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I.

INTRODUCTION

1. Importance of the aluminium and its alloys for the industry and the
transport
Regardless the employment of entire generations of new materials in the transport and
especially, aircraft industry, the aluminium alloys still remain the basic constructive
materials. Especially, AA2024 and AA7075 are the objects of special attention, due to its
remarkable mechanical strength [1]. It possesses tremendous importance so for the
commercial [2], so for military [3 ‐ 5] aircraft.
Examples for the importance of these alloys are their applications as basic constructional
material for AIRBUS [2], BOEING [5], and ANTONOV [6].

Fig. 1. Frontal images of the biggest commercial airplanes
(a) ‐ Airbus A380 [9], (b) ‐ Boeing 747 [10], (c) ‐ Antonov 225 [11]
6
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Recently, the importance of these alloys increased, due to their capabilities to be employed
in the automobile industry [7, 8], as wheel carcasses (Fig. 2), or entire car bodies (Fig. 3).

Fig. 2. Aluminium carcasses for car wheels [12]

Fig. 3. Entire aluminium car bodies [13]

Although their apparent advantages, in a number of cases, the use of the aluminium alloys is
limited by their aptitude to sufferer corrosion processes in aggressive environments [14].
On the other hand, the high content of variety alloying elements in the high strength Al‐
alloys promotes the generation of multiphase alloy system after appropriate
thermomechanical treatment [15].
For such alloys, microgalvanic coupling between different metallurgical phases in presence
of aggressive environments increases their susceptibility to localized corrosion. Simplified
visual model of corrosion of Al‐Cu alloy is depicted in Fig. 4.
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Figure 4. Illustration of electrochemical corrosion of Al‐Cu alloy
а – Superficial native oxide layer on the Al‐anodic part; b – Copper inclusion; c – area of the aluminium matrix;
d – superficial boundary of the Aluminium part; e – drop of electrolyte (water solution of NaCl)

Practically, the corrosion processes in the AA2024 follow much more complicated
mechanisms, as result of the simultaneous presence of various elements and phases.
Various studies on the real composition and structure of the AA2024 Al‐Cu alloy have been
executed [16 ‐ 19]. The authors report for simultaneous presence of intermetallic
precipitates, such as: Al2CuMg; Al16(Cu, Fe, Mn), Al20Mn3Cu2. Furthermore, nine different
phases with basic composition: (Al, Cu)x(Fe, Mn)ySi are described elsewhere [20].
The real composition of the AA2024 alloy predetermines much more complicated
mechanism of its corrosion as is described in detail in the literature [16, 21, 22]. According
to Yasakau [16] the most spread intermetallic is so called “S‐phase”, composed by Al2CuMg.
In these particles, after dissolution of Mg, the Cu remnants becomes be cathodes, causing
electrochemical dissolution of Al, initially inside the S‐phase particle, and afterwards, in its
surrounds. In addition, Srinivasa [22] mentions that there are other less active, fine
precipitates, as well. Furthermore, in the same review, the kinetics of nucleation and
posterior growth of the corrosion pits is described in detail. Thus, three basic stages are
emphasised: pit initiation, meta‐stable pitting, and at last, a stable pitting growth.
For industrial applications, the alloys are usually coated prior to their use as components for
various transport vehicles and equipment. In the aircraft industry, it is commonly accepted
to apply multilayered, multifunctional coatings, as is shown in the figure below [23].
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Figure. 5. Schematic presentation of multilayer coating system according [23].
1,2 – finishing double layer of polyurethane, 3 – intermediate adhesive layer; 4 – primer hybrid coating; 5 –
metal substrate
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2. Corrosion and corrosion phenomena
2.1. Definition:
Corrosion is the gradual destruction of materials, usually metals, by chemical reaction with
its environment. In the most common use of the word, this means electrochemical
oxidation of metals in reaction with an oxidant such as oxygen. Rusting, the formation of
iron oxides is a well‐known example of electrochemical corrosion. This type of damage
typically produces oxide(s) or salt(s) of the original metal. Corrosion can also occur in
materials other than metals, such as ceramics or polymers, although in this context, the
term degradation is more common. Corrosion degrades the useful properties of materials
and structures including strength, appearance and permeability to liquids and gases [24].
In the Nature the metals, occur in form of various compounds composing minerals, known
as well as ores. By thermodynamic point of view, the corrosion of the metals and alloys is a
spontaneous process of reversion of these materials back to their natural state [25] (oxides
hydroxides salts, etc).
Particularly, the aluminium also could not be found in the Nature as a metal. Several basic
natural minerals are sources of this metal [26]:
SILICATES: Kaolin Al2O3.2SiO2.2H2O, Potash felspar K2O. Al2O3.6SiO2, Potash mica
K2O.3Al2O3.6SiO2.2H2O
OXIDES: Bauxite Al2O3.nH2O, Gibbisite Al2O3.3H2O, Diaspore Al2O3.H2O, Corundum
Al2O3,
FLOURIDES: Cryolite Na3AlF6.
SULPHATES: Alunite K2SO4.Al2(SO)3.4Al(OH)3.
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2.2. Appearance of corrosion:
By chemical (electrochemical) point of view, the corrosion process possesses heterogeneous
nature. By that manner, the surface of the corroding metal is the interface, where all
corrosion processes proceed. The corrosion process could occupy the entire metallic
surface, due to uniform propagation of the corrosion damage. Nevertheless, it could
proliferate predominantly on local areas, as a result of various reasons. That is the reason to
distinguish the uniform corrosion from its localised forms. The latter are much more
dangerous, because after its initiation, it could propagate in the bulk of the respective
metallic details, forming almost invisible cracks that remarkably deteriorate the mechanical
properties of the respective machine components.
The main kinds of corrosion, classified according to their appearance are depicted in Fig. 6.

Fig. 6. Main forms of appearance of corrosion.

Here, should be mentioned that the corrosion processes could be also classified on the basis
of the reasons for their appearance. That is the reason for the existence of such terms as
11
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“marine corrosion”, “high temperature corrosion”, or “soil corrosion”. This classification
appoints the environmental conditions that cause the respective corrosion impact.
Recently, the aluminium alloys have found application in the marine industry for production
of sport boats and even ships [27 ‐ 29]. The main advantage of the aluminium alloys,
compared to the steels is that the former are much lighter (being about 2.723 tonnes/m3)
than the latter (about 7.840 tonnes per m3) [30]. Finally, the aluminium alloys are much
appropriated for military naval building, because of the absence of magnetic properties
[31].
Figures 7 and 8 represent marine vessels, composed by aluminium alloys.

Fig. 7. a – commercial ship [28], b ‐ sport boat [29] composed by aluminium

Fig. 8. Aluminium naval ships, class “Littoral Combat Ships” [31]

As a consequence of the extended use of aluminium alloys in the sea transport, these alloys
will be much more often submerged to marine corrosion. This type of corrosion is a result of
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three main factors: high salt content dissolved oxygen in the water, and presence of living
species, that produce acidic substances as a result of their life activity. By other words,
biological factors could also be represented, beside chemical (electrochemical) ones.
Remark the severe corrosive attack that could be caused by the sea‐water organisms [32]
(Fig. 9).

Fig. 9. AA6061 aluminium surface covered by corrosion causing seawater organisms [32]

2.3. Conditions of the CeCC ‐ 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.
Arenas describes the conversion coatings as products of chemical or electrochemical
process, consisted on formation of a metallic oxide, with different properties, being
substitute of the native superficial oxide layer of the respective substrate [33].
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 [34]:

(1)
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(2)
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 [34]:

(3)
(4)
(5)

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 1), 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 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
14
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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 4 (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 cerious (Ce(III)) compounds. Although some authors preferred to use
KMnO4, [35], or perchloride NaClO4, [36], 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 [37].
Additionally, the authors alaso remark that all of the deposition process passes
through intermediated complex ions, such as: Ce(OH)22+, Ce(H2O2)3+, and other
Ce(IV)(O‐O)(OH)2 species [38].
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
15
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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 depositions, 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 [39]. 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 [40]. Furthermore, this method is proposed by
Fachikov & co. for corrosion protection of zinc, and low carbon steel [41 ‐ 44]. The
tretmant by phosphates is also well known as preliminary treatment prior
depositions of various galvanic coatings [45].

In general, the entire CeCC deposition consists on three main stages:

a. ‐ Preliminary superficial treatment, by mechanical polishing (for determination
of defined roughness), and chemical etching and activation (for modification of
the surface chemical composition).
b. ‐ Deposition of CeCC coating, by dip coating, spin coating, spray coating or
electrochemical deposition methods.
c. ‐ Post deposition sealing, It performs by deposition of finishing layer.
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Figure 10 depicts the main procedures and steps of CeCC deposition, according to O’Keefe
[42].

Fig. 10. Block scheme of the main procedures, related to CeCC deposition [42]
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3. Bases of the analytical methods for determination of the corrosion
processes
In all fields of the material science, the investigations are always based on conjunction of
synthesis and posterior qualitative characterization and quantitative evaluation of the
respective specimens. This general approach allows following the relation between the
conditions of synthesis and the properties of the respective products. By that manner, the
influence of each condition of synthesis on the properties of the corresponding products
could be described.
The analytical methods, employed for the present research work could be divided into two
general groups:
a) Electrochemical methods for determination of the rate of corrosion attack and the
respective protective ability of the CeCC coatings
b) Morphological characterization of the coatings, as a result of the conditions of their
synthesis.

3.1. Theoretical bases of the electrochemical methods of analysis
‐ BASIC TERMINOLOGY
Electrochemistry [46] is a branch of chemistry that deals with the chemical changes,
produced by electricity and the production of electricity by chemical changes. These
processes proceed either in Electrolysis cells, or Voltaic and Galvani cells, respectively. By
thermodynamic point of view, the former processes are spontaneous, whereas the latter
should be driven by external source of energy. In both cases, in the electrochemical devices
(e.g: the cells), processes of oxidation or reduction occur on the electrode surfaces [47]. By
that manner, always the electrodes can be classified as: Anodes: where oxidation occurs, in
the representation of the cells is located at the left side in the equations, and Cathodes:
where reduction takes place, in the representation of the cells is located at the right side in
the equations. Thus, in the electrochemical cells “redox”‐couples are formed where
18
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reduction and oxidation, both take place together. One substance is reduced, while other is
oxidized [48].
The other basic component for absolutely every electrochemical cell is the electrolyte
between the electrodes. It provides the charge carriers necessary for the respective redox
processes on the respective electrode surfaces.
The electrolytes are usually ionic compounds that can be dissociated into the respective
Cations ‐ positively charged ions, with lack of electrons, and Anions – negatively charged
ions with excessive electrons. Example for classical electrochemical is represented in Fig. 11.

Fig. 11. Example of a electrochemical cell [49].

Thus, in the respective Galvani elements, due to the potential difference between the
electrodes, electromotive force appears.
A relative measuring unit is employed, named “Standard electrode potential”. It can be
compared to a referent electrode. The most basic referent electrode is the so called
“Standard Hydrogen Electrode”.
19
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Its potential is accepted as zero, Eº = 0 as a basis for comparison with other electrolytic
reaction. The standard hydrogen electrode (abbreviated SHE), is a redox electrode which
forms the basis of the thermodynamic scale of oxidation‐reduction potentials. Its absolute
electrode potential is estimated to be 4.44 ± 0.02 V at 25 °C, but to form a basis for
comparison with all other electrode reactions, hydrogen's standard electrode potential (Eº)
is declared to be zero at all temperatures. Potentials of any other electrodes are compared
with that of the standard hydrogen electrode at the same temperature. Hydrogen electrode
is based on the redox half cell:
2H+(aq) + 2e‐ → H2(g)
This redox reaction occurs at platinized platinum electrode (Fig. 12). The electrode is dipped
in an acidic solution and pure hydrogen gas is bubbled through it.

Fig. 12. Standard Hydrogen Electrode [50]

The SHE also serves as a basis for determination of the potentials of different electrodes,
and creation of the Table of the standard electrode potentials, shown below.
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Table 1. Standard electrode potentials [51].

Since the values show the ability of the respective electrodes to be reduced, the bigger the
standard reduction potentials, the easier they are to be reduced, in other words, they are
simply better oxidizing agents [52].

Nowadays, there are different standard electrodes, such as Saturated Calomel electrode
SCE, or Silver/Silver Chloride Ag/AgCl 3M KCl, but all of them are based on their ability to
maintain constant value of their potential, regardless the currents that pass through them
[53 ‐ 55].
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1.1.1. Electrochemical Voltammetry
This electrochemical analytical method is based on determination of the potentials (or
currents) crossing the surface of a sample (e.g: working electrode (WE)), measured
according to a referent electrode (RE), after input of electrical signals by counter electrode
(CE). By that manner, the voltammeters combine two electrical chains: Driving circuit – it is
closed between WE and CE, and measuring circuit, between WE and RE. The Voltammetry
can be performed in four different regimes:
1 – Potentiostatic
2 – Potentiodynamic
3 – Galvanistatic
4 – Galvanidynamic regimes.
The former regimes are based on measuring of the currents passing across WE surface, at
given potential driven by the CE, whereas the latter serve for determination of the
potentials, at given current.
The Voltammeters are automatic devices, designed to measure the signals through WE – RE
circuit, in account of defined signal that passes through WE ‐ CE circuit. Historically, the first
device of this kind is the so called “bridge of Poggendorff. Its construction is represented in
Fig. 12.
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Fig. 12. Compensation bridge of Poggendorff [56]

The modern electrochemical equipment is based on the bridge of Poggendorff, but it
provides much – larger variety of possibilities, because of the development of the
automation, and employment of computer systems for signal modulation. Schematic image
of modern electrochemical equipment is depicted in Fig. 13.

Fig. 13. Modern electrochemical measuring system
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1.1.2. Data presentation, polarization curves
The polarization curves enable to determine the kinetics of the corrosion processes, as well
as to determine the predominant processes on the metallic surface. These curves are
graphical expressions of the current signals that cross the metallic surface on WE (i.e.: the
sample), in respect to a Referent Electrode (RE), at gradual polarization, caused by the
Counter Electrode (CE). The polarization of WE appears as a change of its electrode
potential, due to application of an electric signal by CE. So, each electrode (i.e.: corroding
plate) possess its own polarization resistance (Rp). As the Rp value is higher, as the corrosion
process is slower.
-

Polarization resistance
Following Ohm´s law, it could be expected that the relation between the
measurable current, and the applied over potential η. Every kind of change of the
measured current (ΔI) between the referent and the working electrode, caused by
the change of the voltage of the input signal, (ΔU) between counter electrode and
the working electrode is known as “polarization”. The corresponding coefficient of
the mentioned relationship is known as “Polarization resistance” (Rp).

Where: Rp – is the polarization resistance; ΔU – gradual change of the voltage of the
signal input by the Voltammeter through the CE (i.e.: the scan rate); Δi – Measured
value (by RE) of the current density crossing the WE.
The corrosion rate could be determined by the Tafel slope analysis, because its is
directly related to the corrosion currents, because of the electrochemical nature of
the corrosion processes.
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-

Tafel slope analysis
It is based on the Tafel equation, described below [57, 58]:

Where: i is the calculated corrosion current; n – is the number of electrons,
exchanged in the corrosion reactions, k – is the constant of Bolzmann; F – is the
constant of Faraday, R – Universal gas constant, T – the absolute temperature, α – is
charge transfer coefficient.
Fig. 14 shows typical image of polarization curve log(i) = f(E).

Fig 14. General view of polarization curve in logarithmic coordinate system

Besides the kinetics of the corrosion process, the poalrization curves could render
information for the nature of the corrosion processes, as well.
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1.1.3. Anodic branch
Its shape reveals all of the anodic (oxidation) processes, together with passivation
phenomena [59].
A schematic anodic polarization curve is illustrated in Fig. 15. As can be seen in the figure,
the scan starts from a point 1, and progresses in the positive (potential) direction until
termination at point 2. There are a number of notable features on the curve.

Fig. 15. Theoretical anodic polarization scan [59]

The open circuit potential (OCP) is located at point A, at this potential the sum of the anodic
and cathodic reaction rates on the electrode surface is zero. As a result, the measured
current will be close to zero. This is due to the fact that the potentiostat only measures the
current wich it must apply to achieve the desired level of polarization.
As the potential increases, we move into region B, which is the active region, in this region,
metal oxidation is the dominant reaction.
Point C is known as the passivation potential, and as the applied potential increases above
this value, the current density is seen to decrease with increasing potential (region D) until a
low, pasive current density is achieved (Passive region – Region E). Once the potential
reached a sufficiently positive value (Point F, sometimes termed the preakaway potential)
the applied current rapidly increases (region G). This increase may be due to a number of
26
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phenomena, depending on the alloy. For the aluminum alloys in salt water this sudden
increase in current may be pitting.
1.1.4. Cathodic branch
A schematic cathodic polarization branch is illustrated in Fig. 16 [59]. In a Cathodic
potentiodynamic scan, the potential is varied from point 1 in the negative direction to point
2. The open circuit potential is located at point A. As with the anodic scan, the open circuit
potential represents the potential as which the sum of the anodic and cathodic reactions
occurring on the electrode surface is zero.

Figure 16. Theoretical cathodic polarization scan [59]

Depending on the pH and dissolved oxygen concentration in the solution, region B may
represent the oxygen reduction reaction. Since this reaction is limited by how fast oxygen
may diffuse in solution there will be an upper limit on the rate of this reaction, known as the
limiting current density.
Further decreases in the applied potential result in no change in the reaction rate, and
hence the measured current (region C). Eventually, the applied potential becomes
sufficiently negative for another cathodic reaction to become operative, such as illustrated
at point D.
27
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As the potential and hence driving force, becomes increasingly large, this reaction may
become dominant, as illustrated in region E.

1.1.5. Electrochemical impedance spectroscopy (EIS)
The EIS method is an analytical quantitative method, based on the measurement of all
Ohmic resistance (R), capacitance (C) and inductance (L) elements of the real
electrochemical cell. It excels the rest electrochemical methods for measurements and
analysis, because it enables determination of characteristics of insulating materials as well
(i.e.: such as dielectric permeability of protective coatings, etc).
Data presentation of EIS data
The basic two kinds of data presentation of the Electrochemical Impedance Spectroscopy
are Nyquist plot and Bode plot [59].

Nyquist plot: It represents the real and the imaginary part
of the impedance. The real part is related to the
resistance (–Z”) of the system, and the imaginary part is
related to the capacitance of the system (Z’). It is shown
on figure 19, position A.

Bode plot: This kind of graphical presentation is
preferable, because the changes of the spectra with the
frequencies are clearly observable. They demonstrate the
clear relationship between the frequency and the
parameters of the system represented on Figure 17,
position B.
The Bode plot gives real imagine for the processes which
occurs in the electrochemical system during the impedance measurement. It gives clear idea
at which frequencies the system has behavior more similar to resistor, and at which
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frequencies it behaves rather as capacitor. If the phase shift is 90°, then the electrochemical
system behaves as ideal capacitor. If the phase shift is equal to 0°, then the system is more
similar to ideal resistor. Similar information gives the logarithm of impedance module log Z
. In that part of the spectrum where it is under 45°, of declivity, the system reveals behavior
similar to capacitor. If this declivity is almost horizontal, than the electrochemical system
has behavior similar to ideal resistance.

1.1.6. Data interpretation of EIS spectra. Equivalent circuits [60]
The interpretation of the spectra acquired by EIS can be done by comparison of the real
measured spectrum of given specimen to an imaginable equivalent circuit. The creation of
appropriated equivalent circuit demands theoretical knowledge about the real system,
object of investigation. Figure 18 summarizes real spectra in Bode plots and the
corresponding equivalent circuits for sequent and parallel connections between resistor and
capacitor.

Fig. 18. Bode plots and equivalent circuits for parallel andsequent connections of R and C
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Constant Phase Element, CPE

Modeling an electrochemical phenomenon with an ideal capacitor assumes that the surface
under investigation is homogeneous which normally not the case is. This lack of
homogeneity is modeled with a CPE where, C is the ideal capacitance and a is an empirical
constant, 0 £ a £ 1. When a = 1, CPE acts as an ideal capacitor. Double layer capacitance and
coating capacitance, described in the previous section, are usually modeled with a CPE.
Z=1/(jwC)α
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3.2. Scanning electron microscopy and microanalysis
Basic components of a scanning electron microscope [61]:
Electron gun:
It is the emitter and it generates the electron beam. A tungsten electrode is the cathode and
it and generates electrons which are emitted by thermionic effect and accelerated by the
action of a potential between the filament and a metal anode. There is also a Wehnelt
cylinder, which acts as the grid with the electrons obtained in the cathode.
Electromagnetic lens system:
They focus the obtained electron beam. In the beginning the electron beam has a diameter
around 20‐30 μm, and with the lents is possible to obtain a diameter about 20‐30 nm.
Detection systems:
They translate the received signal into an electrical impulse or a image.
Sample support system:
Place where the samples are introduced.
Vacuum chamber:
Equipment which produces the vacuum necessary to work with the scanning electron
microscope.
Electronic and computer system:
Hardware and software specialized to control, acquire the information and make
measurements. Figure 19 shows a cross section of Scanning Electron Microscope.
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Fig. 19. Basic components of a scanning electron microscope [62]

The Scanning electron Microscopy is generally based on analysis of emissions derived by the
collisions of the electrons from the electron beam and the particles composing the
investigated sample, as is described below, and depicted in Fig. 20.
The information obtained from these emissions can be varied: the topography, the structure
and composition of the sample, are the aspects most used in this technique. The most used
signals are:
‐ Secondary electrons: Electrons originals of the atoms, pulled out by the electronic beam,
designated “secondary electrons”. In one inelastic interaction, the incident electron
transfers your energy to an external electron of the atom. This energy is sufficient to expel
this electron of the atom.
‐ Back scattered electrons: Electrons of the bean, they bounce with the core of the atoms in
the sample, designated “backscattered electrons”. In an elastic interaction, the collided
system keep constant its linear momentum and kinetic energy. These elastic interactions
occur generally between the incident electron and the atomic nucleus, electrons are
scattered at an angle of more than ninety degrees.
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‐ Characteristic X rays: the incident electron give the energy for exciting the atom, so some
energy is used to expel an electron of the internal caps of the atom, this electron remains
exciting in one superior level of energy. As the excited electrons return to lower energy
states, they yield X‐rays that are of a fixed wavelength.

Figure 20. Schematic cross section of the dept of penetration and derived radiations at SEM

3.3. 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.[63]
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Fig. 21. Schematic presentation of Atomic force microscope
(a) – 2D image, (b) – 3D image [64]

The basic principle of AFM is that a probe is maintained in close contact with the sample
surface by a feedback mechanism as it scans over the surface, and the movement of the
probe to stay at the same probe‐sample distance is taken to be the sample topography [65].
Typically, probe radius varies from 5 to 20 nm. The bending of the cantilever normal to the
sample surface is usually monitored by an optical lever, although other methods have been
investigated. This system magnifies the normal bending of the cantilever greatly, and is
sensitive to Angstrom‐level movements. There are a variety of modes of scanning, but in the
simplest mode, the probes gently touch the sample as it moves over the surface. The
movement of the probe over the surface is controlled by a scanner. This is normally made
from a piezoelectric material, which can move the probe very precisely in the x, y, and z
axes, although other types of actuator are also used. The signal from the photodetector
passes through a feedback circuit, and into the z‐movement part of the scanner, in order to
maintain the probe‐sample distance at a set value. Because the cantilever acts as a spring,
this fixed cantilever deflection means a fixed probe‐sample force is maintained. The amount
by which the scanner has to move in the z axis to maintain the cantilever deflection is taken
to be equivalent to the sample topography.

34

Cerium based Conversion Coatings for protection of AA2024 aluminum alloy against corrosion, deposited by non buffered and buffered solutions
OLAIA FERNÁNDEZ ACUÑA

II.

AIM AND TASKS

The general aim of the present diploma work is to investigate the kinetics of deposition, the
superficial morphology, the composition and the protective performance in aggressive
corrosive media.
It was necessary to decide the following two groups of tasks:
A. Deposition of the coatings:
i.

Influence of the preliminary treatment of the AA2024 specimens on the properties
of the coatings: ‐ mechanical grinding, ‐ alkaline etching, ‐ acidic etching.

ii.

Elaboration of conversion baths, stable at storage and working, enabling deposition
of high quality coatings, by variation of the content of the basic bath ingredients, and
deposition conditions: CeCl3, H2O2, and buffer, as well as the pH, the time, and the
temperature of deposition.

iii.

To follow the kinetics of deposition of the coatings, in accordance of the composition
of the respective bath, and deposition regime.

B. Characterization of the coatings:
i.

Superficial morphology and composition, regarding the deposition conditions, by:
AFM, SEM, EDX.

ii.

Barrier and protective abilities against the corrosion in aggressive medium, by 3.5%
NaCl, using electrochemical measurement tests.
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III.

EXPERIMENTAL
1. Materials and equipment
1.1. Investigated alloy

The object of investigations was copper‐magnesium containing aluminium aircraft alloy,
delivered by “Southwest Aluminium group” (China).Its certificate is represented in the next
figure:

Fig. 22. Certificate for origin and quality of the aluminium alloy

This alloy sheet was cut into a coupons with a size of 2.5cm x 2.5cm. Afterwards, these
metallic plates underwent superficial treatments, following different approaches, as is
described in the next sections.
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1.2. Precursors and supplemental chemicals
All of the chemical substances were purchased especially for the execution of the present
research work.
- CeCl3.7H2O – analytical grade of purity – produced by “Alfa Aesar” – Karlsruhe
(Germany).
- Perhidrol ‐ H2O2 (30%w/w.) – produced by “Valerus” – Sofia (Bulgaria)
- Glycine ‐ analytical grade of purity – produced by “Valerus” – Sofia (Bulgaria)
- Malonic acid – analytical grade of purity – produced by “Alfa Aesar” – Karlsruhe
(Germany).
- Hydrochloric acid ‐ HCl (36 %w/w.) – produced by “Valerus” – Sofia (Bulgaria)
- Nitric acid – HNO3 analytical grade of purity – produced by “Valerus” – Sofia
(Bulgaria)
- Sulphuric acid – H2SO4 ‐ analytical grade of purity – produced by “Valerus” – Sofia
(Bulgaria)
- Acetone – (CH3)2CO ‐ analytical grade of purity – produced by “Valerus” – Sofia
(Bulgaria)
- Sodium Chloride (NaCl) – (99.8 %w/w.) – produced by “Valerus” – Sofia (Bulgaria)
- Sodium hydroxide (NaOH) – analytical grade of purity – produced by “Valerus” –
Sofia (Bulgaria)

These substances were used as initial precursors for preparation of the necessary solutions,
following the SAFETY RULES for working in a laboratory.
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1.3. Equipment used for posterior analysis and characterization of the obtained CeCC
coatings
Electrochemical methods:
All of the electrochemical measurements were performed by Potentiostat/Galvani‐stat
“Autolab ‐ PGStat 30/2”, product of “Ecochemie”, (the Netherlands). The samples were
situated in flat cells, with 100 ml. of volume of the model corrosive medium, (described in
the next sections). The cells were with three‐electrode configuration, where limited zones
with 2,38 cm2 area served as working electrodes (WE). All the measurements were
performed in respect to Ag/AgCl – 3M KCl (model 6.0733.100, product of Metrohm) as a
reference electrode, with stable potential value of 0.2098 V in respect to Standard
Hydrogen Electrode (SHE). Platinum net with cylindrical form and highly developed
superficial area was used as a counter electrode (CE) for input electric signals from the
device to the cell.

Surface morphology observation:
As is explained in the theoretical part of the present thesis, all of the corrosion processes,
and their hindering by the protective layers possess a heterogeneous nature, being based
on the interaction between the solid metallic surface and the corrosive species from the
liquid naturally aerated model corrosive medium. Consequently, the chemical composition,
and the roughness of metallic surface is of a crucial importance for the nature and even the
entire the kinetics of the corrosion processes.
Furthermore, undoubtedly it has tremendous influence on the kinetics of the deposition
processes, resulting in the quality and performance of the deposited CeCC films.

Optical Metallographic Microscopy:
It was performed by revolver microscope “Boeco” – Germany, coupled by a web‐camera
with 800 x 600 pxl. resolution.
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Scanning Electron Microscopy:
SEM images at different magnifications were recorded using scanning electron microscopy
(TESCAN, SEM/FIB LYRA I XMU). The local composition was studied using energy dispersion
X‐ray spectroscopy (Quantax 200 of BRUKER detector) connected to the SEM‐device.
Atomic Force Microscopy: It was performed by Easy Scan 2, product of “Nanosurf” –
Switzerland, supported by TAP 190 aluminum tips, produced by “Budgetsensors” – Bulgaria.

2. Preliminary treatments:
As was mentioned already in the literature review, all aluminum alloys, including AA2024
possess physical and chemical heterogeneity (non‐uniformity) of the surface. This fact is
consequence of the alloying elements that form intermetallic phases with distinguishable
chemical composition. Being in form of individual particles, these phases are distributed on
the surface as well as in the bulk of the alloy, creating by that manner superficial chemical
heterogeneity*.
Its* behavior is different at application of various methods for preliminary treatment. All
authors [3, 35, 42, 66] are agree that the preliminary treatment, prior to the conversion
coating deposition have significant influence on the characteristics of the respective
coatings.
For the purpose of the present investigations, three kinds of preliminary treatments:
mechanical grinding, alkaline etching and acidic etching were used.

- Mechanical treatment procedure: The samples were sanded by sandpaper (280,
500, 800, 1000, 1200). Afterwards, they was washed with soap, and later passed for
distillated water. Then they were degreased by immersion in pure ether alcohol
mixture (1:1) for 5 minutes at room temperature. Finally they were cleaned for at
least 1 minute by tap water, followed by distilled water.
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-

Alkaline etching: This kind of preliminary treatment encountered the most widely
spread application in the practice, because it is the cheapest one, and does not
require any need for preliminary degreasing of the metallic details.
The samples underwent etching by immersion in NaOH solution (50 g/l) at 50 °C for
90 seconds. Afterwards, they were submitted to vigorous cleaning by tap‐water for
at least one minute, followed by cleaning by distilled water. Because of the
formation of black smut of the oxides of the heavy metals, composing the alloy as
intermetallic inclusions it was necessary to perform additional operation –
desmutting. For this purpose, the specimens were immersed in diluted HNO3 (1:1)
for 10 minutes, at room temperature. The entire procedure was finished by cleaning
by vigorous tap‐water, followed by distilled water.

-

Acidic etching: The samples were degreasing by immersion in pure ether alcohol
mixture (1:1) for 5 minutes at room temperature. Afterwards, they were immersed
in a acid medium, composed by 260 g/l H2SO4 solution, for 5 minutes at 50 °C,
following the emergency rules because it is a strong acid. Finally, the samples were
cleaned by tap water, and distilled water, as is described in previous procedures.
After the application of one of the respective preliminary treatments, the
corresponding metallic specimens were subjected to a coating deposition, in a Ce‐
containing conversion bath at defined temperature, for defined time.
Namely, the compositions of the baths, the temperatures, and durations of
deposition were the main conditions – object of research.
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3. Composition of the conversion baths
Baths for deposition of cerium conversion coatings with different content of buffer were
used. The non‐buffered conversion bath was with the following composition: 0.05 M
CeCl.7H2O solution, with addition of 12.5 ml/l. perhidrol (M ≈ 8.3). The initial pH value was
pH = 2.1 – 2.2, that was achieved by adjusting by HCl addition.
For preparation of the buffered baths two kinds of buffers were used:
-

Solution of malonic acid, as is proposed in [67].

-

Original, unused until nowadays Glycine buffer.

The exact compositions of the respective conversion solutions is described and discussed in
the Results and Discussion section.
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IV.

RESULTS AND DISCUSSIONS

1. Elaboration of non‐buffered and buffered baths for deposition of
Cerium based Conversion Coatings (CeCC).
The spontaneous deposition of the conversion coatings is complicated process that depends
on numerous factors.
So the composition of the conversion bath, so the regime of deposition influence on this
process. The obtaining of high quality coatings is possible only after optimization of the
influence of large number of parameters: preliminary treatment of the specimens, kind and
concentration of the cerium salt, content of peroxide, pH of the conversion bath, and
presence of buffers, temperature and duration of deposition.
Initially, non‐buffered baths was developed.
The parameters that were object of change and the thresholds of their values are
summarized in Table 3.1.

Table 3.1. Scheme of change parameters of the non‐buffered conversion bath and
deposition regime
Parameter

1

2

3

4

5

Solvent

6

7

8

9

Distillated water

CeCl37H20, mol/L

0.1

0.1

0.1

0.05

0.05

0.05

0.01

0.01

0.01

30% H2O2, mL/L

100

50

25

50

25

12.5

10

5

2.5

nH2O2/nCe

8/1

4/1

2/1

8/1

4/1

2/1

8/1

4/1

2/1

Initial pH

pH = 2.1~2.2

Temperature, ºC

Enviroment, 40, 60

Time, min

5

5

5

5

5

5

5

5

5

10

10

10

10

10

10

10

10

10

15

15

15

15

15

15

15

15

15
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From the table is observable, that the values of some parameters were not changed. Such a
parameter is for example the initial value of pH of the bath – pH = 2.1 – 2.2. From the
literature [68], and the Porbaix diagrams [69] follows that at higher pH values, the peroxide
oxidizes the Ce3+ to C4+, according the reaction:

Ce3+ + H2O2 + 6H2O → 2Ce(OH)4↓ + 6H+

(3.1)

It leads to yellow precipitates of Ce(OH)4, and the bath becomes inefficient.
For optimization of the conditions of spontaneous deposition of Cerium conversion
coatings, we initially were attended basically on the appearance (i.e.: looking) of the
coatings. They should be gold‐like yellow, uniform, smooth, dense, and with a good
adherence with the substrate.
As a result of the optimization, we were dedicated on the bath composition, and deposition
regime, summarized in Table 3.2.
Table 3.2. Optimized composition of the non‐buffered conversion bath and deposition
regime
Bath Composition

Solvent

Distillated
water

Deposition Regime

CeCl3, M

H2O2, mL/L

nH2O2:nCe

Initial pH

0.05

12.5

2:1

2.1~2.2

Temperature,
°C

60

Time, min

15

In the table, it is impressive that the temperature for deposition is relatively high – 60 ˚C.
This is a compromise temperature. At lower temperatures, for example ambient, the
process of conversion (deposition) was extremely slow – 80 ‐ 90 min; at 40 ˚C, it was shorted
to about 30 – 40 min, but at 60 ˚C, the conversion coatings on the alloy’s specimens became
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visible after only 5 – 6 min. Besides, the higher temperature favored the adherence of the
coatings to the substrate. However, disadvantage of the high temperature is that it
promotes decomposition of the peroxide. This fact imposes corrections of the conversion
bath by addition of supplemental H2O2.
Nevertheless, by commercial point of view, the correction by H2O2 is more appropriated
than the much extended time expense of the process, which is related to deteriorated
adhesion, as well.

1.1. Preparation of the non‐buffered bath
In measurement flask of 1 liter, 18.625 g of CeCl3.7H2O were dissolved in 800 ml. distilled
water. The pH of resulting solution was decreased until pH 2.1 – 2.2 by addition of HCl;
followed by addition of 12.5 ml. of perhidrol (30% H2O2), and the flask was filled until the
mark by distilled water.
In order to obtain high quality coatings is necessary to delay for certain time after the
addition of the perhidrol, prior to execute the depositions. According to Hudges [70], this
maturing time is due to the fact that the deposition of cerium conversion coatings includes a
slow intermediate stage of interaction between the cerium ions and the peroxide, by
formation of complex Ce(H2O2)3+.

1.2. Buffering of the conversion bath
During the use of non‐buffered conversion bath, pH of the solution rises, leading to
oxidation of Ce(III) to Ce(IV), so that after prolonged use the bath precipitates. For
maintenance of stable pH of the bath during the deposition, it needs to be buffered. For the
purpose of our investigations, we have used two kinds of buffers:
‐ Malonic acid, that is already has been used for buffering of baths for CeCC on samples of
Mg‐Si aluminum alloy AA6082 [71].
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‐ Original glycine buffer. Obtained by mixing of two initial solutions: solution of 0.1 M HCl
(solution 1), and solution of 7.5g/l amino acid (glycine) + 5.85g/l. NaCl (solution 2).
Regarding the relation of the volumes of both solutions, the pH of the medium could be
changed from 1,1 to 3,5 [72].
The composition of the buffered baths is represented in Table 3.3.

Table 3.3. Composition and regime of deposition for buffered conversion baths
Composition

Buffer Malonic

Buffer Glycine

Solvent

0.1 M

CeCle37H2O, M

0.05

0.05

H2O2, mL/L

12.5

12.5

n H2O2: n Ce

2:1

2:1

Initial pH

2.1

2.1

Temperature, ºC

60

60

Time, min

15

15

Volum relation
Sol 1:Sol 2= 60:40

The preparation of the buffered baths is analogical to this of the non‐buffered ones. The
unique difference is that for the buffered baths, the buffer solutions served as a medium of
the conversion baths, instead of distilled water.
In order to check the efficiency of the buffers we have acquired kinetic pH/time curves,
during the deposition of the conversion films from buffered or non‐buffered baths. The
obtained results are represented in Fig. 23:
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Comparative Buffer
4.5
4

pH

3.5
3

Without Buffer
Malonic

2.5

Glycine

2

48

44

40

36

32

28

24

20

16

12

8

4

0

1.5
Time (min)

Fig. 23. Evolution of pH of the conversion bath during the deposition of the coatings

It is obvious on the figure that the pH of non‐buffered bath suffers swift increment during
the conversion, causing conditions for sedimentation of the cerium ions on the bottom of
the vessel (denaturation of the bath). From the both buffers used, the more efficient is the
malonic acid, because the pH of the respective bath changes much weaker during the
conversion, compared to the pH change for the glycine buffer.
We have encountered a fact that so far is not mentioned or discussed in the literature. It
was established that there is another, hidden parameter* that reveals remarkable influence
on conversion process, and consequently – on the features of the resulting conversion
coatings.
It* is volumical loading θ of the bath that could be defined as relation of the volume V of the
bath solution to the surface S of the substrate.
Θ = V/S,

(3.2.)

The curves in Fig. 23 are obtained at using of bath with 200 ml. in which a sample with 12.5
cm2 superficial area is immersed. In this case, the volumical loading is θ = 16. At whatever
other volumic loading, these curves should have another shape and positions among
themselves. At lower values of θ, these curves should be steeper, because of the more rapid
alkalization of the solution.
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The buffering has a beneficial effect by point of view of the stability of the bath, because it
prevents the quick rise of pH, followed by its sedimentation. However, we have established
that the buffering could possess also a negative effect on the features of the coatings. The
combination of malonic buffer and high volumical loading confirms this fact, as is
demonstrated in Fig. 24, where the kinetic curves (pH/t) are represented. They are obtained
by the deposition of coatings from the same bath, buffered by malonic acid, but at different
volumical loading.

pH Change
4.5
4
θ=17, 12.5mL/L H2O2

pH

3.5

θ=17, 25mL/L H2O2
3

θ=4, 12.5mL/L H2O2

2.5
2
0 2 4

6 8 10 12 14 16 18 20 22 24 26 28 30
Time (min)

Fig. 24. Evolution of pH during coating deposition from bath buffered with malonic acid at different volumical
loadings θ:

1– θ = 17; 2– θ = 4;

On the figure is observable that at low θ value, the pH sweeply rises within the time,
particularly after reaching of about pH = 2.75, leading to precipitation of the cerium ions in
the solution. At the same buffer, but at high θ value, (e.g.: θ = 17), the pH suffers negligible
increase. The volumical loading possess its strong influence so on the bath stability, so on
the features of the coatings. At high θ value, easily removable dark purple precipitates
appear, instead of gold‐like yellow coatings. According to us, these dark purple formations
are composed predominantly on cerium hydrides formed by the following very probable
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mechanism. At high θ values, the initial acidity of the bath (pH = 2.1.) remains almost
unchanged, even after extended deposition.
At this low pH values, the predominant process is the dissolution of the Al‐matrix,
accompanied with intensive hydrogen evolution:
2Al + 6H+ → 2Al3+ + 3H2↑

(3.3.)

The hydrogen evolution passes through formation of intermediated state of atomic
hydrogen generation. Because of its exceptional reactivity, the atomic hydrogen interacts
with the Ce(III) ions, forming dark purple non‐stoichiometric precipitate, according the
reaction [73] :

Ce3+ + xHatomic → ↓CeHx

(3.4.)

Leaving‐behind the formation of cerium oxide (see eq. 3.1.) on the cathodic areas of the
substrate surface.
The deposition of low quality coatings with high content of cerium hydride is not observable
when the conversion baths is buffered by the less efficient glycine buffer*. As could be seen
from the curve 3 of Fig. 3.2 it* does not allow a sharp rise of pH, as is in the case of non‐
buffered bath. By other hand, it does not maintain low pH value, (as the malonic buffer),
that suppresses the formation of Ce(OH)4. The obtained results for the influence of the
buffers on bath stability and the quality of the coatings lead to the conclusion that it looks
that each buffer requires a specific (individual) composition of the bath. By other words,
different optimal compositions of the baths correspond for given buffer. Nevertheless, the
development of baths with individual compositions for each buffer is already another task,
which does not correspond to the aims of the present diploma work.
The decision of this task could be avoided by use of an approach known from the
galvanotechik. At this approach, the baths with compositions described in Table 3.3
underwent self‐adjusting by preliminary deposition for 20 min.
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During the self‐adjusting, the composition of the respective bath changes in various aspects.
The most significant is the decrement of the H2O2 content, due to its decomposition at the
higher temperature and its partial reduction, caused by the used by us reducing‐acting
buffers. After correction of the peroxide content, by addition of 5 – 10 ml. perhidrol for each
liter of solution, subsequent deposition was performed. As a result, gold‐like, yellow,
uniform, smooth coatings with good adherence to the substrate were obtained.
The thickest CeCC coatings were obtained by the bath without of buffer. Among them, the
best coating was acquired after the alkaline etching. The samples, deposited by the malonic
buffer possessed the worst appearance, expressed in superficial non‐uniformity.
The quickest deposition is observed after the alkaline preliminary treatment.
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2. Morphological observations:
During the depositions, it was established that the most important parameters are: the
preliminary treatment of the substrates and the presence of buffer. Another important key‐
factor was the volumical loading as was commented above. The samples with volumical
loading enough low, to change the entire mechanism of the deposition process (resulting in
purple depositions, instead of the desirable gold‐like yellow coatings) were not submitted to
morphological description.
2.1. Surface observations of the substrates, prior film deposition:
Each approach for preliminary treatment leads to superficial modification. The mechanical
grinding results only in a change of the decreasing of the surface roughness, whereas the
chemical etching relays to modification of the superficial composition, by dissolving of some
of the components. Particularly, the acidic etching causes dissolution of some components
of the intermetallic inclusions, changing the superficial composition. Similar effect is
consequence of the alkaline etching, as well. Nevertheless, in this case, the alkaline medium
provokes dissolution of the superficial layer of the Al‐matrix.
2Al(metallic) + 3H2O → Al2O3 + 3H2

(3.5.)

Regardless the fact that the aluminum is very well known as a metal that possesses external
aptitude to form its own oxide layer (i.e.: passivation), this layer also could be dissolved in
alkaline medium [74]:
Al2O3 + 2OH‐ → 2AlO2‐ + H2O

(3.6.)

This process leads to enrichment of the surface by a black smut, composed basically on the
oxides of the alloying elements. As was already mentioned, the AA2024 has equally
distributed intermetallic particles, (precipitates), formed basically during the metallurgical
post‐treatment procedures (usually forging, tempering and hot rolling). These intermetallic
inclusions are generally S‐phase Al2(MgCu) [75] and nine different supplemental
intermetallic precipitates with clearly distinguishable compositions, based upon (Al, Cu)x(Fe,
Mn)ySi [76]. The black colour of the smut is originated by the black oxides, such as: MnO2
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and CuO, as well as the dark brown Fe2O3. This adherent black smut is removed by the
subsequent procedure of desmutting in diluted HNO3 (see the experimental section).
Figure 25 resembles SEM images of three AA2024 substrates prior to CeCC deposition.

Fig. 25. Superficial SEM images of three specimens after the respective preliminary treatments
a – Mechanical grinding; b – alkaline etching; c – acidic etching

The SEM images, acquired at 1500 times of magnification, resemble completely different
morphologies of the substrate after the respective preliminary treatment. The mechanical
treated specimen (position a) has coarse furrows with clearly distinguishable edges, formed
during the grinding. The specimen, underwent the alkaline etching, shows a craters, formed
as a result of dissolution of the Al2O3 surface layer, and the Al‐matrix on beneigth the
intermetallics particles. The subsequent mechanical removal of the smaller intermetallics is
the reason for the presence of craters. Nevertheless, taking in account the work of Yasakau
and co. [76] the initial state of corrosion becomes inside the S‐phase coarse intermetallic
particles, and continues in their surrounds.
In this article, the authors describe the formation of “Swiss‐cheese” like remnants of the S‐
phase coarse particles. These porous Copper remnants from the S‐phases are the most
probable white coarse formations on the figure (position b).

At last, on position c is shown the SEM image of the acid‐etched sample. It looks much
smoother, compared to the rest specimens. It also possesses small sized craters, but their
shapes and the reason for their presence are completely different than this of the alkaline
etched one. Due to the acidic dissolution of the alloying elements, they leave much more
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narrow craters, because the aluminum does not suffer any dissolution at this procedure.
Besides, the specimen surface looks to be smoother with very narrow furrows, because the
acidic medium promotes further oxide layer growth, leading to smoothing of the surface.
All these modifications render their influence on the posterior deposition process,
predetermining the features and the performance of the corresponding conversion
coatings.
2.2. Surface observations of the deposited Cerium Conversion Coatings:
AFM
Besides the surface state before the deposition, the composition of the conversion baths is
another factor that predetermines the morphology of the already deposited Ce‐conversion
coatings. That was the reason for execution of AFM observations on nine samples, divided
into the three preliminary treatment procedures, and at three different baths, as is well
described in the experimental section. The obtained results are shown in the next figures:

Fig. 26. Superficial AFM images of three specimens after CeCC depositions
a –non‐buffered bath; b – glycine containing bath; c – bath with malonic buffer
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The position (a) on fig. 26 reveals clearly expressed furrows, similar to these, observable on
the previous figure with the SEM images. This fact shows that the coating, deposited from
the bath without buffer repeats the surface of the substrate. This phenomenon is known as
“epytaxy”, and in the present case, it shows that the coating possesses relatively uniform
thickness. In the cases of presence of buffer in the deposition bath, only the wider furrows
remain distinguishable. This fact can be explained assuming that the more narrow furrows
are completely filled by the coating stuff, showing that these coatings (positions b, c) should
be thicker than (a). A contradiction appears between the AFM images (Fig. 26), and the pH/t
kinetic curves. By one side, AFM images show that the CeCC, deposited from buffer‐free
solution looks to be thinner, but by other hand, the pH/t diagram (fig 23) reveals that its
deposition is more intensive, predetermining thicker film deposition. This fact could be
explained, taking in account that the respective coatings possess different densities. So,
during the deposition, the conversion coating obtained from the solution without buffer
suffers additional densification at the pH values higher than 3.5.
It looks that the coatings, deposited after alkaline etching reveal opposite trends to the
mechanically pre‐treated (compare figs. 26 & 27).

Fig. 27. Superficial AFM images of three specimens after CeCC depositions
a –non‐buffered bath; b – glycine containing bath; c – bath with malonic buffer
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In contrary to the seemingly opposite trends for the coatings of the mechanically (Fig 26)
and alkaline pre‐treated specimens (Fig 27), the assumption for densification of the coating,
prepared without of buffer is valid for both cases (Figs. 26 and 27). The craters on the
substrate (see fig. 25) are filled in the case of the coating solution without buffer. Probably,
the bottoms of these craters are the locations of preferable deposition of precipitation
aggregates at pH > 3. However, when pH reaches pH = 4, these aggregates suffer further
densification, followed by film growth on the rest surface.
Lastly, the coatings, deposited after acidic preliminary treatment, were compared, as well.
Their AFM images are shown in Fig. 28.

Fig. 28. Superficial AFM images of three specimens after CeCC depositions
a –non‐buffered bath; b – glycine containing bath; c – bath with malonic buffer

Compared to all rest samples (see figs 26 and 27), the coatings on the acidic etched
substrates look to be the smoothest. This fact is natural consequence of the smoothest
substrate surfaces of the corresponding substrates, as was mentioned in the previous
paragraph (see fig. 25).
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Scanning electron microscopy.
-

Influence of the preliminary treatment.

The atomic force microscopy could render information only for the superficial roughness of
the specimens, whereas via the scanning electron microscopy, could be acquired
information for the typical features of each coating, in regards to the composition of the
respective conversion bath and the conditions of the deposition procedure.
The SEM photographs revealed a large variety of features that were not detected by the
AFM observations. After the initial comparative observations, it was established that the
condition of the substrate surfaces, after the preliminary preparations, renders its strong
influence on the morphological features of the Ce‐conversion coatings. The next figure,
shows SEM images acquired at very high resolution (e.g.: 10,000 times) for three samples
submitted to glycine containing conversion bath for 10 minutes at 60 ˚C, after different
preliminary treatments.

Fig. 29. Superficial SEM images of three specimens after the respective preliminary treatments, and
subsequent CeCC‐deposition in Glycine containing bath for 10 min ‐ at 60 °C
a – Mechanical grinding; b – alkaline etching; c – acidic etching

Figure 29 undoubtedly resembles that there is clear difference among the morphologies of
the respective coatings, as a result of the approach applied for preliminary treatment. The
coating of the sample, submitted to the mechanical treatment, has the most frequent
distribution of cracks, followed by the alkaline treated, and at last the acidic etched one.
Because all specimens underwent the same procedure of deposition (e.g.: at the same
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conditions and bath composition), the unique reason for the obvious difference is the
procedure of the preliminary treatment.
When this figure is compared to Fig. 25, could be concluded that the presence and
distribution of the cracks follows the furrows under the coatings. In other words, each
furrow on the metallic substrate (fig 25 (a)) predetermines a rupture in the coating on it (fig.
29 (a)).
The comparison of the respective positions (c) of Fig 25 and Fig. 29 confirm the assumption
that the superficial morphology of the coating repeats those of the coating. Both samples
submitted to acidic preliminary treatment procedure reveal the most uniform surface,
compared to the alkaline or mechanically tested samples. Similar trend is observed for the
alkaline etched samples. The dark spots (areas) on the coated sample (position (b) of Fig. 29)
repeat the craters, observed for the alkaline etched bare alloy (position (b) of Fig. 25).
However, a difference appears, when these positions are compared. The surface of the
coated sample, after alkaline etching obviously possesses ruptures (e.g.: cracks), regardless
the absence of furrows on the surface of its substrate. The most probable reason for
appearance of these cracks is shrinking of the coating during its drying.
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2.3. Influence of conversion bath composition, and the preliminary treatment.
Mechanically pre‐treated specimens:
In order to determine the influence of the presence of buffer in the Ce‐conversion bath,
samples with the same preliminary treatment, but submitted to the respective bath (e.g.:
without buffer, with glycine and malonic content) are compared. Undoubtedly, the content,
the structure and the morphology of the resulting Ce‐conversion coatings should depend on
the pH of the medium during the deposition. The evolution of its value, during the
deposition process is driven by the respective buffer, as was commented in the
„Experimental” section, especially on the pH/t diagram in Fig. 23. The next figure
summarizes the images of three samples after mechanical preliminary treatment, but
submitted to depositions from coating solutions without buffer (a), glycine (b) and malonic
(c) buffers.

Fig. 30. Superficial SEM images of three specimens after Mechanical grinding, and subsequent CeCC‐ for 10
min ‐ at 60 °C
a –No buffer; b – Glycine; c – Malonic acid

In this figure, any crack could not be distinguished. The reason for this fact is that the
respective SEM images were recorded at 1500 times magnification (e.g.: about 10 times
lower than those in Fig. 29). However, other features are clearly observable. Following the
illustration in Fig. 4, and equations 3 – 5 from the theoretical part, becomes clear that the
cathodic areas with nobler copper content create zones of elevated OH‐ ‐ concentration,
due to the cathodic process of oxygen reduction (Fig. 31).
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Fig. 31. An illustrative model of acidic pitting formation in the case of AA2024 aluminum alloy corrosion [77].

Furthermore, the Ce3+ ions in the solution of the
conversion bath precipitate predominantly on
the zone of abundance of OH‐ ions (equations 3 –
5, theoretical part).
This is the reason for the formation of coating
“hills”.
On these areas the thickness of the coating is
elevated due to the accelerated deposition film
deposition.

These

places

of

accelerated

deposition appear as consequence of presence of
copper,

originated

from

the

S‐phase

Fig. 32. SEM image of CeCC‐ for 10 min ‐ at 60 °C, no
buffer

intermetallics, as can also be seen from the low
resolution image (Fig. 32).
The rest two coatings, prepared in presence of buffer, look to be much more uniform (Fig.
30, positions (b), and (c)), because the buffers suppress the appearance of localized zones
with elevated pH.
Nevertheless, dark holes are observable in the cases buffered baths (Fig. 33 (a, b), position
(1)). These features are probably consequence of intergrannular corrosion, induced by the
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acidic effect of the baths, maintained by the buffers, or they are consequence of less active
intermetallics with (Al, Cu)x(Fe, Mn)ySi composition, as is described in [18].
They are randomly distributed on the sample’s surface, as can be seen from the next figure.

Fig. 33. SEM image of CeCC‐ for 10 min ‐ at 60 °C,
glycine (a), and malonic acid (b)

Another peculiar feature of the surfaces of the coatings deposited in presence of buffers are
the white spots, (Fig. 33, images (a, b) position (2)). These spots are probably re‐deposits of
corrosion products from the components of the intermetallics, formed as a result of the
stable acidic conditions, maintained by the buffers.
As can be seen in Fig. 23, the malonic buffer has higher buffering capacity, than the glycine,
because it maintains lower (more acidic) pH values, than the other buffer. That is the reason
for the relatively higher abundance of white spots in the case of the coating deposited in
presence of malonic acid (Fig. 33, (b)).

Alkaline etched specimens:
As is mentioned several times in the previous sections of the present work, the preliminary
treatment has also tremendous influence on the subsequent coating deposition.
All the approaches (mechanical grinding, alkaline and acidic etching) lead to changes of both
the superficial oxide layer, and surface roughness. However, the chemical approaches (e.g.:
the etching procedures) lead to modification of the alloy’s chemical composition, as well:
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-

The alkaline etching dissolves the aluminum matrix, and by that manner, denudes
the intermetallic inclusions

-

The acidic treatment dissolves the intermetallics, leading to their depletion. Both
these phenomena lead to modifications of the chemical composition of the alloy’s
surface.

Fig. 34 shows three samples, coated at 60 ˚C for 10 min, in Ce‐conversion baths, after
alkaline etching.

Fig. 34. SEM images of CeCC‐ for 10 min ‐ at 60 °C, after alkaline etching
(a) – without buffer, (b) – glycine buffer, (c) ‐ malonic acid buffer

On all images, clearly formed craters are observable.
They are originated from the craters on the
substrates, formed by their alkaline etching, as was
demonstrated in the previous sections (Fig. 25).
The coating deposited at absence of buffer reveals
highly cracked structure, whereas the rest two
specimens do not possess any visible cracks (at 1500
times magnification).
Fig. 35. SEM image of CeCC‐ for 10 min ‐ at 60 °C,

These

cracks

are

probably

appeared

as

a

consequence of the fact that the coating, prepared
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at absence of buffer is denser. During the drying, after deposition, this denser structure
suffers much stronger mechanical tensions, because of its shrinking, compared to the rest
two coatings (Fig. 34, (b, c)).
At higher magnification, (e.g.: 10,000 times) these coatings look ruptured, as well, as is
shown in Fig. 35. The cracks are localized around the inhomogeneities, such as:
intermetallics, the edges of the craters, or the zones of intergranular corrosion.

Acid etched specimens:
These coatings look to follow the same trends, as the described in the previous sections. The
coating deposited at absence of buffer (Fig. 36 (a)) looks to be strongly cracked, in
difference of the rest two. Furthermore, the morphology of the substrate beneath the
coatings is also visible.

Fig. 36. SEM images of CeCC‐ for 10 min ‐ at 60 °C, after acidic etching
(a) – no buffer, (b) – glycine; (c) ‐ malonic acid
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3. Polarization measurements
In the literature review of the present diploma work it was mentioned that these
measurements enable qualitative interpretation of the mechanism of the corrosion process,
as well as the quantitative determination of some measures that characterize this process:


Corrosion potential Ecorr



Corrosion current density icorr



Passivation region of the metals

The corrosion current density is directly related to the polarization resistance Rp. It could be
defined by the following formula, as well:

B
 E 
Rp   

 i  Ecorr icorr
Where: B is a constant that characterizes the respective corrosion process.
The polarization curves, recorded at narrow interval around the open circuit potential for
alloy samples with CeCC deposits, after 24 h of exposure to 3.5% NaCl corrosive medium are
summarized in Fig. 37.
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Fig. 37. Polarization curves for AA2024 samples with CeCC depositions from different baths, recorded in a
narrow interval around OCP
a – aftert mechanical grinding; b – after alkaline etching; c – after acid etching

By use of the “GPES” – software, from the curves in Fig 37, the respective Rp values were
defined.
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The next figure (e.g.: Fig. 38) represents cathodic polarization curves for the AA2024
samples, after different preliminary treatments, and subsequent CeCC deposition from
different baths. The samples were exposed to 3.5% NaCl corrosive medium prior to acquire
the respective curves.

Fig. 38. Cathodic polarization curves for AA2024 samples with CeCC depositions from different baths, and
pretreatments.
a – aftert mechanical grinding; b – after alkaline etching; c – after acid etching
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If the cathodic currents on position (a) of Fig. 38, the cathodic currents are compared at
given potentyial value for coatings obtained from different baths, then could be seen that
the lowest current densities, corresponding to the highest resistances belong to the samples
without of coatings.
The CeCC depositions lead to higher cathodic current density. A paradox appears – the
cerium conversion coatings deteriorate the barrier ability of the substrate.
Among the coatings the strongest detrimental effect is observed for the coating obtained by
the bath with malonic buffer.
For explication of this anomaly behavior, we have undertaken weighing of the specimens
before – and after the deposition. The results of these measurements are represented in
Table 3.5 .

Table 3.5. Variation of the weith of AA2024‐T3 samples after CeCC deposition from buffered and non‐buffered
baths.

Mechanical
Bath

Alkaline

Acidic

m1

m2

Δm

m1

m2

Δm

m1

m2

Δm

(g)

(g)

(g)

(g)

(g)

(g)

(g)

(g)

(g)

Without

4.955

4.925

‐0.030

5.226

5.189

‐0.037

4.952

4.920

‐0.032

Malonic

4.962

4.850

‐0.112

5.166

5.080

‐0.086

4.811

4.771

‐0.04

Glycine

4.859

4.828

‐0.031

4.952

4.948

‐0.004

5.530

5.515

‐0.015

m1 – mass before CeCC deposition
m2 – mass after CeCC depositon
Δm = m2 ‐ m1 – difference of mass
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The analysis of the data on Table 3.5 shows that during the CeCC deposition the samples
lose a part from thier weigh. Simultaneously, new layer of Ce‐oxides and hydroxides with
certain thickness appear.
It is obvious that the CeCC deposition proceeds accompained by dissolution of the
superficial layer of the metallic substrate. It is substituted by the Ce‐conversion coating with
higher thickness, but with lower mass.
The processe occuring during the sponataneous CeCC deposition are result of the chemical
inhomogeneity of the alloy surface. On the cathodic areas, as a result of the H2O2 reduction (
; see the theoretical part) a hydroxil ions are generated. They interact with
the cerium ions in the solution, forming deposits of Ce‐oxides/hydroxides. In this case, the
overall reaction could be described by the following equation:

Ce3+ + H2O2 + 2OH‐ → CeO2.2H2O

(3.7.)

At the same time, reactions of dissolution of the superficial oxide layer, formed during the
perliminary treatment of the substrates, proceed on the anodic zones.
According to (3.7.), this layer is amorphous, conductive and allows occurrence of Faradaic
processes. It suffers considerable dissolution, liberating its place to the cerium hydroxides. It
looks that this layer (the native Al‐oxide layer) is denser, than the deposited Ce
oxides/hydroxides.
As a result, the total weighs of the specimens decreases during the CeCC deposition. As a
conclusion, could be established, that the observed on Fig. 38 higher cathodic currents of
the coated samples, compared to these of the bare alloy are due to the substitution of the
denser insulating layer of the superficial Al‐oxide, by the less dense, and more conductive
Ce‐oxide/hydroxide layers. Actually, the superficial CeCC layer is a mixture of hidrated Al‐
oxide and Ce‐oxide/hydroxides.
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In the literature is remarked that for AA6082 alloy (with Mg ‐Si‐Al), any CeCC does not
deposit after mechanical grinding of the samples [67].
Hovewer, in our case (i.e.: AA2024‐T3) the Ce‐conversion coating were deposited after the
three preliminary treatments.
The difference of the behavoiur for the respective alloys (i.e.: AA6082 and AA2024‐T3),
during the CeCC deposition is due to the presence of copper as alloying element in our case.
This element forms cathodic areas, regardless the kind of the preliminary treatment.
In the frames of one and the same conversion bath, the cathodic polarization curves
acquired for coatings deposited on substrates after different pretretments are not very
different. It is observable from the positions of the cathodic on Fig. 39.

Fig. 39. Cathodic polarization curves after 24 hours of exposition in 3.5% NaCl corrosive medium for CeCC
deposited from non‐buffered bath
(a) and buffered bath with malonic acid
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The influence by the buffering of the CeCC baths was interpreted only in qualitative form.
For quantitative evaluation of this influence, the polarization resistance Rp was used. Its
values were determined so by the polarization curves, recorded in a narrow interval (Fig.
37), so by the cathodic polarization curves (Fig. 38). The obtained average Rp values are
represented in Table 3.6.

Table 3.6. Average values of the polarization resistance Rp for AA2024–T3 samples coated
by CeCC, after 24 h of exposure to 3.5% NaCl corrosive medium
Preliminary treatment
Bath
Mechanical

Alkaline

Acidic

Without Buffer

8.95 x103 Ω.cm2

8.33 x103 Ω.cm2

5.37 x103 Ω.cm2

Malonic Buffer

2.35 x103 Ω.cm2

2.33 x103 Ω.cm2

1.85 x103 Ω.cm2

Glycine Buffer

5.23 x103 Ω.cm2

4.57 x103 Ω.cm2

2.74 x103 Ω.cm2

The analysis of the data on Table 3.6 quantifies the conclusion from the interpretation of
the polarization curves on Fig. 38.
The highest Rp values belong to the coatings obtained from non‐buffered baths, whereas
the lowest Rp values were detected for the coatings deposited by baths with malonic acid.
The coatings from the glycine containing bath occupy intermediate place.
If the protective properties of the coatings are characterized by their barrier ability, Table
3.6 reveals that the coatings deposited from non‐buffered baths possess the highs
protective ability. Nevertheless, these baths are unstable and certain time they precipitate.
The original glycine buffer, proposed by us, allows deposition of CeCC by twice higher Rp,
compared to the used in the literature malonic acid buffer, remaining a stable bath. Table
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3.6 also shows that for the same bath, the coatings deposited on substrates pretreated by
different manner (mech. Alk. Ac.) reveals lower differences in the Rp values.
The samples with mechanical pre‐treatment possess the highest Rp values, for each
conversion bath (non‐buffered, glycine, malonic).
The most probable reason for these superior values is consequence of the native superficial
form of Al‐oxide that is not amorphous and conductive, as the films of the specimens after
chemical etching.
The coatings deposited from both of buffered and non‐buffered baths demonstrated good
durability. They were exposed in 3.5% NaCl corrosive media for 96 hours, without of any
visible corrosion damages. In addition, the polarization resistance Rp increased during the
exposition.
This increase is probably result of heaping of corrosion products that fill the cracks of the
coatings (see the previous sections).

Table 3.7 Represents the average Rp values and their evolution during the exposure of the
samples into the corrosive medium.
Time, h

Buffer
Buffer

Glycine

Without

Preliminary
Treatement

24

48

72

96

Mechanical

13.9x103 Ω.cm2

10.52 x103 Ω.cm2

10.40 x103 Ω.cm2

13.61 x103 Ω.cm2

Alkaline

8.56 x103 Ω.cm2

9.69 x103 Ω.cm2

17.69 x103 Ω.cm2

20.33 x103 Ω.cm2

Acidic

7.03 x103 Ω.cm2

7.67 x103 Ω.cm2

12.55 x103 Ω.cm2

11.33 x103 Ω.cm2

Mechanical

6.79 x103 Ω.cm2

10.52 x103 Ω.cm2

11.11 x103 Ω.cm2

Alkaline

4.57 x103 Ω.cm2

9.69 x103 Ω.cm2

7.70 x103 Ω.cm2

Acidic

2.68 x103 Ω.cm2

7.35 x103 Ω.cm2

7.67 x103 Ω.cm2
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4. Impedance measurements
The impedance measurements were performed because of two reasons:


To check the results acquired by the polarization measurements, another
independent electrochemical method



To obtain additional information for the processes proceeding on the interfaces of
the system metal/coating/electrolyte.

The impedance Z is commonly represented as a complex number, composing by a real Zreal
(or Z’) and an imaginary Zim (or Z”) component. Besides, it depends on the frequency ω of
the altering current. As a result, the values of the impedance are function of three
parameters:
Z = f(Z’, Z”, ω)
Graphically, the impedance can be expressed as a point in a 3‐dimentional coordinate
system, with axes: Z’, Z”, and ω. However, this manner of presentation is inexpedient.
For the graphical presentation of the impedance in a complex plane, two kinds of diagrams
are usually used:


Nyquist plot where the values of the impedance are represented in a complex plane
with coordinates: Z” regarding to Z’, so that each point of the complex plot
corresponds to a defined frequency ω



Bode plot where the values of the impedance modulus Z’ and the angle of the phase
shift φ, (of the current according the potential) are represented as a function from
the frequency ω applied sinusoidal current.
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a)

-●-

Without

-■-

Malonic

-▲-

Glycine

-●-

Without

b)

-■-

Malonic

-▲-

Glycine

-●-

Without

c)

-■-

Malonic

-▲-

Glycine

Fig. 40. Impedance spectra in Nyquist and Bode plots of CeCC, after 24 hours of exposition of 3.5% NaCl
corrosive medium, deposited by different baths on AA2024 samples after different preliminary treatment
a – mechanical grinding; b – alkaline etching; c – acidic etching
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Fig. 40 represents the Nyquist and Bode plots of the impedance spectra of CeCC, deposited
from different baths, on: mechanically grinded, alkaline and acidically etched AA2024
specimens, exposed for 24 h. into 3.5% NaCl corrosive medium.
For qualitative interpretation of the impedance spectra, two measures are often used: The
diameter of the capacitive semi‐circles in the Nyquist plots, and the value of the impedance
modulus at frequency f = 10‐2 Hz in the Bode plot, respectively. These measures have
relatively conditional character, but they are appropriate for estimation of some
electrochemical parameters (for example, the polarization resistance Rp), for the purpose of
a comparative research activities.
The analysis of the impedance spectra in Fig. 40 shows that for all kinds of preliminary
treatment of AA2024 samples (mechanical grinding, alkaline and acidic etching), the radius
of the capacitive semi‐circles in the spectra of the coatings, deposited from non‐buffered
bath is superior than the rest (e.g. with malonic and glycine buffers).
This fact points that the coatings deposited by this bath possess the highest best barrier
ability. The worst barrier ability belongs to the coatings deposited from the malonic bath.
The coatings of the proposed by us glycine bath occupy intermediate place. If the values of
the impedance modulus IZI of the spectra in Bode plots are compared, than the same
statement is confirmed.
The highest values of the impedance modulus belong to the spectra of the coatings
deposited from the non‐buffered bath, whereas the lowest ones are revealed by the spectra
of the CeCC deposited from the malonic bath. The values of the impedance modulus IZI and
respectively – the barrier ability of the coatings, deposited from different baths are ordered
in the following sequence:

IZInon‐buffered > IZIglycine > IZImalonic
The capabilities of the impedance measurements are not limited only to the assessment of
the barrier ability of the coatings. Figure 40 reveals that in the dependence of the phase
shift angle φ on the frequency f in the Bode plot clearly expressed maxima are observable.
According the usual interpretation of the impedance spectra each maximum relays to own
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time constant (τ = RC), which is response of the respective interface in the system
metal/coating/electrolyte.
The high frequency time constant is related to the external layer of the coatings, while the
low frequency τ is response of the metal/electrolyte interface. It is related to the resistance
Rct of the charge transfer across this interface, and the capacitance of the electric double
layer Cedl. This interpretation of the phase diagram of Bode enables the evaluation of the
contribution of every interface to the total resistance of the coating.
The clearest maxima in the dependence of φ on the frequency f, were observed in the
spectra of the CeCC deposited from the buffered baths on the alkaline etched specimens
(Fig. 40, b). It is obvious that these spectra are composed by two maxima – one at low
frequencies, and other at high frequencies. The high frequency maximum is a response of
the conversion coating that, according to Petitjean [67] substitutes a part of the amorphous
conductive film of Al‐oxides, resulting from the alkaline etching. In addition, the high
frequency maximum in the spectra of the coatings obtained from the malonic bath are
shifted to even lower frequencies, compared to the respective maximum of the spectra
obtained from the glycine bath. This fact evinces the lower protective properties of the
CeCC deposited from the malonic bath.
The spectra of the coatings obtained from the non‐buffered bath are composed by one,
unique maximum. It is obvious that in this case, the coating is not possess two clearly
distinguishable layers, but rather is composed by a mixture by the Ce and Al
oxides/hydroxides [34].
The low frequency maximum of the spectra in Fig. 40 is an answer of the oxide layer, formed
on the alloy surface during the preliminary treatment, and it is not completely substituted
by CeCC. The features of this film (electron conductivity and presence of defects),
predetermine the performance of the metal/electrolyte interface by the values of Rct (the
charge transition resistance), and Cedl (the capacitance of the electric double layer).
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Fig. 41. Evolution of the impedance spectra during the exposition of CeCC deposited from different baths on
mechanically treated AA2024 samples into 3.5% NaCl model corrosive medium
(a) – non‐buffered bath; (b) – malonic bath; (c) – glycine bath
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In Fig. 41 can be seen that for all CeCC layers, the radia of the capacitive semi‐circles
increases within the exposure of the samples of 3.5% NaCl model; corrosive medium.
This increment is a result of the improvement of the barrier ability of the coating. In the
case of the coatings deposited from malonic bath this increment is relatively higher than
those of the rest coatings. Nevertheless, the values of the radia of the capacitive semi‐circles
remain the lowest among investigated coatings.
The Bode phase diagram (e.g.: φ = f(f)) alludes the changes that become in the cerium
conversion coatings during their extended exposition into the corrosive medium. For the
coatings, deposited from the malonic bath, two clearly distinguishable maxima are
observable in the φ = f(f) dependence.
However, for the coatings deposited from the rest two baths (non‐buffered, and the glycine
containing), one, unique maximum is observable. Taking in account that each maximum is
always related to a time constant, that is an impedance response of certain interface or
layer, definitely could be concluded the that coatings from the malonic bath are double
layered, whereas the rest coatings are mono‐layered.
In [78] is demonstrated that the composition of the CeCC, obtained from non‐buffered
baths is not consisted by pure Ce‐oxides/hydroxides, but it is rather composed by Ce – Al –
OH monolayer, that form by the following mechanism: Cerium cations are adsorbed on
some sites (that otherwise, in absence of Ce, should adsorb hydrated protons H2O+), where
the following reactions proceed:

(3.8.)
(3.9.)

At last, these reactions lead to deposition of mono‐layer, composed by a complex of the
oxides and the hydroxides of both of Al and Ce. It is the case at deposition of CeCC from the
non‐buffered and the glycine baths (Fig. 41 (a, c)).
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The observed rise of the resistance of these coatings, during their exposure up‐to 96 h – for
the samples from the non‐buffered bath, and up‐to 72 h. for the specimens from the glycine
bath is a result of sedimentation of corrosion products that fill the defects of the coating,
without of formation of entire layer.
The processes in the case of the double layered coatings, deposited from the malonic bath
are more complicated. As is shown in the experimental section the bath, buffered by
malonic acid maintains low pH values during the conversion process, so that the adsorption
of protons on the samples surface dominates the adsorption of Ce ions. At these conditions,
reaction 3.9. is strongly suppressed.
Consequently, the probability to obtain mono‐layer of Ce – Al – OH is negligible. Instead, a
deposition of a separated layer of Ce‐oxides/hydroxides proceeds. During the exposition to
the corrosive medium, the defects of this layer are filling by corrosion products. The time
constant of this layer becomes more distinguishable, during the entire exposition into the
corrosive medium.
Similar, trends are observable for the alkaline pre‐treated samples (Fig. 42), and the
acidically pre‐treated specimens (Fig. 43).
.
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Fig. 42. Evolution of the impedance spectra during the exposition of CeCC deposited from different baths on
alkaline etched AA2024 samples into 3.5% NaCl model corrosive medium
(a) – non‐buffered bath; (b) – malonic bath; (c) – glycine bath
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Fig. 43. Evolution of the impedance spectra during the exposition of CeCC deposited from different baths on
acidically etched AA2024 samples into 3.5% NaCl model corrosive medium
(a) – non‐buffered bath; (b) – malonic bath; (c) – glycine bath
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V.

CONCLUSIONS:

(a) Deposition bath with original composition is elaborated. The optimal conditions for
spontaneous deposition of uniform, smooth, dense cerium conversion coatings with
a good adherence to specimens of AA2024 alloy were determined.
(b) New, original buffer is employed for buffering of the conversion bath – glycine
(aminoacetic acid). Its influence on the deposition kinetics and the properties of the
cerium conversion coatings is compared to those of the known from the literature
buffer – malonic acid. As a result, it was established that CeCC deposited with
elevated rate possess higher barrier abilities and corrosion durability in aggressive
media.
(c) It is established that in difference to other aluminium alloys (for example Mg‐Si
containing aluminium alloy AA6068), CeCC could be deposited on the surface of the
used by us AA2024‐T3 alloy, after each one of the procedures of preliminary
treatment of the substrates: mechanical grinding, alkaline etching and acidic etching.
(d) Original kinetic curves for the dependence of pH of the conversion bath from the
time of conversion were obtained. These curves were used to show the difference of
the buffering capacity of both buffers, and was explained why our glycine bath is
better than describe in the literature malonic bath.
(e) New parameter was introduced, which is not mentioned neither commented in the
literature for CeCC deposition, until nowadays – volumical loading θ. It is
ascertained, that at high values of the volumical loading (θ = 17), from the malonic
bath, dark purple deposits probably composed by Ce‐hydrides were obtained,
instead of the desired gold‐like yellow coatings. Such hydride deposits were not
observed when the depositions were performed from the original glycine bath.
(f) Explication is given for the paradox observed, according to which the deposition of
Ce‐conversion coatings with given thickness is accompanied with weigh lose of the
alloy’s samples.
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(g) The AFM observations have revealed that so the preliminary treatment, so the
conversion bath composition, cause strong influence on the coating morphology.
The preliminary treatment predetermines both, the roughness and the chemical
composition of the AA2024 metallic substrate surface, by partial and selective
dissolution of some components or affecting the superficial oxide layer. On the other
hand, the coatings deposited from non buffered baths suffer posterior densification
at pH hither than 3.5.
(h) The SEM observations undoubtedly confirmed the results of the AFM observations.
The coatings deposited on the mechanically grinded specimens are much more
cracked than the rest due to the rougher surface of the substrate. The presence of
buffer has affected the coating topography, as well. The presence of buffer
predetermines much more uniform film distribution, whereas its absence
predetermines preferable deposition on the cathodic intermetallics. The low pH
maintained by the buffer promotes dissolution of Al‐oxides layer followed by
posterior re‐deposition of Al‐corrosion products, involved in the CeCC. Other effect
of the low pH in presence of buffers is the presence of features of intergrannular
corrosion.
(i) By polarization and impedance measurements is shown that regardless the lower
barrier abilities (Rp = 103 – 104 Ω.cm2), the obtained CeCC possess a good corrosion
durability. During the exposition into the corrosive medium of 3.5% NaCl they
improve their barrier abilities and resist more that 96 h of exposition without of
visible corrosion impact.
(j) By the electrochemical impedance spectroscopy was evinced the presence of two
completely different mechanisms of coating formation as a result of the buffer used.
Deposition of mono‐ layer composed by complex the oxides/hydroxides was stabled
in the case of non‐buffered and glycine baths, while the malonic buffer favors
deposition of double layer coating via completely different mechanism. The clear
difference between the mechanisms and the respective coatings structures was
eluded by the difference of the shapes of the corresponding impedance specter.
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