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|. INTRODUCTION

1. CORROSION PROCESSES AND MECHANISMS

1.1. Definition

In the literature, there are various definitionso@t the corrosion processes. It could
be considered as undesirable lose of propertiesoldd materials, as consequence of
their interaction with their surrounding environmefhese interaction as nature and
intensity strongly depend on the nature (compasistructure and properties) of the
material, the conditions of the environment (conipas, pH, temperature, etc), and also
on the exposed surface area of the material. Thgort@ance of the last factor is
originated from the heterogeneous character ofdnesion reactiongccording to
Davis [1], the corrosion processes could be divided into reéveasic groups, as is

shown in Fig. 1:

CORROSION

UNIFORM

LOCALIZED

MACROSCOPIC

Galvanic

MICROSCOPIC

Erosion-corrosion
Crevice

Pitting

Exfoliation

Dealloying

Intergranular

Stress-corrosion
cracking

Corrosion fatigue

Figure 1: Basic classification of corrosion process [1].
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As it could be seen from the figure, the variousr@sion processes poOSSess
distinguishable features. Alternatively, the coiwasprocesses could be classified, regarding
the nature of the reasons, causing them. Thus, toeyd be divided into mechanical

chemical (electrochemical), and combined.
1.2. Mechanical corrosion forms
They could be described as corrosion processegked by reasons, originated from
mechanical action of the environment on the respeotonstructions and the details,
composing them. The basic form is known as Corrofatigue.
- Corrosion fatigueis described if2] as mechanical degradation of a material under
the joint action of tensile stress and cyclic logdiThis kind of corrosion usually appears at
fuselage plates. The most famous case is the lpeupture of the fuselage during flight

N0243, at 19883].

Figure 2: View of the aircraft after the flight No243, at 1988 [4].
The fluxes of various gases, liquids and evenodatsl (suspensions, etc) could

initiate development of erosion corrosion.
in tube connections, pipeline, and everywhere afgithange of the pressure, the direction

or the speed of the respective flux. [B] a special case of erosion corrosion, named

- Erosion corrosion.lt is generally caused in locations of fluid vorexand appears
“cavitation” is described. The next figure represeimages of typical examples of erosion

corrosion.




Figure 3. Typical locations of erosion corrosion aturbine [6], b — tubular connection [7]

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

1.3. Combined corrosion forms:

- Stress corrosion crackings defined in the literaturgs] asformation of brittle
cracks in a material through the simultaneous actib a tensile stress and a corrosive
environment. The authors relay it with simultane@ation of mechanical tensions, and
presence of corrosive species in the environmertoAling to them, this process is initiated
by corrosive species, which form active corrosi@thp, and the mechanical forces cause
further path propagation. A photograpf8} and a schematic model of metal, affected by
stress corrosion crackirjg] are shown in Figure 4:




SCC or Fatigue Cracks SCC Cracks are
nucleate at pits highly branched

_Y ....... VY .......

Corrosion
fatigue cracks
have little
branching

Figure 4. Image [8] and schematic presentations [9]f stress corrosion cracking.

1.4. Chemical corrosion forms

- Galvanic corrosion In brief, Petrucci[10] formulates this kind of corrosion as
“undesirable voltaic cells. In that means, hereusthde mentioned that the different metals
possess different (individual) activities. Thereanhierarchical order of relative activities of
the metals (as pure chemical elements) is repredentthe literaturg¢ll1]. Thus, various
metal could be considered as “more active”, or tadbaccording to their aptitude to enter
into the solution in form of ions. Quantitativetyjs affinity could be measured by so called
“electrode potential”. It occupies negative sigms fnore active metals, zero for the
hydrogen referent electrode, and positive for thieler metalg§12].

Me° Me"

(reduced form) (oxidizemirh)

Actually, all alloys possess higher aptitude tdesufjalvanic (electrochemical) corrosion
due to the simultaneous presence of more activenabliér metals.

- Uniform corrosion. It could be characterized as a form of galvaniaazion, at
which the attack passes spontaneously either oentiee surface, or on large superficial
areas. It generally leads to removal of large artoahmaterial from the metallic surface. It
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appears as in remarkable rise of the superficiabmoess, so in weight loss from the
material. Figure 5 represents a typical exampleaifoform corrosion.

Figure 5. Uniform corrosion [13].

- Pitting corrosion. This kind of corrosion processes could be obserasd
appearance of small pits, and the mechanism ofr tappearance has generally
electrochemical character, as well. It will be dssed in detail, in the next sections of the

present work.

- Dealloying: is described in14] to be related with a loss of the more active
composing metal of the alloy, which leads to fororatof sponge-like remnants of the
nobler metal. Additionally, itan also occur by re-deposition of the noble corepbof the
alloy on the metal surface. Figure 6 representsaggraphy with sponge-like area, formed

as consequence of dealloying.




Figure 6. Cross section of a metal with dealloyinfL4]

Galvanic couples could also arise when there acalilied fluctuations of the
composition of the surrounding environment whee rtietallic piece is situated. This case

is described below.

- Crevice corrosionis a localized form of corrosion usually associateith a
stagnant solution on the micro-environmental le@eich stagnant microenvironments tend
to occur in crevices (shielded areas) such as ttooseed under gaskets, washers, insulation

material, fastener heads, surface deposits, digmbrabatings, threads, lap joints and
clamps. Crevice corrosion is initiated by changekcal chemistry within the crevidé5].

This kind of corrosion is consequence of partiat@mplete) shielding (Fig. 7), or localized
deviation of the environmental composition, such aumulation of aggressive species

(i.e: CI ions); depletion of oxygen in the crevice; shit lbcalized acidification of the

electrolyte (Fig.7).
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Figure 7. Non-metallic shielding gasket (a) and matlic fitting (b) suffered crevice corrosion causedy
the gasket [16].

Crevice corrosion is encountered particularly intateeand alloys which owe their
resistance to the stability of a passive film, sitizese films are unstable in the presence of

high concentrations of Cl- and H+ ions.
aerated chloride-rich media is gradual acidificatd the solution inside the crevice, leading

The basic mechanism underlying crevice corrosiopassivatable alloys exposed to
to the appearance of highly aggressive local cmnditthat destroy the passiv|t6].

Figure 8. Schematic presentation of the presencé arevice corrosion in a local area [16].
Another type, very similar to the crevice corrosiappears, as a result of partial

detachment of the protective layer. It could becdbsd as follows:
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- Filiform corrosion. It carries this name rather because of its mdguyo then
due to the reasons and factors triggering it. Amentioned elsewherfd7]. The filiform
corrosion could be recognized by the filament molpyy of its presence, as is
demonstrated in Figure 9.

-

CarTosi onalimie Som

Figure 9. Photography of filiform corrosion [17].

The mechanism of development of this kind of camods described in detail in
[17], but in brief, could be considered that after watetake, local failures of the coating
appear in form of randomly distributed filamentelikeatures. They are either consequence
of residual hydrolysis of the chemical bonds amtmg ingredients of the coatings, as is
proposed by Zheludkevich & cfl8], or filling of the coating pores by components loé¢ t
liquid medium, as is described by Palavinel and[t8]. Both of these reasons enable
penetration of the electrolyte and subsequent regabf the metal surface by aggressive
species (C] OH, dissolved @, etc.). As a result, the accumulation of corrogowaducts
under the coating layer causes its further delatimgaand consequently — deeper spreading
of the corrosion “filaments”. This mechanism lgstrated in figure 10.

0, H,0 o
[ mm’n, o,

Head <—— Hydrolysis «— 0,

Low pH Low (): Fe(OH)

Figure 10. Schematic illustration of filiform corrosion [17].




Usually, several kinds of corrosion processes oacua given corroding system.
Consequently, several factors coincidently predetez the predominant corrosion process.
Besides the compositions of the corrosive envirartimand this of the respective alloy, the
structure of the latter also possesses its infle@rcthe entire corrosion process. During the
metallurgical production, the compositions of thieys depend on these of their fusions,
while the structures are predetermined by the mueggtal post treatments. The importance
of these treatments is not limited to the mecharmpoaperties, but also the susceptibility to
corrosion processes. In that means, the regimesllofg, casting, forging, aging, molding
or extrusion completely predetermine the microstmecof the corresponding metallurgical
products. The rate of the intergrannular corrosien exactly predestined by the
microstructure of the alloy.

- Intergrannular corrosion. As is mentioned above, the metallic alloys possess
granular structures, where inclusions of interntietaprecipitates stay on the grain
boundaries. The presence of intergrannular comosioaluminum alloys is explained in
[20]. The authors mention that small quantities of im@m@luminium or titanium (metals in
which iron has a low solubility), segregate to grain boundaries where they can induce
intergranular corrosion. Certain precipitate phageg. MgAls, MgSi, MgZr,, MnAlg,
etc.) are also potential reason for enhancememrgranular attack of high strength
aluminium alloys, particularly in chloride-rich mad

As is already mentioned above in the present te&tsurface also has important role
regarding the corrosion processes. A peculiar fafmintergrannular corrosion which
appears on the surface of the metal alloys is Bedc@xfoliation corrosion”.

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

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

- Hydrogen corrosion:lt appears in gas-holders, tubes containers, dteranthere is a
contact between metal and gaseous hydrogen. lesaunsrease of the brittleness of the
respective metallic constructions, by penetratibrgaseous kK The mechanism of this
phenomenon is described jA2], to be composed by two stages: adsorption of atomic
hydrogen, and posterior formation of molecular. Fihe latter causes elevated pressure,
causing higher brittleness of the steel.

1.5. Biologically induced
corrosion

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

Figure 12. Image of biological corrosion
caused by mussels [27].




As was mentioned in section 1.1. of the presenkwibie corrosion processes depend
on the conditions, and features of the surroundamyironment. The presence of
microorganisms leads to change of the chemical ositipn and even the pH of the
medium. For instance, microorganisms, suchTdsobacillus thioparusproduce sulfuric
acid, as a metabolic produ@8]. Nitric acid could be also produced via bioconvansof
NH; at presence of various species, for exampligrosolobus multiformis, Nitrospira
gracilis, Nitrococcus mobilis, etd29]. Various fungus, asStreptomyces vioaceus,
Aspergillus fumigatus, Micromonospora chalcea,[86].

2. STANDARDS AND MEASUREMENTS FOR CORROSION IMPACT
DETERMINATION

The industrial standards are not limited only t®dfication of the methods and
conditions of alloy production, and the conditimfgroduction of derivative products (i.e:
fittings tubes etc.) and the appropriated conditdbriheir exploitations, but also there are
standards for determination of the corrosion rates.

The exfoliation corrosion could be determined bymi&rograph of this type of
corrosion can be found in ASTM Standard G-331] "Standard Test Method for
Exfoliation Corrosion Susceptibility in 2XXX and RX Series Aluminum Alloys (EXCO
Test)", or ASTM Standard G66 "Standard Test MetHod Visual Assessment of
Exfoliation Corrosion Susceptibility of 5XXX Serie&luminum Alloys (ASSET Test)"
[32]. Entire guide for execution of corrosion tests iaikable in Internef33].

Information for standard procedures for evaluatafnintergrannular corrosion is
described as welB4]. In brief, they are as follows:

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

- Ferric Sulfate - Sulfuric Acid, ASTM A262 - Pradice B (Streicher Test)This
test is based on weight loss determinations andiges a quantitative measure of the
relative performance of the material evaluated. Tmecedure includes subjecting a
specimen to a 24 to 120 hour boil in ferric sulfaté0% sulfuric acid. This procedure
measures the susceptibility of stainless steels rackkel alloys to inter granular attack
associated with the precipitation of chromium cdelsiat grain boundaries.




- Nitric Acid, ASTM A262, Practice C, (Huey Test)The specimens are boiled for
five periods, each of 48 hours, in a 65 per cehitem of nitric acid. The corrosion rate
during each boiling period is calculated from tleemase in the weight of the specimens.
Properly interpreted, the results can reveal whethaot the steel has been heat-treated in
the correct manner. The customer must specify thgimmum permissible corrosion rate
and, in applicable cases, data on sensibilizing treatment. The environment is strongly
oxidizing, and, is only used as a check on whethermaterial has been correctly heat
treated. This test is suitable for the detectionclofomium depleted regions as well as
intermetallic precipitations, like sigma phasethie material. The Huey test is also used for
materials that come into contact with strongly dsiitg agents, e.g. nitric acid. This
procedure may also be used to check the effecthgeiné stabilizing elements and of
reductions in carbon content in reducing suscdjtyilio inter granular attack in chromium-
nickel stainless steels.

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

- Copper - Copper Sulfate - 50% sulfuric acid, ASM A262 - Practice Flt is
based on weight loss determination which providepiantitative measure of the relative
performance of the material evaluated. It meastines susceptibility of "as received"
stainless steels to inter granular attack.

- Salt Spray Test (SST) Procedures. Among the basic test methods for
determination of the corrosion impact, and respebti— the corrosion protective ability and
durability of various protective coatings is viaithsubmission water (3.5% NaCl solution)
spraying. For higher rate of reliability, the spray should be performed on considerable
number of coated metallic plates, and visual inspes should be done, in order to
determine the impact on their surfaces. The spaliyessts must correspond to the respective
requirements, described in ASTM B 1[B85]. The evaluation of the results of SST consists
on the time expensed since the initial moment bhsasion to salt spray, to the moment of
appearance of corrosion damages on the sampléacesar

Besides its application in the industrial practittes method is also used for additional
confirmation in scientific work§36 — 42].




3. CORROSION MECHANISM OF 2024ALUMINUM ALLOY

Aluminum alloys are widely used in the aeronauticalustry and marine engineering
due to their light mass and advantageous mechamiopkrties. However, these alloys have
a low resistance against corrosion because of tbgepce of alloying elements which can
locally break down the passive film and allow th&ek of aggressive ions like chloride
ions that can initiate pitting or crevice corrosi@3]. Here should be mentioned that this
alloy is typical representative of the AliuminiunCepper alloys, (Series AA2xxx). The
compositions of the most ordinary used alloys fithis group is described elsewhé4d].
Kopeliovich classify this group of alloy as “heatdtable”, remarking the most basic
possible metallurgical post treatments, as agimgdmang, annealing, quenching etc. Table
1 represents the standard compositions of the alumicopper alloys.

Table 1: Standard compositions of aluminum-coppealloys [44]

Designation Si,% Cu,% Mn,% Mg,% Ni,% Ti, % Others,%
2011 0.4 max 5.0-6.0 - - - - Pb=0.4, Bi=0.4
2014 0.5-1.2 3.9-5.0 0.4-1.2 0.2-0.8 S 0.15 max S
2017 0.2-0.8 3.5-4.5 0.4-1.0 0.4-0.8 - 0.15 max -

2018 0.9 max 3.5-4.5 S 0.4-0.9 1.7-2.3 S S
2024 0. 5 max 3.8-4.9 0.3-0.9 1.2-1.8 - 0.15 max -
2025 0.5-1.2 3.9-5.0 0.4-1.2 S S 0.15 max S
2036 0. 5 max 2.2-3.0 0.1-0.4 0.3-0.6 - 0.15 max -
2117 0. 8 max 2.2-3.0 0.2-0.5 S S S S
2124 0. 2 max 3.8-4.9 0.3-0.9 1.2-1.8 - 0.15 max -
2218 0. 9 max 3.5-4.5 - 1.2-1.8 1.7-2.3 - -
219 0. 2 max 5.6-6.8 0.2-0.4 S S 0.02-0.1 V=0.1, Zr=0.18
2319 0. 2 max 5.6-6.8 0.2-0.4 - - 0.1-0.2 V=0.1, Zr=0.18

(concentration of aluminum - balance)

Especially, the AA2024 is extensively used duetsoexcellent weight-to-strength
ratio. However, the composition of this alloy (¢able 1) makes it very prone to corrosion
processes. The intermetallic particles cover al38atof the geometric surface area of the
alloy, Al,CuMg (S-phase) is the predominant type, followedAby (Cu, Fe, Mn)[45].




Additionally, other phases, such as;@ili ( -phase), and A}Cu(Fe Mn) are found in the
composition of this alloy, as welt6]. The composition of the intermetallics is gengrall
predetermined by the composition of the alloy, wlasrtheir morphology and distribution
depends on the conditions of its production. Ha¢h] has divided the intermetallic
precipitates into coarse intermetallics and finecypitates. According to him, the coarse
intermetallic particles form during the solidificat process, while fine precipitates
(including hardening precipitates in the matrix agwhin boundary precipitates) appear
during the artificial aging process of the metajlaal thermal post-treatment.

The most frequently types of corrosion for the ahum alloys, are pitting,
intergannular and crevice. The aluminum is desdribe literature to possess extended
aptitude for formation of dense superficial oxidedr[48]. Because of the native oxide
layer of Al, the uniform corrosion is very rarel\oserved, only at special conditions.
Nevertheless, the aluminium alloys are generallgimmore susceptible to suffer corrosion,
due to the presence of superficial intermetallimslusions. Namely in their location this
oxide layer is interrupted. Consequently, the amazipied by the intermetallics become
preferable centers of corrosion initiati@t®].

3.1. Pitting corrosion

Pitting corrosion is a localized form of corrosiomhich appears due to the
simultaneous presence of different metals on tHeyal surface, and the formed
intermetallic precipitates. In the literatuf0] the corrosion of alloys is described as
consequence of formation of undesirable voltaidscélhere, the relatively more active
metal suffers dissolution, being anodic area, wdetbe nobler metal serves as a cathode.
On the anodic and cathodic areas simultaneouslyprooesses of oxidation (i.e: metal
dissolution) and reduction of species from the tebdyte. The reduction processes could be:
reduction of oxygen, hydrogen evolution or otheogass, depending on the pH and the
composition of the electrolyte. This mechanismasftmed for the AA202445, 49, 51,
52], as well.




Figure 13. lllustration of electrochemical corroson of Al alloys generally; a- Superficial native oide
layer on the Al-anodic part; b- noble metal; c- ar@ of the aluminium matrix; d- superficial boundary of
the aluminium part; e- drop of electrolyte (water ®lution of NaCl)

Practically, more complicated mechanism is involiaedthe pitting corrosion in
AA2024. Rao and cd53] describe the kinetics of the pitting corrosiornyiding the process
into three basic stages:

Pitting initiation Generally, the aluminum possesses aptitude to forotective
oxide layer, whose structure is still not comphgt@hderstood. It is accepted that this film is
composed by a denser 8% layer, covered by porous AIO(OH), and Al(QH%3 - 55]. It
thickness is considered to be not equally distadudn the metallic surface, as is described

above.
In this context, locations with the lowest thickeese preferable centres of attack by

species from the environment (electrolyte). R&88] remarks that there are three main
models of pitting initiation: 1) adsorption mechemi 2) penetration mechanism 3) film

breaking mechanism.

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

Another authord56] mention that at specific conditions, (pH highearth8) the
oxide film becomes be soluble. It dissolves regaydhe following reaction:

Al,03+ 20H"  2AI0; + H,0 (1)

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

2Al(metaliicy+ 6H0  2A% + 60H + 3H, 2)
2A|(meta|) + 3H,O Al,O3 + H, (3)




The dissolution processes, described above (remcfio- 3) are further accelerated
by the respective cathodic processes, which coeldither hydrogen evolution, or oxygen

(4)

reduction.
O, + 2H,0 + 4e

40H
H, )
By that manner, the couple of Cu and Al form unaedi multitude of voltaic cells,

H"+e-
where reduction processes occur on the cathodiesz@n the nobler Cu), and oxidation on

the anodic areas. The oxidation process is acttiaymetal dissolution, as is described by

reactions 2 And 3.
Therefore, the corrosion attack begins at the iooatof defects of the oxide layer
and/or the sides where it is thinner. Figure ldsillates example of corrosion process,

where the cathodic and anodic areas are separatiffierent places of the metallic surface.

Cl

0, OH
. AI(OH),
% S
. RS, H“» b Y
ow pH location_ AICI: ADD
' g AlI° + H-O0 + CI" — HT + AIOHCI

I
O
h AP AP + 3e

0. + OH + 4e — 40H =

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

Metaestable pitare pits that survive for a very short lifetimetie order of seconds
or less. For this intermediate stage there is equabability for further development or
disappearance. Both processes could occur, folpeitimer equation 2, or reaction 3. In that

stage, different numbers of corrosion pit appedrdisappear coincidently.
Those parts of pits which continue their growtheermh the next stage, described in

the next section.
Pit growth is the last stage of the pitting corrosion denongdaas stable pits
growth. Each stage could be distinguished takirtg @ccount various electrochemical

parameters of characterization which will be disewdsin the next paragraph.
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4. PROTECTION OF ALUMINIUM ALLOYS

4.1. Coating systems

Undoubtedlythe deposition of various coatings is among theegtigdpread manner for
protection of the metals against corrosion is bpodégion of various coatings. By that
manner, a barrier layer is formed, between the Imstaface and the surrounding
environment. In order to execute this function, ¢bating systems should fulfill some basic
requirements, in order to guarantee reliable amdlde corrosion protection.

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

Nowadays, the sol-gel technology enables synthesishybrid primer coatings.
According to Zheludkeviclil8], these coatings possess various advantages, jasavieal
adherence to the metal oxide layer, and the uppetings, mechanical and thermal
durability, flexibility, etc. The simultaneous pegge of inorganic and organic moieties in
the composition of hybrid primer-coatings rendembanced compatibility as with metallic
substrate, so with the upper coating layers, becaftitheir aptitude to form chemical bonds

with them, as is shown in Fig. 15.

= Pamtm“
I o o 0 =)

NH NH, N N N 7 i o,
ob o b —s 7N s 00 9o — M o
L5 L L8 I HO - A—OHHO OH (5N £ —OH < -OH
0 0 0 0O o o ) o [ o ) o

*.| sol-Gel //
$ 5 $ 99 8§ S s 58 Peoating | P § F TG § SIS Sy sy

Qo [s]

Metal

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

Nevertheless, this kind of coatings possesses stisalvantages. Palavingl9]
mentions that various species from the corrosiveliome could penetrate through these
coatings. The performance of these primer coatoogsgd be further improved, by addition
of corrosion inhibitors in their compositions.




4.2. Environmentally friendly compounds in the coatings

During some decades the Chromium Conversion Caatimere the basic group of
substances used for corrosion protection of vanoetals and alloys. Recently, it was found
that the Cr(VI) compounds reveal high rate of tdayjcare harmful for the human health,
and environmentally incompatiblgs8]. Since 2007 Cr(IV) usage was prohibited in
European Community, initially in the electronic ustiry, by Restriction of Hazardous
substances” (RoHS)59], and afterwards in the automobile industry by “Ewoidlife
vehicles” (ELV) directivg60].

These environmental regulations have stimulatedyelamvestigation efforts for
encountering of alternative environmentally frigndbatings systems, which correspond to
the basic requirements for durability and protextwbilities.

In this context, the lanthanide compounds have hmewed as the most efficient
corrosion inhibitord49, 61]. Voevodin& co. [62] have investigated the protective abilities
of epoxi - ZrQ coatings with inclusions of Ce(NR, NaVv0;, or NaMoQ inhibitors. As
main result, they have established that CefjlQeveals the best inhibition ability.
According to Hamdy and Beccar[@3] cerium compoundseveal the highest corrosion
inhibition efficiency among the lanthanides. Thegvé evinced that the inhibition rate of
CeCk is even comparable to this of the chromates. Langaber of scientific articles is
dedicated in the elucidation of the corrosion iithib potentials of the Rare—Earth, and
especially — cerium compounfB6, 49, 62 — 76]

Simultaneously, considerable detrimental effectised by the involvement of cerium
compounds on the structures of the coatings is @bserved62, 77]. The reasons for this
negative effect could be:

- Partial dissolving of these Ce-salts after canteith water. It leads to formation of
pores and cavities inside the coatings. Theseieaviacilitate the penetration of corrosive
species, as £HH,0, Cl-ions, etc. This penetration is depicted i tiext figure.

- Cracking of the coatings — When Ce-salt is inedlunside hybrid coating, it could
change the pH of the medium after contact with wgt®, 79]. This change could provoke
hydrolysis of the chemical bonds, among the ragteidients of the coating.

- Inactivation of the Ce-inhibitor — During the s$kyasis of the coating, after the addition
of the Ce-compound, it could enter in undesirabltengical reactions with the rest
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ingredients. These reactions could lead to formatibinsoluble Ce-products, resulting in
inactivation of the active Ce-inhibitor.
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Figure 16. Schematic presentation of penetrationf@orrosive species through hybrid coating.

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

4.3. Cerium conversion coatings

Besides their involvement as corrosion inhibitditse cerium compounds could be
deposited directly on the metallic surface in fafmCerium Conversion Coatings (CeCC).
They could be employed either as self-sufficiemtnpr layers, or in combination with sol-
gel derived hybrid coatings. During their depositithe CeCC coatings undergo chemical
conversion from initial water-soluble Ce substantesinsoluble layer, represented by
mixtures of Cg0s, CeQ, Ce(OH)} and Ce(OH). In that means, obviously the features of
the obtained coatings depend on the conditionkeaf tieposition.




4.4. Stages and factors influencing on the CeCC coating

4.4.1. Influence of the preliminary-treatments

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

- Mechanical grinding 4t is the simplest method for predeterminationha surface
roughness before coating deposition. This appraacdsed by several authors [39, 56, 82 -
84]. This process is industrially unattractive, @sdapplication is usually avoided.

- Degreasing —The metal alloys usually are protected by tempbsairophobic
coatings, and that is the reason the clean theordgnic solvents. Usually this procedure is
performed by rinsing in acetone, ether, alcohahottures of them for several minutes.

- Alkaline cleaning (desmuttindf) leads to entire removal of the superficial miatal
layer, together with all its defects, because @f liigh solubility of aluminum in alkaline
media. The application of this procedure could stuis the mechanical grinding. There are
standard procedures, as is described in [36, 57880 but some authors prefer alternative
receipts. These receipts vary in respect to theposition of the alkaline bath, the
temperature an duration of the exposure.

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

- Acidic activationThis operation enables partial dissolution of theXde layer by
diluted acids. In these conditions, as a resuthefsimultaneous growth and dissolving of
the superficial film, it reaches a channel-poredtire, as is shown in the next figure.
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Figure 17. lllustration of formation of porous oxide films on the Al surface [90]

The purpose of this preliminary procedure is toaobtmuch more uniform
deposition of CeCC, afterwards. Generally, thiscpdure consists on immersion in diluted
acids for relatively short time. Again, some authpreferred to apply standard procedures
with commercial acidic solutions [36, 57, 80, 9ther receipts could also be found in the
literature, as: treatment in 0.05M,$0, for 5min at room temperature [85], 5min in 0.5M
acetic acid [89], or in a perchloric acid/ethanature for 3 min [92].

Finally, a comparative research work has been pedd in order to compare the
impact of the acidic and alkaline treatments, befpray deposition of CeCC coating from
CeCk solution [93]. As result, the authors report thiad performance of only one time
deposited coating after acidic treatment (in conumaéicleaner) excels 40-layered coating

after the alkaline procedure ( for 5 min. in 1%WtSO, at 50 °C).




4.4.2. Conditions of the coating deposition
The CeCC coatings owe their name, because of egterichemical reactions with
the metallic surface during their application. Tfast predetermines the excellent adhesion

that they should possess.
The deposition mechanism for these coatings inwlbeth the oxidation of
aluminum and the reduction of hydrogen peroxide@dd be described by the following

reactions [93]:
— 3+ =, -
Al Al 3e (6)
Hy05 + 28~ — 20H" 7)

The generation of hydroxide ions results in anaase in the pH near the surface of
the substrate, which causes the precipitation oficeoxide species by reactions such as

[93]:
Ce® +OH™ +1/2H;0, — Ce(OH),** (g
Ce(OH),?* +20H~ — Ce(OH)4 )
Ce(OH)4 — CeOz +2H20 (10)

Practically, there are several important paramgetbeg could be varied, in order to
optimize this process, improving the charactesstitthe coatings, and decreasing the time

and material spends for the deposition procedsriéf, these parameters are:
Deposition methodlt could be via spin coating, dip coating, sprawating,

electrodeposition, etc..
- Composition of the solution for depositioih includes: i- kind of the Ce-

precursor for deposition; ii- concentration and @esubstance; presence of oxidants; pH of

the solution.
- Duration of the deposition proces3here is an optimal duration of this

process. Because it requires participation of Ahfrthe substrate (see equation 6), when
enough dense coverage by the CeCC is already foitraimks not allow any further contact
between the metallic surface and the depositiontisnl. After this moment, any further
continuation of the deposition process should legither to thickening, nor to densification




of the coating. By other words, after this momérat process should be terminated, in order
to avoid time wasting.

- Temperature of depositioiccording to the literature, the CeCC-deposition
is Kinetically controlled process, and thus the hbig temperatures should lead to
acceleration of the coating deposition. Nevertlgldse most often used oxidant isQ4
and the temperature should not be superior to 60 =C, because the higher temperatures
could lead to decomposition of the peroxide, anthieradditional acids in the solution.

- pH of the systenit has a dualistic nature. By one side, the meditould be
alkaline, in order to facilitate reaction 9 (i.enversion from water-soluble Ce-precursor, to
Ce-hydroxides). On the other hand, the alkalineiomeatould cause precipitation of the Ce-
compounds (following the same reaction 9), resgltin formation of Ce-hydroxide
sediments instead of desirable CeCC-coating.

Practically, this process requires strongly acrdeadium with pH between 2 and 3.5.
This value promotes dissolution of the superficedide layer, and consequently —
deposition of uniform CeCC layer. If the pH is malt only island like deposits should
appear on the surface of the intermetallics.

- Presence of oxidantdt is clear that the presence of oxidants predetesm
whether the deposited coatings should be compos@uyby ceric (i.e: Ce(lV)) species, or
predominantly cerous (Ce(lll)) compounds. Althougbme authors preferred to use
KMnQy, [95], or perchloride NaClQ,, [85], the majority of authors employ the hydrogen
peroxide HO, as an o9xidant. The main reason for the supeabatour of this substance,
compared to the rest possible oxidants is that# $evereal functions: (i) — complexing
agent; (ii) — oxidant; (iii) — crystalisation inhibr; (iv) — additional source of supplemental
OH ions, that additionally favour the entire depositiprocess, as is described elswhere
[96].

Additionally, the authors alaso remark that all tbé deposition process passes

through intermediated complex ions, such as: CefOHTe(H0,)**, and other Ce(IV)(O-
O)(OH), species.




ey

{l’agmﬁﬁg

E@tﬂ"ﬂr&

Ce” +H,0,

ligand substitution ”

Ce™(H.O.y" =—> Related pathways
(e.g polynuclear peroxo

deprotonation +0H l -H.0 complexes)
Ce'™ (HO, )™
deprotonation +0OH l -H.O
Ce"M(0.)

oxidation by H.O, + []/é H.O, l ~-0OH

Ce™ (0, )"
Titration Surface

J J

Ce™(0,)" +20H — Ce™ (0, )OH), surface anodes

Al — A1 + 38

surface cathodes
0.+2H,0+4e —>40H
O, +2H,0+2¢ —H,0, +20H"

H,O,+2e” - 20H

deposition
CE""-",:('_]_]." +20H — Ce™ (0, WOH]},

Ce™(0,)" +2¢ = Ce0,

Figure 18. Schematic summarising of the proposed Wycoles [96] mechanism of the cerium conversion
coatings




Here should be mentioned that the composition efntietallic surface has a crutial
importance about whether the solid cerium oxidedyides should possess form of
deposited continuous film, or just sediments. Taget form is rather undesirable in trhe
case of CeCC coatings.

- Number of multiple depositiongJsually, the number of repetition of the
coating procedure leads to improvement of theirfgoerance. Additionally, it enables
obtaining of multilayer systems with individual cposition of each layer. However, in the
case of conversion coatings, it is more reasonabénlarge the deposition time, instead to
apply multiple deposition, although the latter, mg@zh 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 CeTke temperature and duration of the
post-treatment has been object of research in [Big¢ authors have performed it by
immersion of CeCC-coated AA 2024-T3 plates in 2.8%v NH;H,PQO, solution, for
different times, 10, 30 and 120 s, and temperatGBes/0 and 85 °C, respectively. The
authors conclude that the best coating is obtdioedt least 10 minutes at minimum 70 °C.
Additionally, at room temperature, any changes hagé been observed. The authors
explain the beneficial effect by the post treatmaith formation of supplemental hydrated
CePQ, that fills the cracks of the CeCC coating, makingiuch denser. Other authors also
propose phosphating procedure, at pH = 4.5, 85f@ fmal sealing step [98]. Furthermore,
this method is proposed by Fachikov & co. for csiwa protection of zinc [99], and low
carbon steel [100]. The tretmant by phosphatetsswaell known as preliminary treatment
prior depositions of various galvanic coatings [[L01




5. THEORETICAL BASES OF THE MEASUREMENT TECHNIQUES

5.1. Electrochemical methods

- Basic terminology: The electrochemical reactiosisgch as the corrosion of metals
and alloys, possess heterogeneous nature, and sakavayrelated to transfer of charges
across interfaces. The most important featureasiththe electrochemical systems (circuits)
the charge carriers are various ions, which receivender their charges by interaction with

electrodes.

When a metallic piece is immersed in solution ttattain ions of the same metal,
simultaneous dissolution, and deposition of metaltloe solid metallic surface of the
electrode always appear. So, equilibrium estaldisietween the metal and the electrolyte.

This equilibrium is always related to a potentidfedtence between the bulk of the
electrolyte and the electrode. This potential iswn as “electrode potential” and could be
determined by measurements with reference electiiddereference electrode possesses the
ability to maintain constant values of their potaist The basic reference electrodes are:
hydrogen electrode, calomel electrode and therssier chloride electrode [102 — 104].

The next figure shows examples for referent eleetso
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Figure 19. Examples for commercial reference elewides [104]

In conditions of corrosion process, on the surfatethe metal always appear
cathodic and anodic zones, where reduction andatrid take a place, respectively. These
processes run with transfer of electrons betweemtatal and ions from the electrolyte. In
that case, the potential difference on the eleetrauiface is called “stationary potential”.
The example for corrosion of Al-Cu alloy is cleaillystrated in Fig. 11. The potential of




the corroding electrode could be measured (regdjeby bridge of Poegendorf, as is
represented in Fig. 20.
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Figure 20. Electrochemical cell with bridge of Poegndorf [105].

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

Figure 21. Classical Electrochemical two — and theeelectrode split-cells [105]. WE — Working
electrode; RE- Reference electrode; AE — counteretdtrode
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When the stationary potential is shifted by thicdunter) electrode, the phenomenon
is known as “polarisation”. This phenomenon stagsthe basis of entire class of
electrochemical measurements, for determinatidhexkinetics of the corrosion processes.

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

i

half cell |electrode reaction W, \ieraus SHE
LilLi* Li*4+e~ & Li ~3,040
RbjRb* Rb* ¢~ = Rb —2,924
KK+ Kt4+e~ =K —2,924
Cs|Cs™ Cs*4+e” & Cs -2,923
Ca|Ca®" Ca'* +2¢~ & Ca —2,76
Na[Na* Nat + e~ 7= Na —-2,7T13
Mg{Mg'* Mgt + 2~ &= Mg —2,375
AlJAR* APF 4 3™ = Al —1,706
Zn|Zn™* Zn** + 2e= = Zn —~0,7628
Pijcet, €5 ot e ottt —0,41
Fe|Fe'* Fe'*t 4 2¢~ &= Fe —0,409
cdjcd™ Cd*t -2 = Cd — 00,4026
NifNi Ni* + 2~ & Ni -0,23
Pb|Pb** Pb*t +2¢~ =2 Pb 0,1263
Pt|H:, H 2H* + 2e~ & Hy 0,0000
PtjCu™, Cu* Cu* e~ =t Cut +0,167
Cu’t|Cu Cu'* +2c~ &= Cu 10,3402
Pt} [Fe(CN)s]*~, [Fe(CM)s]* [Fe{CN)s)*~ + ¢~ = [Fe(CN)s]*~ +0,356
Pt|[W(CN)s]* =, [W{CN)s]*" [WICN)e]*~ + &= == [W(CN)s)*~ +0,457
Pt|[Mo{CNJ)*~, [Mo(CNJs]*™  [Mo(CNW[*™ +e~ &= [Mo(CNJs|*~ +0,725
Aglag* At e T Ag +0,7996
2Hg!Heg* Hgs* + 2~ & 2Hg +0,7961
PHCR 02—, OFF, HY Cr: O™ + L4H™* 4+ e~ = 20T 4 TH:0 +1,36
Pt|O:, Hy O, H* 1/203 + 2H' 4+ 22~ &= H;0 41,229
AuT|Au AuT 427 & Au +1.42
PiMnO], Mn®*, HT MnO; + 8HY + Se— & Mn** + 4H:0 +1,491
Pt|Hs XeOs, Xels HaXeOs + 2HY + 2~ +2 XeO;5 + 3H:0 +2.42
Pi|F2, F~ F2+ 2e™ = 2F +2,866

They could be performed by different techniquest the basic electrochemical
polarization methods are: cyclic and linear voltaginy

The linear sweep voltammetry is based on recordhmy currents through the
Reference electrode (RE), during gradual changdeatric signal, by the counter electrode
(CE), or vice versa. Depending on whether the ogir@ potential is the measured
parameter, the LSV, could be performed in potentiadhic, or Galvanidynamic regime.

The Electrochemical Impedance Spectroscopy (EIS)ldcdoe considered as an
electrochemical analytical method, based on memsnts of the respond of the
electrochemical system (cell), during input of siowlal altering electric signal with
different frequencies.




This method enables to measure the capacitancesmaunctances, of the system. The
analysis of the impedance spectra allows to distgigthe contribution of each element of
the electrochemical system.

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

Element Nyquist plot " Bode plot
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Figure 22. Classical Electrochemical two — and theelectrode split-cells.




Usually, the corroding metal in electrolyte coulé hnalysed by application of
equivalent circuit of Rendles. It contains the stmice of the electrolyte {R the charge
transfer resistance {f and the capacitance of the electric double 14Rg). This layer
appears always on the interface between two phtiga&l, gaseous, solid, etc.). The next
figure contains schematic illustration of electtmuble layer.

cation
000 clectrode surface @
@ anion

0 adsobed neutral
particle

cB water molecule
Figure 23. Schematic illustration of electric douks layer.

5.2.  None-electrochemical methods

- Optical microscope The optical microscope, often referred to as thght
microscope”, is a type of microscope which usegbhaslight and a system of lenses to
magnify images of small samples. Optical microssoge the oldest design of microscope
and were possibly designed in their present comggdorm in the 17th century. Basic
optical microscopes can be very simple, althoughiettare many complex designs which
aim to improve resolution and sample contrast. diiisally optical microscopes were easy
to develop and are popular because they use vikghieso that samples may be directly
observed by eye. The image from an optical micrpsoman be captured by normal light-
sensitive cameras to generate a micrograph. Oliginenages were captured by
photographic film but modern developments in CMOf8 aharge-coupled device (CCD)
cameras allow the capture of digital images. Pudiytal microscopes are now available
which use a CCD camera to examine a sample, shawengesulting image directly on a

computer screen without the need for eyepieces.




- Atomic Force Microscopy. Atomic force microscopy (AFM) or scanning force
microscopy (SFM) is a very high-resolution type swfanning probe microscopy, with
demonstrated resolution on the order of fractioh& manometer, more than 1000 times
better than the optical diffraction limit. The poesor to the AFM, the scanning tunneling
microscope, was developed by Gerd Binnig and HginRohrer in the early 1980s at IBM
Research - Zurich, a development that earned tieniNbbel Prize for Physics in 1986.
Binnig, Quate and Gerber invented the first atofoice microscope (also abbreviated as
AFM) in 1986. The first commercially available atienfiorce microscope was introduced in
1989. The AFM is one of the foremost tools for imngg measuring, and manipulating
matter at the nanoscale. The information is gathdrg "feeling" the surface with a
mechanical probe. Piezoelectric elements that ifaal tiny but accurate and precise
movements on (electronic) command enable the vergige scanning. In some variations,
electric potentials can also be scanned

Haz de

using conducting cantilevers. slectrones
7
-Scanning Electronic Microscopy: il & } l
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This method of observation is based e T Electrones

detection of signals, emitted by a samp
which is in conditions of irradiation of
accelerated electron beam. This meth
enables obtaining of information regardir
the topography, structure and compositi
of the sample [108].
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The derivative emissions could be
divided into three basic groupsi) -  Figure 24. Schematic view of interaction between
Secondary electronsThey are originated electronic beam and solid samples [108]
by the electronic shells of the atoms composingsihecimen, after collisions with these of
the initial electronic beantii) - Back scattered electronsThey are electrons of the initial
emission reflected by the atoms of the specirien- Characteristic X-rays: They appear
because of the excitation of the electrons, froendlectronic shells of the atoms composing
the specimen, due to the kinetic energy of théainglectron beam. They are in the basis of
EDX analysis.

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




Il.  AIM AND TASKS

The general aim of the present research work étucidate the influence of various
conditions on the deposition of Cerium conversioatings on AA2024 aircraft alloy.
In order, to execute the present research workipllmving tasks were performed:

1. Influence of the preliminary treatment.

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

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

2.2. Influence of the oxidant concentration

2.3. Influence of the pH of the coating baths

2.4. Temperature dependence on the depositiongsoce
2.5. Duration of the deposition process.

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

3. Characterization of the obtained Ce-Conversioatidg
3.1. SEM and EDS characterization

3.2. Electrochemical methods: Polarization and idapee methods




. EXPERIMENTAL

1. MATERIALS AND METHODS

1.1. Description of the samples

The samples were in form iof metallic plates of 6DM, (produced in Ukrania) with
equal sizes of 40 x40 x 4 mm and had passed diffeteeatments, depositions,
electrochemical evaluation and superficial charazadon. The measurements have been
performed, according the conditions, describedvwelo

1.2. Measurements and characterisation

- Electrochemical measurements A three-electrode electrochemical flat cells with
100 ml. of 3.5%wt. NaCl solution was used for #&otrochemical measurements (Fig. 16).
Circular section (area equal to 2 yrfrom each sample surface was selected as a vgprkin
electrode (WE). The counter electrode (CE) was aimim net with a two orders of
magnitude larger area than that of the workingtedele in order to avoid the influence of its
surface capacitance on the experimental resulisW&-potential values were measured
versus a commercial Ag/AgCl — 3M KCI, standard refee electrode, model 0726100,
produced by Metrohm, with potential E(AgAgCl) = 0.2224 V. The polarization and
impedance measurements were carried out by means @otentiostat/galvanostat
AUTOLAB PG 30/2 of ECOCHEMIE, Netherlands, suppdriey a frequency response
analyzer FRA-2. In order to avoid the influencetloé external static electric fields, the
electrochemical cell was inserted in a Faraday cage

- Electrochemical impedance spectroscofirequency range: from 16- 10% Hz,
distributed in 6 steps per decade, at signal aog#it10 mV vs OCP.

- Linear Voltammetry:

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

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




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

Surface observation -Optical metallographic microscopy (OMM) observaton
for the samples surface were carried out with a B8OEmetallographic

microscope at low (x40), and high (x100) magnifimas. The microscope was
connected to a web camera with 600 x 800 pixelslugsn acting as an
effective digital optical microscope system.

1.3. Description of the treatment procedures and solutios

1.3.1. Preliminary treatments of the samples.
In order to determine the optimal conditions oflipnenary treatment, the samples
have passed different combinations of the followpngcedures:

1.3.1.1Mechanical grinding.
It was performed by wet polishing with emery papeits 200, 500, 800, and 1000
grits and cleaning with tap, and distillated wasdter each grinding stage. The
samples that were not selected to pass furthetntezds underwent additional
polishing with 1200 grits paper. This procedure al#/ finished by cleaning with
tap-water and soap.

1.3.1.2Degreasing
It was performed by immersion of the samples inréjuacetone for at least 5
minutes at room temperature in covered vessel wéhurbation. At last, the
samples passed by cleaning with tap and distillat&xy

1.3.1.3Alkaline Etching
It was performed by immersion of the already padlsubstrates in preliminary
heated 50 g/l aqueous solution of NaOH, at 55 G fminutes, followed by acidic
activation in diluted HN®@: H,O (1 : 1 in volume) at room temperature.




1.3.1.4Acidic activation.

It was made by immersion wwater solution of RSO, 260 g/l (equal to 133 ml of
concentrated p§0, in 1000 ml). for 5 minutes at 55 °C.

After each procedure, the samples were cleaneddoyous flux of tap water and
distilled water.

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

- Solutions for conversion coating:
- Cerium chloride solution: 0.05 M CeC{ aqueous solution.

Initial calculations: determination of the real molecular weight. It westablished
that 372.69. of CeGl7.H,O (heptahydrate) contains Cg@H#6.6 g. of the dry salt. 1M of
the salt in 1000ml. is 1M solution. Thus, 372.608CeCk.7.H,O in 1 liter makes 1Molar
solution. Consequently in order to obtain 0.02Misinecessary to dissolve 372.6.05 =

18.63g in 1 liter solution.

For 250 ml. only a quarter part was used (i.e: Agp5Actually, the real weight was
4.682 g.

Cerium ammonium nitrate solutionswo solutions of 0.05 M diammonium
pentanitrocerate  (NPhCe(NG)s and 0.05 M diammonium  hexaniytrocerate
(NH4).Ce(NG)s solutions were prepared by dissolving of the respe salts in the
appropriated quantities of water.

Additions:

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

2. BufferingThe pH of the obtained solution was adjusted bytiufdof diluted HCI
(1:3 - HCI : H20). It was performed via slow dropgiuntil reaching of pH of
2.60.




2. DESCRIPTION OF THE SAMPLES, SUBMITTED TO INVESTIGATION

2.1. Group 1, Influence of the preliminary treatment.
Three samples have passed the respective prelynireatments, described in the

previous section.
Table 3. Samples and deposition procedures
Samples Preliminary treatment
G1-PI Mechanical
G1-PIl Mechanical + alkaline
G1-Pl Mechanical + acidic

Group 2, Influence of the deposition temperature ad preliminary

2.2.
treatment
Description of the samplesFour samples of D16 AMGroup 2 with equal sizes

of 40 x40 x 4 mm have passed different treatmeni$s subsequent depositions. The
methods of preliminary treatment and the depositonmperatures are represented in Table 4

Table 4. Samples and deposition procedures

Samples Preliminary treatment Deposition temperatre
G2-PI Mechanical + alkaline 18 °C
G2-PIl Mechanical + alkaline 50 °C
G2-Plll Mechanical only 18 °C
G2-PIV Mechanical only 50 °C
All samples from Table 4 underwent deposition5 M CeC{, with addition of

30 % of HO,, 20ml. per I. They were performed in Petri-vesdels15 minutes at the

temperatures, described in the Table.




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

The samples were preliminary treated at the cahti described in the previous
sections, and each approach for preliminary treatnseemarked in the table below.

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

state, so of the anionic part of the respectiveséle-

Table 5. Samples and deposition procedures

Samples Cerium salt used Preliminary treatment
G3-PI (NH4)2.Ce(NOs)s Mechanical
G3-PII (NH 4)2Ce(NO3)s Mechanical + alkaline
G3-Plll (NH 4)2Ce(NOs3)s Mechanical + acidic
G3-PIV (NH4)2Ce(NOs)s Mechanical
G3-PV (NH4).Ce(NOs3)s Mechanical + alkaline
G3-PVI (NH 4)2Ce(NOs3)e Mechanical + acidic

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

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

The chemical treatment was executed by cold egcinmNaOH aqueous solution for
2 minutes at 18 °C. Afterwards, the plates passgorous cleaning by tap and distilled
water.

After this treatment, the samples have passedcaaddivation in HCI:HO, (1:1) at
18 °C. Afterwards, the plates passed vigorous ahggoy tap and distilled water.




2.4.1. Solution preparation:
- Etching solution: It was actually 50 g/l aqueous solution of NaOH.was

prepared by dissolving of 10.16 grams in 200 mtisfilled water.

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

- Solution for conversion coating[CeNg;+6H,0O] 0.05M with diferent additions of
NaCl as is described in table 2.

Additions:
Oxidant addition.Initially, 40 ml of hydrogen peroxide @@, 30%) were
added to 250ml. of the described above solution.
Buffering. The pH of the obtained solution was adjusted byitehd of
diluted HCI (1:3 - HCI : HO). It was performed via slow dropping until reaxhof

pH of 2.1.

2.4.2. Coating of the samples.
It was performed via dip coating for 45 minutescovered Petri-vessels, either at

ambient temperature, or at 40 (see table 2).
Six samples of D16 AM, with equal sizes of 20 x20 mam had passed different

depositions, as is summarized in Table 6.
Table 6. Procedures and codes of samples of grodp

Table 1 Quantity (g NaCl/l) Deposition temperature
G4-PI 3.5 18 °C
G4-Pll 3.5 40 °C
G4-Plll 1.7 18 °C
G4-PIV 1.7 40 °C
G4-PV 0.85 18 °C
G4-PVI 0.85 40 °C




2.5.

cerium conversion coatings

Group 5. Investigation of the influence of the oxidnt on the features of

The mechanical treatment was performed via wespwlg with SiC emery papers,
with: 240, 500 and 1000 grits subsequently. Afiachestep the metallic plates underwent

cleaning by tap water and washing powder.

The chemical treatment was executed by cold egcinmNaOH aqueous solution for
2 minutes at 18 °C. Afterwards, the plates passgorous cleaning by tap and distilled

water.

After this treatment, the samples had passedaaittivation in HCI:HO, (1:1) at
18 °C. Afterwards, the plates passed vigorous ahgdoy tap and distilled water.

Table 7. Procedures and codes of samples of group 4

Table 1 Quantity (ml. H>O/I) Deposition temperature
Piece | 25 40 °C
Piece Il 50 40 °C
Piece Il 100 40 °C

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

This group is composed by five pieces with simuwdtars change of the
concentration of the basic compound (Diammoniumtgrgtrocerate), maintaining of the
pH of the coating solution by Louriett buffer [111dnd at last, improved preliminary

treatments.

The Louriett buffer was prepared by mixing of twitial solutions in appropriated
relation. Solution 1 was obtained by dilution dd &l of 36% HCI, up-to 1000 ml. Solution
2 was prepared by dissolving of 7.5 g. glycine &b g. NaCl in 1000ml. of distilled
water. The final buffer solution was obtained byiidn of 600 ml of solution 2 to 400 ml.

of solution 1, in measuring flask.




All of the samples underwent mechanical treatmiémtas performed by subsequent
grinding with: 250, 500, 800 and 1000 grits SiC gmeapers, followed by cleaning with
tap — and distilled water.

In some cases, additional chemical treatment proeedas applied. It was executed
by immersion for 2 minutes in 50g/| NaOH, followbkd exposition to diluted HNO3 (1:1 to
distilled water). Both of these procedures wereiedrout at room temperature.

The deposition procedures were performed by diphogafor 2 hours into the
respective coating solutions at 40 C in thermosidit of the coating solutions contained
(NH4)2Ce(NO3)5, NaCl, H202 in distilled water. Rbe purpose of the investigation, the
respective ingredients had different concentrati@rdy the NaCl, was always added to be
3.5g. per liter of the coating solution. The comfoss of the solutions and the preliminary
treatments are ordered in Table 8.

Table 8. Samples and conditions of their preparatias

Concentratig Presence of Quantity of Preliminar
Sample | Basic compound n pH H,0, (ml / y
buffer treatment
(M) 1)
G6-PlI (NHy)Ce(NGy)s 0.10 2.00 + 25 Only
mechanical
G6-PlI (NHy)Ce(NGy)s 0.10 2.00 + 25 Mechanical
and
alkaline
G6-PllI (NH,).Ce(NGy)s 0.05 2.00 - 25 Mechanical
and
alkaline
G6-PIV (NHy).Ce(NGy)s 0.05 2.61 - 25 Mechanical
and
alkaline
G6-PV | (NH),Ce(NO)s 0.10 2.00 + 50 Only
mechanical




V. RESULTS AND DISCUSSIONS

1. GROUP 1, PRELIMINARY TREATMENT

Taking in account that the preliminary treatmens ftaucial importance for the
subsequent coating deposition, preliminary charaetéons were undertaken. For this
reason, three plates of the alloy were submittettheorespective preliminary treatments, as
is described in Fig. 25.

45 90 20K
.,
ST Lapttee
B0y, et % 18K
See o+ L7 M
35 IRy 70 £15K
+5e R G1-PI 60y O
3.0 ol 5 | 513Kk
2 e D G1-PIIT 502 E
N 25 . = [§10K G1-P1
> a @
S o 4 40
B e L+ Q
201 . Ser. L GlpIl g0 | 8K
(A i
tefe G1-PII
15, ... s 20 sK{ .
RO - L o n”
POC ISR + & -
1.0 '.t;,i”;”g!s 10 3K R G1-PIII
G1-PIII G1-PIT, t1d
0.5 (] 0
-2 -1 0 1 2 3 i B 0 3K 5K 8K 10K 13K 15K 18K 2(
log(f) z (Ohm.sqr cm)

Figure 25. Impedance spectra, acquired after 24 haos of exposition to 3.5 %. G1-Pl — mechanical
treatment; G1-Pll — mechanical with alkaline; G1-Plll — mechanical + acidic

The impedance spectra, acquired after 24 hourgmdsition to the model corrosive
medium show that the chemical subsequent stepgehinmary treatment decrease the
corrosion resistance of the superficial oxide filithe semi-circle of the mechanically
treated specimen has obviously bigger radius, coedp@ the rest samples.

The results of the subsequent modeling of the spdwnt appropriated equivalent
circuit are as follows: The circuit used in the g@et work is modified version of the
classical Randle’s cell. It is composed by R the resistance of the electrolytegq Q-
constant phase element of the electric double |ay@nnected in parallel to subsequent
connection of R and Q. The leas two elements could be ascribed to thegehtransfer
(all electrochemical reactions composing the caoorosprocess) and the diffusion of
corrosive species near the metal surface.

The equivalent circuit is depicted in Figure 26.
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Figure 26. Equivalent circuit employed for fitting to the El-spectra
As a result of the fitting of the spectra the ea@iawt circuit the following data have

p— Ra |

been obtained:
Table 9. Fitting of the impedance spectra shown ifig. 17 to the equivalent circuit from Fig. 26
Samples G1-PI G1-Pll G1-PllI
Treatment Mechanical Mechanical alkaline | Mechanichacidic
Rel () 8.35 7.41 7.40
error (%) 1.62 1.94 1.94
Qeal (8. t.cm?) 8.79,10° 3.70,10° 4.8310°
error (/) 2.70 3.49 3.79
N 0.90 0.89 0.95
error (/) 0.60 0.64 0.72
Rey () 15.9%10° 8.8510° 7.7910°
Error (/) 8.03 6.53 7.26
Quir (8. L.cm?) 6.2510* 5.8510* 8.4410*
error (/) 34.34 22.90 31.60
N 0.69 0.54 0.55
error (/) 16.09 13.19 17.87
The data in the table confirm that the chemicahttreent procedures possess

detrimental effect on the corrosion resistancehef $amples because the charge transfer
resistance R of the mechanically treated sample G1-PI, is tvhagher that these of the

specimens with additional chemical treatment.
The constant phase elemépiy describing thecapacitance of the electric double

layer on the metal/electrolyte interface for thechmmically treated G1-Pl is twice higher
than these of the rest samples. This fact meansh®aorresponding capacitive resistances
of these samples (G1-Pll & G1-Plll) are higher. Addally, the exponenn of Qg
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possesses values, near to 0.5, meaning that thé$acd phase element could be ascribed to
the diffusion processes.

The AFM images (Fig. 27) reveal that the lowestieadf the constant phase element
Qeal belongs to the smoothest surface, achieved aftehamécal grinding and alkaline
etching (i.e: sample G1-PII). This fact is addiabevidence for the direct relation between
the element @ and the metallic surface. By other words, the simaosurface possesses

higher capacitive resistance of the electric doldfer.

1 Ib

Mean fit 12.6um
Mean fit 8.28um
Mean fit 14um

X 40.5um

Figure 27. AFM images of AA2024 samples after diffent approaches of preliminary treatment a — G1-
PI; b — G1-Pll; ¢ — G1-PIlI
The corrosion process of AA2024 possesses predathyiacalized character. This
fact means that the Atomic Force Microscopy coudd lme used for determination of the
corrosion impact in that case. After the corrostests, the samples were submitted to
optical metallographic microscopy. The OM imagessirown in Fig. 28.

Figure 28. OM images of AA2024 samples after diffent approaches of preliminary treatment a — G1-
PI; b — G1-PII; ¢ — G1-Plil
The images of the OM also confirm the results olgdiby the EIS measurements. In
the case of mechanical preliminary treatment (Givith Ry 15.97k /cm?) there is much
weaker corrosion attack, compared to the rest sssnpi the cases of alkaline (G1-PII with
R« 8.85 k /cm?) and acidic (G1-PlIl with R 7.79 k /cm?) preliminary treatments, the
corrosion features are pitting, and intergrannukspectively.




2. GROUP 2, | NFLUENCE OF THE DEPOSITION TEMPERATURE AND
PRELIMINARY TREATMENT

The samples have passed electrochemical evaluatimats evince the crucial
importance of the deposition temperature. In Figtwo samples with CeCC deposition at
18 and 50 °C, after mechanical and alkaline pretreat are represented.
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Figure 29. Impedance spectra, acquired after 24 hos of exposition of samples after different
preliminary treatments and deposition temperaturesa — Nyquist plot; b — Bode plot

On the Bode plot (position a), at middle frequesadigere is an enlarged maximum
of the phase shift. It is a result of overlappifigwo maxima, for the oxide layer and the
coating, respectively. The difference is even muabre obvious in the Nyquist plot
(position b), where the imaginary component ofithpedance Z” achieves almost -90 k
and the real value Z’ is in the order of 200.K~or comparison, the semi-circle for the
sample treated at 18 °C is almost invisible.

Surprisingly, after only mechanical preliminaryamment (samples G2-Plll and G2-
P1V), the temperature of deposition does not infbeeso significantly. This fact means
that the alkaline procedure leads to deteriorabbrthe adherence of the CeCC to the
metallic substrate. Indeed, during the prelimintmgatments, it was observed that the
alkaline bath procedure causes formation of datkured smut of re-deposited copper
containing corrosion products. In the literatur&0d], it is pointed that the copper rich
smut could favour the deposition process. It idoplde, because the smut provides larger
cathodic area, and as was described in the thealrgiart, the cathodic zones supply
hydroxylic (OH) anions by the oxygen reduction (see reaction. (Aj)erwards, the
abundance of OHhear to the metallic surface causes intensiveigitatton of Ce(OH)
and/or Ce(OH)
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Figure 30. Impedance spectra, acquired after 24 haos of exposition of samples after different
preliminary treatments and deposition temperaturesa — Nyquist plot; b — Bode plot
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Figure 31. Anodic polarization curves of the sampkecoated at different temperatures. a — sample G2-
Pl; b — sample G2-PIV; ¢ — sample G2-PIIl; d — samig G2-PII

Nevertheless, this copper-containing re-depositadtshas not enough satisfying
adherence, and consequently - it does not provglalde base for the CeCC-coating.

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

The curves in the figure undoubtedly reveal that riiost protected sample among
the specimens in Table 3 is the specimen G2-Pig. prepared in “hot” bath (50 °C), after
subsequent mechanical & alkaline pretreatment pioes. Nevertheless, the worst sample




(i.e: G2-PI, see Table 3) is also pretreated byhioation of mechanical and alkaline pre-
treatment procedures. The difference between thst bed the worst sample is the
temperature of the deposition of CeCC coating. fOneer one underwent deposition at 18
°C, whereas the latter was submitted to coatingosiéipn at 50 °C. This insignificant
temperature difference of about 32 °C, provokesar&able change of the anodic current
densities, in the case of alkaline preliminary tiedasamples. In Fig. 23 it is demonstrated
that the anodic current densities at -450 mV diféh more than four orders of magnitude
(i.e: 2.26x1C and 4.64x18 Alcm?, for 18 and 50 °C, respectively).

Additional feature for the superior behavior of $denG2-PlIl, compared to the rest,
is the presence of horizontal part in its curve\{ew, Fig 31). It is situated between -708
and -635 mV. This section is known gmassivity regiofy and it absents in the rest curves.
It is additional evidence for the better corrospratection of the CeCC, formed on the G2-
Pll sample.

In contrary, for the samples suffered only mechanpceliminary treatment there is
a overlapping of the curves at 2.12%cm?. The contradiction between the tremendous
importance of the deposition temperature for ttkalale treated samples (samples G2-PI;
G2-PlIl), and its neglect influence for the mechalyctreated (samples G2-Plll; G2-PIV),
is evidence for the presence copper enriched simutye latter case. Now, could be
concluded that the Cu-smut during the alkalinetpratment procedure disjoins during the
deposition process at 18 °C. Furthermore, it disjdrom the AA2024-substrate surface,
together with the Ce-coating. As a result, the Gutaining smut has dualistic action: by
one hand, it improves the CeCC coating deposite®0at’C, by the other hand, it
deteriorates the Ce-coating adhesion at 18 °C.

The “short” polarization curves possess very irgeng features, as well. As could
be seen from Figure 32, the curve of the samplpgpeel by mechanical and alkaline
pretreatment and with “cold” deposition (G2-Pl)slempletely different shape. It is oval
and smooth, and any sharp edges absent, in diffier@mall rest. In addition, it is shifted in
the cathodic direction, possessing OCP = -862 miilenthe rest curves are with -723 mV
for G2-PII; -693 mV for G2-Plll and -740 mV for G2V, respectively. Its polarization
resistance (B was determined to be 2.618 K cnt. The shapes of the rest curves do not
enable to determinepRralues accurately, but from the figure could bduded that this
parameter has about one order of magnitude higilaes.
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Figure 32. “Short” polarization curves of the sampés coated at different temperatures. a— sample2s
Pl; b — sample G2-PIV; ¢ — sample G2-PG2-PIl; d —ample G2-PlIlII
The cathodic curves follow the same tendencieshasanodic ones. Figure 33
represents the cathodic polarization curves os#mples described in Table 3.
Again, lowest cathodic current densities belongh® sample G2-PlI, prepared by

mechanic and alkaline preliminary treatment andt™ld@position at 50 °C. The highest
current densities are possessed by G2-PI (withd"odéposition, at 18 °C, after the same

preliminary treatment).
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Figure 33. Cathodic polarization curves of the samps coated at different temperatures. a— G2-Ph —
G2-PIV; ¢ — G2-PIl; d — G2-PIll




Samples G2-Plll, and G2-PIV (both with only mecleahipre-treatment) have
similar curves. However, the cathodic curve of tiechanically pre-treated sample with
cold deposition looks more similar to the best dneechanical + alkaline and hot

deposition).
The results of the analysis of the cathodic cuaresshown in Table 10.

Table 10. Data from cathodic polarization curves osamples, treated by mechanical or alkaline

treatment
Samples Corrosion current denzsity at Open Circuit Potential.
-950 mV. ( A/ cm)* (MV)*
G2-PI 70.17 -840
G2-PlI 1.33 790
G2-PllI 2.25 695
G2-PIV 14.30 790

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

Although, the simultaneous variation of two corah (temperature of deposition
and preliminary treatment), table 6 reveals thathigher current densities are observed
for the curves with more negative values of OCPlyGime samples G2-PIl and G2-PllI
show slight deviation from this trend. Their deioatis consequence of the coincident
differences between the preliminary treatments hef substrates, and the deposition

temperatures in their cases.

Two contradictive trends are observable in Fig. BB.one hand, the worst curves
belong to samples G2-Pl and G2-PIV. The former ispex underwent mechanical and
hot alkaline preliminary treatment, and deposi@ri8 °C, whereas the latter passed only
mechanical pre-treatment and deposition at 50 fGhdould be concluded that both of
alkaline procedure and high temperature depostimre detrimental effect on the CeCC
protective film.

By other hand, the best features of the protediineare revealed by the sample that
possesses the combination of only mechanical tesatrand deposition at 18 °C (i.e: G2-
PlIl, curve d, figure 33). This contradiction appeto be result of the dualistic character of
the influence of the temperature of deposition #red alkaline procedure of preliminary
treatment. It could be described as follows:




Hot Alkaline pretreatment procedur®y one side, it leads to dissolution of the
superficial Al-layer, causing accelerated corrosiBy the other, the aluminium plate
creates repassivation, by growth of thick oxidestay

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

The only mechanical preliminary treatment leadsetooval of the thick oxide layer,
formed during the rolling procedure in the metajloal production of the AA2024 alloy.
Consequently, the plates possess lower thicknetbe afxide layer.

As a result, the alkaline procedure that shouldsa$ise obtaining of thicker oxide
layer should be performed at softer conditions dovemperature or lower concentration
of NaOH, and shorter duration of the exposure ¢oatkaline solution).

Deposition temperatureAs is described in [94], the CeCC-coating process i
kinetically controlled process. This fact undouliyecheans that the increase of the
temperature with 10 °C, should accelerate the deposprocess with 2 to 4 times.
However, the higher temperatures provoke decompaosiff H,O,. The peroxide is really
important substance because it serves as an atoelef the deposition process (in this
case it is not correct to use the term “catalystduse it also suffers chemical conversion

during the coating process).

Thus, could be concluded that the temperature e@tek the deposition but at too
high temperatures, the,8, decomposes. Consequently, the deposition processddshe
performed at lower temperatures.




3. GROUP 3.INFLUENCE OF THE OXIDATION STATE OF THE CERIUM SALTS

As consequence of the equivocal results for grouph@ experiments with two
different cerium salts: diammonium pentanitrocel@éH,).Ce(NG;)s) and diammonium
hexanitrocerate ((NDCe(NG)s) was combined with three different preliminary
treatment approaches. The general difference battese salts is that the in the former

is Ce(lll) salt, whereas the latter one is Ce(l¥inpound.
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Figure 34. Cathodic (a) and anodic (b) polarizatiomecorded after 24 hours of exposition in the

corrosive medium of the samples coated by (NH4)2Q¢03)5. 1-G3-Pl; 2-G3-PIl; 3 -
G3-PIll

In that means, the samples submitted to investigatie six pieces, coated with one
of the salts, after different preliminary treatngenfhe compositions of the coating




solutions are described in section 2.3. of the expntal part. The preliminary treatments
follow the procedures, described in section 2.2 @ksignments of the samples, and the
methods of their preparations are summarized ielab

The cathodic curves (position a) of Figure 34 la@dinost identical, whereas the
anodic ones (position b) have quietly differentpd® The unique difference in position
(a) is that the sample submitted only mechanicalipimary treatment (i.e: G3-PI, curve
1) has more negative value of OCP than the restTiis fact is indirect indicator that the
surfaces of the AA2024 metallic plates possessHdreint chemical compositions, after
the respective preliminary treatments. The mostbgiote source of change of the
superficial composition of the metallic plates tse tcopper enrichment. It could be
consequence either of selective dissolution ofntleee active components composing the
S-phases, or Cu-redistribution, as is mentioneddsakau and co. [49]. Thephenomena
should provide larger cathodic areas (Cu-enrichgedicial zones) which should enhance
the Ce-coating process. Nevertheless, the catloodient densities are relatively equal.

The anodic curve of this sample (G3-PI) is the simest one (curve, see Fig. 34-b).
It does not show any features of pitting corrosiongdifference of the rest curves (see
curves 2 and 3). This fact means that probablettige anodic surface (i.e: the Al-matrix)
suffers uniform corrosion. Its appearance coulcehglained having in mind the thinner
oxide layer as consequence of the mechanical padjsfihe rest two curves (see fig 34,
position b, curves 2 and 3) possess sharp riséiseofurrent densities, which is obvious
evidence for presence of pitting. Furthermore,dineve of sample G3-Plll has the highest
current density. At -400 mV, it is equal to 678 /cm? whereas the rest two curves
overlap at about 25A /cm?. This fact is clear indication for the detrimengdflect of the
acidic activation procedure (see section 2.2.hefexperimental part).

In order to follow the comportment of the respeetseric Ce(lV) salts during the
coating deposition, and to evaluate the charatiesisf the obtained films, they were also
submitted to measurements, at the same conditisnghe cerous Ce(lll) ones. The
procedures of film preparation and deposition aescdbed in section 2.3. of the
experimental part and their compositions are sunz@éin Table 5.

Fig. 35 represents the cathodic (a) and anodipdtarization curves, acquired after
24 hours of exposition in 3.5% NaCl model corrosivedium.
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Figure 35. Cathodic (a) and anodic (b) polarizatiomecorded after 24 hours of exposition in the
corrosive medium of the samples coated by (NH4)2Q¢03)6 1-G3-PIV; 2 -G3-PV; 3 -

G3-PVI
Here, the cathodic curves also possess quietlifasishapes and possess enough
similar current densities. However, in differendeF@ure 34, the respective OCP values

differ with almost 100mV among themselves.

In this case, only the anodic curve of the sampté acidic preliminary treatment
(G3-PVI) does not reveal any features of pittingrasion. However, its current densities
are obviously higher that these of the rest samflbsse facts mean that on the anodic
areas (represented basically by the Al-matrix)esusievere uniform corrosion. The most




probable reason for this phenomenon is that thet leas attacked the Al-oxide layer of the,
perforating it, as is described in the theoretpzat (see Figure 15 of the theoretical part).

In addition, the Ce(IV) salt has revealed generalbrse behavior than the Ce(lll).
As evidence, Figure 36 shows two impedance spactyaired after 24 hours exposition of
two samples, submitted to conversion coating aftdy mechanical preliminary treatment.

5 T %0 45K
ashoncoo, “ @ i, = 40K b
o.,.oo‘aon ./ ~e
070
4.0 9 "o 35K
O vk astadana, To
1 ‘-i OO‘ +a
S35 + s "o E 0K
= \; +%0 0, GD% §
330 + s e s % 25K
& “ %s% B E 1 o
= 050 %05 | § By W& 8@
£25 . °3o = | T2k °
B g 493 B
> °g =5
220 8, 2| Rsk . 2
[+]
o, .
o 30
15 ﬂﬁggg ! 10K oo °/ .
-F 1) -1 &
10 “83%g5020 5| e
05 l‘ﬂ) 0 — - : ;
2 A [} i 2 3 i 5Kk 10K 16K 20K 26K 30K 38K 40K 45K
log(f) Z, (Ohm.sqr.cm)

Figure 36. Electrochemical impedance spectra recoedl after 24 hours of exposition in the corrosive
medium of the samples coated by: 1 - (NH4)2Ce(NO3md 2 - (NH4)2Ce(NO3)6

The Nyquist plots of the impedance spectra undalypthows that the sample G3-
PIV, coated by the Ce(lV) salts has much worseidraproperties, because the radius of
its semicircle is twice smaller than this of G3-Rbated by the respective Ce(lll)
compound. Additionally, the phase-shift curves lué tespective Bode plots are clearly
distinguishable.

The former one, (curve 1) achieves 70°, whereas¢hend one reaches almost 80°.
This fact undoubtedly reveals the better capacitigdormance of the superficial layer.
However, the = f(logf) curve of sample G3-PI occupy larger rangdrefuencies. This
fact means that there is overlapping of two maxifieir presence is indication of
presence of two superficial layers: of the oxideetaand the coating, respectively.




As is mentioned in the literatufd9], the addition of small quantities of NaCl into
the coating solution could contribute to better amore adherent CeCC-layer. The basic
idea is that if there is a corrosion process induaing the coating, it should enhance the
activity of the cathodic areas (i.e: the coppefusions), and by that manner, higher GH
content will be represented near to the metallitase (due to the oxygen reduction process,
(reaction 4)). Consequently, more dense films shdut expected as consequence of
intensive precipitation and deposition of Ce(@&hd/or Ce(OH)compounds

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

Figure 37 represents impedance spectra recorded 24t h of exposition for three
samples, coated at room temperature, with diffeegtditions of NaCl into the coating
solution.
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Figure 37. Electrochemical Impedance Spectra, acowd after 24 h of exposure, for samples coated at
room temperature 1 — G4-PI, 2 — G4-PIll; 3 — G4-PV

As could be seen from Figure 37, almost the ersfi@ctra overlap in the Bode plots.
Hence, any differences could not be seen among.timethe Nyquist plots, it looks that the
coating with 3.5 g/l NaCl addition (G4-PI) looks possess the highest barrier ability. It is
twice higher than this one with 1.7 g/l NaCl. Sispgly, the sample with the lowest salt
addition (G4-PV) stays between the rest two.




After 48 hours even these differences disappeag.réhson for their disappearance is
the fact that up-to 48 hours all of the coatingsalready broken.
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Figure 38. Electrochemical Impedance Spectra, acowd after 48 H of exposure, for samples coated at
room temperature. 1 — G4-Pi, 2 — G4-PIll; 3 — G4-PV

The spectra, obtained after 24 hours of exposftorthe samples with deposition at
40 °C (i.e: P4-Pll, G4-PIV, G4-PVI, with 3.5; 1.0;85 g/l of NaCl, respectively) have
very peculiar shapes, due probably to the cointigezsence of several different process,
such as corrosion, adsorption and desorption abwarspecies on the electrode/electrolyte
interface.

Nevertheless, after 48 hours of exposure, thes@lsarhad typical spectra for bare
alloy, as could be seen from the Figure below.
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Figure 39. Electrochemical Impedance Spectra, acowd after 48-h of exposure, for samples coated at
room temperature. 1 — G4-Pl, 2 — G4-PIll; 3 — G4-PV

In contrary to the fact that after 24 hours the gam(G4-PI), with 3.5 g/l NaCl
addition to the coating solution revealed the hggtarrier ability (see Figure 37), Figure 39
(position (a)) shows that after 48 hours, it hast lmompletely its protective abilities. The
anodic curve of this specimen (curve 1) revealshilggest anodic current density. At -400
mV, its current density reaches 5.6 mAfcwhereas the rest two curves overlap at 0.24
mA/cn?, being 20 times lower.

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

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

Due to the simultaneous influence of both theswfacany clear dependence between
the quantities of the salt in the deposition solutand the features of the coatings was not
observed.
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Figure 40. Anodic polarization recorded after 48 hars of exposition in the corrosive medium of the

samples coated at: (a)- room temperature: 1 — G4-P2 — G4-PIll; 3 — G4-PV — 40 °C: 1 — G4-PIl; 2 —
G4-PIV; 3 — G4-PVI
According to Conde & co. [39] the addition of Na&hould favour the CeCC

deposition process. The authors explain this beiaéfeffect, observed by them by the
following concept: During the deposition processe NaCl stimulates the corrosion of the
alloy. Consequently, the salt should enhance thigodec activity of the copper containing
areas. This enhancement should intensify the ptaduof OH - ions, near to these areas,
because of the oxygen reduction reaction (Figuread@8 reaction (4) in the theoretical part).




The local abundance of hydroxyl ions, near to théhadic zones, should trigger
precipitation of Ce(OH)/ Ce(OH), species, that should form CeCC coating. Howebhesd
insoluble compounds could either deposit on theatietsurface, or just to precipitate,
forming powder-like sediments. Namely, the lattasesis the reason for the low durability
of the coatings.

5. GROUP5.INVESTIGATION OF THE INFLUENCE OF THE OXIDANT ON THE
FEATURES OF CERIUM CONVERSION COATINGS

Alternatively to the addition of NaCl, the CeCC dspion could be improved by
supplemental addition of the oxidant (i.e: peroXideserves as accelerator of precipitation
of Ce(IV) oxides/hydroxides (as is well describew dllustrated in the theoretical part,
section 4.4.2, equation 7). In this case, the teabalyst” should not be used, because the
peroxide also suffers chemical conversion, produexcess of OH ions. In other words,
having in mind equation (7) in the theoretical pa#tO, appears to be very important
ingredient of the Ce-coating solution, becauses iindirect provider of supplement OH
ions near to the cathodic zones.

In that particular case, the question is whether abtained Ce-oxides/hydroxides
should form protective film, or will they be justther in form of sediments, with
insignificant adherence to the metallic surfaceguFé 41 shows impedance spectra for
samples from group 5, recorded after 24 hours @osition to the 3.5% NaCl model
corrosive medium. The samples and their preparatierdescribed in section 2.5. and Table
7 of the experimental part.
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Figure 41. Electrochemical Impedance Spectra in Ba(a) and Nyquist (b) plots, acquired after 24 h of
exposure, for samples coated at room temperature.-1G5-PI, 2 — G5-PIl; 3 — G5-PlII
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As could be seen in the figure, the barrier abibtyhe sample treated in solution with

25ml/l of HO, obviously excels all of the rest, despite the that the latter contain 2 and 4
times more peroxide. This fact undoubtedly meaas well adherent protective film could
be obtained only in solution with 25 ml/I of therpride.. In the rest two cases, the excess of
H.O, results in formation of solid sediments. Furtherejothis specimen (i.e: G5-Pl)
remains its barrier properties even after 168. Tad means that the respective coating
possesses remarkable durability, as could be cdedlafter comparison of Figures 42 and

43.
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Figure 42. Electrochemical Impedance Spectra in Bal(a) and Nyquist (b) plots, acquired after 168 hfo
exposure, for samples coated at room temperature.-1G5-PI, 2 — G5-PIl; 3 — G5-PlII
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Figure 43. Anodic polarization recorded after 24 (aand 168 (b) hours of exposition in 3.5% NacCl
corrosive medium. 1 — sample G5-PI; 2 — sample GHHP3 — sample G5-PIlI

The polarization measurements completely confirenregsults acquired via EIS. The
fig.43 illustrates the anodic polarization curvessorded after 24 h (position (a)), and 168 h
(position (b)) of exposition to the corrosive madiu

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

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

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

surface.

It is expectable that initially, these bubbles aqowely the more active cathodic sites.
Afterwards, the bubbles block the access of thecispeto the surface of the respective
cathodes. Consequently, the less active cathodesmgethe major centers of hydrogen
evolution. The appearance, and subsequent growitteajas bubbles, hinders as the access
of corrosive species to the corresponding cathatethis of Ce-ions. That is the reason for

the presence of high population of small holes.

The larger black spots are rather consequence eofpthsence of S-phase coarse
particles, which provoke production of bigger budshl

The next figure represents high resolution SEM -age) obtained at 2250x
magnification. It clearly shows the strongly cradlstructure of the coating. The origin of
the cracks is the drying stage of the coating. myrhis stage, the evaporation of the
adsorbed water, leads to shrinking of the coatflings phenomenon results in appearance of
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mechanical tensions and consequently — crackirtgeotoating. Similar presence of cracks
IS observed by other authors [56], as well.

The globular shapes of the deposits composing dhéng reveal that the deposition
process is not accompanied by gradual crystal d¢rowt

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

The map analysis shown in Fig 46 reveals misceflas@&omposition of the coating,
where the distribution of the elements does ndd¥obhny obvious trends.

Figure 46. High resolution SEM-image (a) and EDS m&analysis of G5-PlII




Figure 47. EDS map-analyses for each main componeot G5-PlI

The distribution of each element is much more tya@presented in Figure 47. There,
the copper is equally distributed due to probabbdeposition phenomena, as is described in
the literature part of the present work.

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

6. GROUP 6. OPTIMIZATION OF THE COMPOSITION OF THE COATING
SOLUTION
Comparison of the impedance spectra:

Fig. 48 represents three impedance spectra in Bodand Nyquist (b) plots of the
first three samples, coated either in solutions hwidifferent concentrations of
(NH4)2Ce(NG)s, or after different preliminary treatments.




Figure 48: Bode (a) and Nyquist (b) plots of the E$pectra of three samples of Group 6. 1 — sample &6
Pl; 2 — sample G6-PIl; 3 — sample G6-PllI

It is obvious that the first sample (G6-Pl) remdnliyaexcels the other two. The real
part Z' of its Nyquist plot reaches 15 kcm2 (curve 1), while the rest two stay between 3
and 5 k .cm2 (curves 2 and 3). The first one is preparedhigyer content of cerous
ammonium nitrate, as the second one (G6-Pll), amdsubstrate was prepared by only
mechanical grinding in contrast to G6-PIl and G8:PI

This fact means that the alkaline preliminary et procedure possesses generally
detrimental character. Furthermore, its impact isicim more remarkable than the
concentration of the basic substance in the coadmigtion. This fact is also obvious,
because the difference between the samples prepgréd or 0.05 M of (Nk).Ce(NG;)s
(see curves 2 and 3) is negligible, compared tadifierence of the preliminary treatment
approaches (see curves 1 and 2).

Despite the weak difference between the sampleted¢day 0.05 and 0.1 M Ce-salt
solutions, the one with lower Ce-content seem&s@ss better barrier properties (compare
curves 2 and 3 in Figure 48). This unexpected resuild be explained, as well. In the case
of double addition of the Ce-compound (G6-PlII), tekation of the addition of H202 to the
basic substance decreases. By other words, thagaaiution for G6-PI1l contained 25 ml/|
of H202 for 0.1 M (NH).Ce(NGs)s, and this relation was twice higher for G6-Plll
(containing 25 ml/l. HO, but only 0.05 M. Ce-salt). That was the reasorcdmpare the
barrier abilities and durabilities of two sampleghwequal addition of 0.1 M Ce-salt, and




different additions of bD,. The additions of the peroxide were 25 and 50 mfdr G6-PI
and G6-PV, respectively.

Experiments on samples with only 0.01 M contentensgrformed, as well. All of the
samples had revealed completely unsatisfying gstdgardless the preliminary treatment
approach applied on the respective substrate, eratlditions of oxidant, duration and
temperature of coating deposition. This fact was tbason not to continue any kind of
measurements on samples coated by this concentdt©e-compound.

Figure 49 contains impedance spectra, recordedbdtr samples, after 48 and 168
hours of exposition to 3.5% NaCl model corrosivediam.

The spectra after 24 h of exposure had not enoagkfy\sng shapes (i.e: the data
points were strongly dissipated), which imposeduaten of the sample barrier abilities by
the spectra acquired after 48 hours (curves 12anthe log|Z| = f(f) curve of the Bode plot
for the samples with 50 ml / | of J,, at 0.01 Hz is by almost entire order of magnitude
higher than this of the sample with only 25 mldfithe oxidizer. The respective Nyquist
plots reveal even higher difference. The analyss‘find circle” function, reveals that the
total resistances R (p + coat) possess 15ik?, compared to 50 k.cm2. It could be
concluded, based on all of these observations,th®bptimal ratio between the oxidizer
and the basic ingredient is: 500 ml. of 30%Op for each mol of (NE).Ce(NG;)s. This
optimal ratio is correct only for the investiga®ttem (i.e: between 0.05 and 0.1 mol of the
Ce-salt, or G6-Plll, and G6-PV, respectively). Thaion allows obtaining the highest
barrier ability for the investigated system.




Figure 49: 1. Bode (a) and Nyquist (b) plots of th&l spectra of three samples of group 6. 1 — samp(&6-
PI, after 48 hours of exposition; 2 — sample G6-P¥(fter 48 hours of exposition; 3 — sample G6-PI afte
168 hours of exposition; 4 - sample G6-PV after 1@®urs of exposition

Nevertheless, it could be also concluded compatieg curves 3 and 4, that they
almost overlap. These curves were recorded afi@hbérs of exposition of G6-Pl, and G6-
PV to the corrosive medium. Regardless the fadtttteaG6-PV slightly excels G6-PI after
one week of exposition, the former one has obviolsdt its barrier ability, (comparing
curves 2 and 4). The clear difference between pibetsa recorded after 48 and 168 hours of
exposition to the corrosive medium for the sampéeRY, reveal its low durability in these
conditions.

Influence of pH of the coating solution was als#lowed. The pH value was
maintained to be 2.00 by correction via droppindi@fl : H,O 1 : 3. However, the sample
G6-Plll (prepared by mechanical and alkaline treatirof the substrate, and coating by 25
ml/l. H202 and 0.05 M. Ce-salt, with corrected pi2.80) was repeated by another sample
G6-PIV, but with its own pH = 2.61.

The comparison between the spectra of samples &Rl G6-PIV reveals that the
specimen, coated by the bath with pH = 2.61 hashnbetter barrier ability, than this one,
with the corrected pH. The log|Z| = f(f) curve 08-BIV in the Bode plot excels by on and
half orders of magnitude this one of G6-PlIIl, @410Hz. Additional difference between the
respective Bode plots is that the curves f(log(f)) possesses two, clearly distinguishable
maxima. This fact undoubtedly evinces the preseridsvo superficial layers. It could be
supposed that during the deposition of the Ce-asnwe coating, additional oxide layer
grows, due to the acidic nature of the coatingtgmiu These conditions cause supplemental
growth of Al-oxide layer on the other sample (K&-PIll), as well. However, because of
abcence of uniform film of CeCC, in the case of &8; its = f(log(f)) curve has only one
maximum at the middle frequencies. It is originatiean the Al-oxide layer appeared in the
conditions, described above.




Figure 50: Electrochemical Impedance Spectra recor after 48 hours of exposure of two samples with
different pH of the coating solutions. 1 — specime@®6-PIIl; 2 — specimen G6-PIV.

Figure 51. Electrochemical Impedance Spectra recortl after 168 hours of exposure of two samples
with different pH of the coating solutions. 1 — spgimen G6-PIIl; 2 — specimen G6-PIV

After 168 hours of exposition, the spectra remagirtshapes. This fact is indication
for the relatively good durability of both coating$he Nyquist plots of G6-PIV show that
the real part (i.e: Z') of the semi-circles decee&i®m relatively 55 k .cnf, detected at 48

hours of exposition to 20 kcnt , after one week of exposure (Compare Figure 38 wi
Figure 51).




Morphological characterization of the samples

The different behavior of the samples in corrosimedium reflect their individual
structures, as consequence of the conditions apjpdie the deposition of the respective
coatings. On the other hand, the structures ddetlematings could be assessed by their
superficial morphologies. For these reasons, SEMbservations were executed for
description of the topographies of the coatingawes$.

The respective SEM — images are shown in the mnguxtef:

Figure 52. SEM topological images of the samples gfoup 6 a - specimen G6-PI; b — specimen G6-PII; ¢
— specimen G6-Plll; d — specimen G6-PIV

The SEM images reveal that the samples possesslatedifferent morphologies.
Even the preliminary treatments of the substrag=silt in the mechanism of coating
deposition (compare positions “a” and “b”). Therf@r has equally distributed morphology,
while the latter reveals additional layer of depgsihe ratio between the Ce-salt, and the
oxidant renders its influence, as well. The addaiodeposits observable for the sample G6-
Pll are presented neither for sample G6-Plll, mor@6-PI1V (see positions ¢ and d). This
fact means that because of the lower content afas®j compared to the Ce-salt in the case
of sample G6-PlII, there is not enough intensivecipration of Ce-oxides/hydroxides. As




consequence, the coating deposition passes accadpayn corrosion process. That is the
reason for the coverage of the Ce-coating by cmmogroducts as Al(OH) The
comparison between samples G6-Plll, and G6-PIVi{jpos ¢ and d), shows that the pH
also has strong influence during the depositiorcgss. The unique difference between the
samples is that the former coating was deposit@iHat 2.00, while the latter is done at pH
= 2.61. The corresponding coatings possess entrégrent morphology.

Figure 53. EDS topological images of the samples gfoup 6. a - specimen G6-PI; b — specimen G6-PII;
¢ — specimen G6-PIIl; d — specimen G6-PIV

The EDS map analysis confirms the conclusions donéhe SEM observations. The
superficial sediments that cover the coating ofRB6{see position “b”, Fig. 53) are almost
entirely composed by Al.




CONCLUSIONS

New electrolyte was elaborated, for deposition efin based conversion coatings (CeCC)
for protection of AA2024 alloy against corrosiorhelcerium salt - Diammonium
pentanitrocerate was used, in which, contraryltoeat electrolytes used up to nowadays,
the Cerium is represented in the anionic moiety.

During its development, the influence of variousditions was elucidated, related to the

preliminary treatment, the composition of the elggte, and the deposition regime.

1) Itis demonstrated the preliminary treatment hasar&able importance for the features
of the coatings. Three basic approaches were e glmy preliminary treatment of the
AA2024 substrates: mechanical, alkaline etching, asidic activation. It is established
that the coatings deposited after only mechanieatinent are in form in uniform films.

2) lItis ascertained that the best Cerium ConversioatiGgs are obtained by the following
electrolyte composition: concentration of the Ci-8#5 up to 0.1 M; molar ratio
between the peroxide and the Ce-salt, from 4 the8pH in the range between 2.1 and
2.3; and NaCl content — 3.5%.

3) The depositions of the coatings were performetraetdifferent temperatures: ambient
temperature, 40 °C, and 55 °C and duration of inrsioarof the samples in the coating
solution between 60 and 120 minutes. It was estaddi, in this case, that the optimal
regime of coating deposition is 40 °C, and 90 neswdf retention.

It was observed that during the CeCC depositionppthe coating solution rises, resulting
in undesirable precipitation of Ce-oxides/hydrosidéhe maintenance of the electrolyte pH,
in narrow optimal interval and to avoid the pre@pion of the Ce-salt, the conversion bath
was buffered by buffer of Louriett, based on anméodad.

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

By application of two, electrochemical methods peledent between themselves: Linear
Voltammetry and Electrochemical Impedance Speotqmgcthe barrier ability and the
durability were investigated. As result was estdidd that the best specimens possess the
highest value for charge transfer resistange Bx1d .cn? which isa measure for the
barrier properties of the coating, and duratiothefexposition to the model corrosive
medium composed by 3.5% NaCl, more than 350 hamgsyisual corrosion pits were not
observed.
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