking of the coating. Similar presence of cracks 
is observed by other authors [56], as well.     

The globular shapes of the deposits composing the coating reveal that the deposition 
process is not accompanied by gradual crystal growth.   

 

Figure 45. High resolution SEM-image of G5-PII 

The map analysis shown in Fig 46 reveals miscellaneous composition of the coating, 
where the distribution of the elements does not follow any obvious trends.   

 

     

Figure 46. High resolution SEM-image (a) and EDS map-analysis of G5-PII 
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Figure 47. EDS map-analyses for each main component of G5-PII 

The distribution of each element is much more clearly represented in Figure 47. There, 
the copper is equally distributed due to probably re-deposition phenomena, as is described in 
the literature part of the present work.   

On the other hand, the Cerium is uniformly distributed, as well. This fact means that at 
the conditions of deposition of this coating uniform Ce-film could be obtained. This film 
could serve as a basis of further coating layers. 

6. GROUP 6. OPTIMIZATION OF THE COMPOSITION OF THE COATING 

SOLUTION  

 Comparison of the impedance spectra:  

 Fig. 48 represents three impedance spectra in Bode (a) and Nyquist (b) plots of the 
first three samples, coated either in solutions with different concentrations of 
(NH4)2Ce(NO3)5, or after different preliminary treatments.  
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Figure 48: Bode (a) and Nyquist (b) plots of the EI spectra of three samples of Group 6. 1 – sample G6-
PI; 2 – sample G6-PII; 3 – sample G6-PIII 

It is obvious that the first sample (G6-PI) remarkably excels the other two. The real 
part Z’ of its Nyquist plot reaches 15 k� .cm2 (curve 1), while the rest two stay between 3 
and 5 k� .cm2 (curves 2 and 3). The first one is prepared by higher content of cerous 
ammonium nitrate, as the second one (G6-PII), and its substrate was prepared by only 
mechanical grinding in contrast to G6-PII and G6-PIII. 

This fact means that the alkaline preliminary treatment procedure possesses generally 
detrimental character. Furthermore, its impact is much more remarkable than the 
concentration of the basic substance in the coating solution. This fact is also obvious, 
because the difference between the samples prepared by 0.1 or 0.05 M of (NH4)2Ce(NO3)5 
(see curves 2 and 3) is negligible, compared to the difference of the preliminary treatment 
approaches (see curves 1 and 2).  

Despite the weak difference between the samples coated by 0.05 and 0.1 M Ce-salt 
solutions, the one with lower Ce-content seems to possess better barrier properties (compare 
curves 2 and 3 in Figure 48). This unexpected result could be explained, as well. In the case 
of double addition of the Ce-compound (G6-PII), the relation of the addition of H2O2 to the 
basic substance decreases. By other words, the coating solution for G6-PII contained 25 ml/l 
of H2O2 for 0.1 M (NH4)2Ce(NO3)5, and this relation was twice higher for G6-PIII 
(containing 25 ml/l. H2O2 but only 0.05 M. Ce-salt). That was the reason to compare the 
barrier abilities and durabilities of two samples with equal addition of 0.1 M Ce-salt, and 
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different additions of H2O2. The additions of the peroxide were 25 and 50 ml / l, for G6-PI 
and G6-PV, respectively. 

Experiments on samples with only 0.01 M content were performed, as well. All of the 
samples had revealed completely unsatisfying results, regardless the preliminary treatment 
approach applied on the respective substrate, or the additions of oxidant, duration and 
temperature of coating deposition. This fact was the reason not to continue any kind of 
measurements on samples coated by this concentration of Ce-compound. 

Figure 49 contains impedance spectra, recorded for both samples, after 48 and 168 
hours of exposition to 3.5% NaCl model corrosive medium. 

The spectra after 24 h of exposure had not enough satisfying shapes (i.e: the data 
points were strongly dissipated), which imposes evaluation of the sample barrier abilities by 
the spectra acquired after 48 hours (curves 1, and 2). The log|Z| = f(f) curve of the Bode plot 
for the samples with 50 ml / l of H2O2, at 0.01 Hz is by almost entire order of magnitude 
higher than this of the sample with only 25 ml / l of the oxidizer. The respective Nyquist 
plots reveal even higher difference. The analysis via “find circle” function, reveals that the 
total resistances R (p + coat) possess 15 k� .cm2, compared to 50 k� .cm2. It could be 
concluded, based on all of these observations, that the optimal ratio between the oxidizer 
and the basic ingredient is: 500 ml. of 30% H2O2, for each mol of (NH4)2Ce(NO3)5. This 
optimal ratio is correct only for the investigated system (i.e: between 0.05 and 0.1 mol of the 
Ce-salt, or G6-PIII, and G6-PV, respectively). This ration allows obtaining the highest 
barrier ability for the investigated system. 
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Figure 49: 1. Bode (a) and Nyquist (b) plots of the EI spectra of three samples of group 6. 1 – sample G6-
PI, after 48 hours of exposition; 2 – sample G6-PV after 48 hours of exposition; 3 – sample G6-PI after 

168 hours of exposition; 4 - sample G6-PV after 168 hours of exposition 

Nevertheless, it could be also concluded comparing the curves 3 and 4, that they 
almost overlap. These curves were recorded after 168 hours of exposition of G6-PI, and G6-
PV to the corrosive medium. Regardless the fact that the G6-PV slightly excels G6-PI after 
one week of exposition, the former one has obviously lost its barrier ability, (comparing 
curves 2 and 4). The clear difference between the spectra recorded after 48 and 168 hours of 
exposition to the corrosive medium for the sample G6-PV, reveal its low durability in these 
conditions.  

 Influence of pH of the coating solution was also followed. The pH value was 
maintained to be 2.00 by correction via dropping of HCl : H2O 1 : 3. However, the sample 
G6-PIII (prepared by mechanical and alkaline treatment of the substrate, and coating by 25 
ml/l. H2O2 and 0.05 M. Ce-salt, with corrected pH = 2.00) was repeated by another sample 
G6-PIV, but with its own pH = 2.61.  

The comparison between the spectra of samples G6-PIII and G6-PIV reveals that the 
specimen, coated by the bath with pH = 2.61 has much better barrier ability, than this one, 
with the corrected pH. The log|Z| = f(f) curve of G6-PIV in the Bode plot excels by on and 
half orders of magnitude this one of G6-PIII, at 0.01 Hz. Additional difference between the 
respective Bode plots is that the curve �  = f(log(f)) possesses two, clearly distinguishable 
maxima. This fact undoubtedly evinces the presence of two superficial layers. It could be 
supposed that during the deposition of the Ce-conversion coating, additional oxide layer 
grows, due to the acidic nature of the coating solution. These conditions cause supplemental 
growth of Al-oxide layer on the other sample (i.e: G6-PIII), as well. However, because of 
abcence of uniform film of CeCC, in the case of G6-PIII, its �  = f(log(f)) curve has only one 
maximum at the middle frequencies. It is originated from the Al-oxide layer appeared in the 
conditions, described above.   
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Figure 50: Electrochemical Impedance Spectra recorded after 48 hours of exposure of two samples with 
different pH of the coating solutions. 1 – specimen G6-PIII; 2 – specimen G6-PIV. 

 

Figure 51. Electrochemical Impedance Spectra recorded after 168 hours of exposure of two samples 
with different pH of the coating solutions. 1 – specimen G6-PIII; 2 – specimen G6-PIV 

After 168 hours of exposition, the spectra remain their shapes. This fact is indication 
for the relatively good durability of both coatings.  The Nyquist plots of G6-PIV show that 
the real part (i.e: Z’) of the semi-circles decrease from relatively 55 k� .cm2, detected at 48 
hours of exposition to 20 k� .cm2 , after one week of exposure (Compare Figure 50 with 
Figure 51).    
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Morphological characterization of the samples  

The different behavior of the samples in corrosive medium reflect their individual 
structures, as consequence of the conditions applied for the deposition of the respective 
coatings.  On the other hand, the structures of these coatings could be assessed by their 
superficial morphologies. For these reasons, SEM – observations were executed for 
description of the topographies of the coating surfaces.  

The respective SEM – images are shown in the next figure:  

 

Figure 52. SEM topological images of the samples of group 6 a - specimen G6-PI; b – specimen G6-PII; c 
– specimen G6-PIII; d – specimen G6-PIV 

The SEM images reveal that the samples possess completely different morphologies. 
Even the preliminary treatments of the substrates result in the mechanism of coating 
deposition (compare positions “a” and “b”). The former has equally distributed morphology, 
while the latter reveals additional layer of deposits. The ratio between the Ce-salt, and the 
oxidant renders its influence, as well. The additional deposits observable for the sample G6-
PII are presented neither for sample G6-PIII, nor for G6-PIV (see positions c and d). This 
fact means that because of the lower content of oxidant, compared to the Ce-salt in the case 
of sample G6-PII, there is not enough intensive precipitation of Ce-oxides/hydroxides. As 
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consequence, the coating deposition passes accompanied by corrosion process. That is the 
reason for the coverage of the Ce-coating by corrosion products as Al(OH)3. The 
comparison between samples G6-PIII, and G6-PIV (positions c and d), shows that the pH 
also has strong influence during the deposition process. The unique difference between the 
samples is that the former coating was deposited at pH = 2.00, while the latter is done at pH 
= 2.61. The corresponding coatings possess entirely different morphology.  

   

Figure 53. EDS topological images of the samples of group 6. a - specimen G6-PI; b – specimen G6-PII; 
c – specimen G6-PIII; d – specimen G6-PIV 

The EDS map analysis confirms the conclusions done for the SEM observations. The 
superficial sediments that cover the coating of G6-PII (see position “b”, Fig. 53) are almost 
entirely composed by Al.    
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V. CONCLUSIONS 

1. New electrolyte was elaborated, for deposition of Cerium based conversion coatings (CeCC) 
for protection of AA2024 alloy against corrosion. The cerium salt - Diammonium 
pentanitrocerate was used, in which, contrary to all rest electrolytes used up to nowadays, 
the Cerium is represented in the anionic moiety. 

2. During its development, the influence of various conditions was elucidated, related to the 
preliminary treatment, the composition of the electrolyte, and the deposition regime.  
1) It is demonstrated the preliminary treatment has remarkable importance for the features 

of the coatings. Three basic approaches were employed for preliminary treatment of the 
AA2024 substrates: mechanical, alkaline etching, and acidic activation. It is established 
that the coatings deposited after only mechanical treatment are in form in uniform films.  

2) It is ascertained that the best Cerium Conversion Coatings are obtained by the following 
electrolyte composition: concentration of the Ce-salt 0.05 up to 0.1 M; molar ratio 
between the peroxide and the Ce-salt, from 4 to 8; the pH in the range between 2.1 and 
2.3; and NaCl content – 3.5%.    

3) The depositions of the coatings were performed at three different temperatures: ambient 
temperature, 40 °C, and 55 °C and duration of immersion of the samples in the coating 
solution between 60 and 120 minutes. It was established, in this case, that the optimal 
regime of coating deposition is 40 °C, and 90 minutes of retention.  

3. It was observed that during the CeCC deposition, pH of the coating solution rises, resulting 
in undesirable precipitation of Ce-oxides/hydroxides. The maintenance of the electrolyte pH, 
in narrow optimal interval and to avoid the precipitation of the Ce-salt, the conversion bath 
was buffered by buffer of Louriett, based on amino-acid.   

4. By SEM-EDS observations was evinced that even insignificant change of whatever 
parameter of the deposition process results in completely different superficial morphology of 
the coating.  

5. By application of two, electrochemical methods independent between themselves: Linear 
Voltammetry and Electrochemical Impedance Spectroscopy, the barrier ability and the 
durability were investigated. As result was established that the best specimens possess the 
highest value for charge transfer resistance Rct = 5x104 � .cm2  which is a measure for the 
barrier properties of the coating, and duration of the exposition to the model corrosive 
medium composed by 3.5% NaCl, more than 350 hours, any visual corrosion pits were not 
observed.  
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