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Reflectivity. Smooth aluminum is highly reflective of the electromagnetic spectrum,

from radio waves through visible light and on into the infrared and thermal range. It
bounces off about 80% of the visible light and 90% of the radiant heat impinging its
surface. The high reflectivity gives aluminum a decorative appearance; it also makes
aluminum a very effective barrier against thermal radiation, suitable for such
applications as automotive heat shields. It is extensively used in mirrors.

Nontoxic Characteristics. The nontoxicity of aluminum was discovered a long time

ago. It is this characteristic that permits the metal to be used in cooking utensils
without any harmful effects on the body. Today a great deal of aluminum equipment
is used in the food processing industry. Nontoxicity permits aluminum foil wrapping
to be used safely in direct contact with food products.

Table 1. Summary of the important physical properties of high-purity (=99.95%Al) aluminum
[5].

Property Vake
Thermal neutron cross section 0.232 1 0.003 barns
Lattice constant (length of 4.0496 x 1010 m at 298 K
unit cube)
Density (solid) 2699 kg/m? (theoretical density
based on lattice spacing)
2697-2699 kg/m3
(polycrystalline material)
Density (liquid) 2357 kg/m3 at 973K
2304 kg/m3 at 1173 K
Coefficient of expansion 23x 10°%Kat 293K
Thermal conductivity 237Wicm- Kat 298K
Volume resistivity 2655x 108 Q. m
Magnetic susceptibility 16 x 10-3/m> g/atom at 298 K
Surface tension 868 dyne/cm at the melting
point
Viscosity 0.012 poise at the melting point
Melting point 933.5K
Boiling point 2767K
Heat of fusion 397)i/g
Heat of vaporation 1.08x 104J/g- K

Heat capacity 090Jg- K
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e Corrosion Behavior

When aluminum surfaces are exposed to the atmosphere, a thin invisible oxide
film forms spontaneously, which protects the underneath metal from further
oxidation. This self-protecting characteristic gives aluminum its high corrosion
resistance. Unless exposed to some aggressive substances or conditions that destroy
this protective oxide coating, the metal remains fully protected against corrosion.
Aluminum is highly resistant to weathering. Its corrosion behavior towards acids is
better than for alkalis, in general. Thus, alkalis are among the few substances that
attack the oxide skin and therefore are corrosive to aluminum. Aluminum generally
has excellent corrosion resistance and gives years of maintenance-free service in
natural atmospheres, fresh waters, many soils, and chemicals. Because of this,
aluminum and its alloys are used in many applications such as buildings, powerlines
and equipment exposed to severe weather, large ship superstructures, the
transportation field (road tanker and truck transports, railroad, and subway cars),
pipelines carrying water and compatible products, the beverage industry(soft drink
and beer cans), and the chemical industry in the form of tanks, piping, barges, reaction
vessels, and distillation columns. As described in the following paragraphs, the good
performance of aluminum in corrosive environments is due to the passivity produced
by a protective oxide film.

Nature of the Oxide Film. Aluminum, as indicated by its position in the

electromotive force (emf) series (table 2), is a thermodynamically reactive metal;
among structural metals, it comes third in reactivity; right after beryllium and
magnesium. As mentioned earlier, aluminum owes its excellent corrosion resistance to
the barrier oxide film that is bonded strongly to its surface. The normal surface film
formed in air at ambient temperature is only about 5 nm (50 °A) thick (much thicker
films can be produced at higher temperatures, in water near its boiling point, or in
steam). If damaged (for example, a freshly abraded surface), this thin film re-forms
immediately in most environments and continues to protect the aluminum from
corrosion. When the film is removed or damaged under conditions such that self-
repair cannot occur, corrosion takes place.

Table 2. Electromotive force series for metals [5].

Au3t +3e” - Au 1.50
Pd?* + 2e~ > Pd 0.987
Hg?* + 2e” - Hg 0.854

Agt+e” > Ag 0.800
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lower resistance to general corrosion than those of the same series that do not contain
copper [5].

1.1.1 Properties

The properties of aluminum alloys depend on a complex interaction of
chemical composition and microstructural features developed during solidification,
thermal treatments, and (for wrought alloys) deformation processes [6].

The chemical composition of the 6082-aluminum alloy is in the table below.

Table 3. The chemical composition of AA6082 [7].

Aluminum 95.2t098.3
Chromium 0.25 % max.
Copper 0.1 % max.
[ron 0.5 % max
Magnesium 0.6t01.2%
Manganese 0.4t0o1.0%
Silicon 0.7 to 1.3%
Titanium 0.1 % max
Zinc 0.2 % max
residuals 0.15 % max

e Compositions and Structure.

The main elements of the alloys in this family are magnesium and silicon to
form Mg,Si. There is often an iron corrector such as manganese or chromium;
occasionally small amounts of copper or zinc are added to improve the strength
without substantial loss of corrosion resistance. Boron in conductors to remove
titanium and vanadium. Zirconium or titanium to control the grain size. Lead and
bismuth are sometimes added to improve machinability, but they are less effective
than in magnesium-free alloys.



The compositions of some commercial heat-treatable wrought alloys in the 6xxx family

are shown in the table below.

Table 4. Compositions of some commercial heat-treatable wrought alloys in the 6xxx family.

25

6101 0.5 - - 0.6 - - rem
6201 0.7 - - 0.8 - - rem
6009 0.8 0.37 0.5 0.6 - - rem
6010 1.0 0.37 0.5 0.8 - - rem
6151 0.9 - - 0.6 0.25 - rem
6351 1.0 - 0.6 0.6 - - rem
6951 0.35 0.28 - 0.6 - - rem
6053 0.7 - - 1.2 0.25 - rem
6061 0.6 - 0.28 1.0 0.2 - rem
0.6 Bi,
6262 0.6 0.28 - 1.0 0.09 0.6 Pb rem
6063 0.4 - - 0.7 - - rem
6066 1.3 1.0 0.8 1.1 - - rem
6070 1.3 0.28 0.7 0.8 - - rem

The proper ratio for Mg,Si is Mg/Si= 1.73, but this is impossible to achieve with
ordinary operating tolerances; thus, most alloys have either a magnesium or a silicon
excess. Magnesium excess leads to better corrosion resistance but lower strength and
formability. Silicon excess produces higher strength without loss of formability and
weldability but with some tendency to intergranular corrosion. The structure of the
alloys is relatively simple: the main constituent is Mg,Si, which in the heat-treated
condition is in solution and which is due to the age hardening after artificial aging. If
sufficient copper and silicon are present, it may be replaced at least partly by
Cu,MggSigAls , which will produce some hardening also with natural aging. Iron may
be present as FeAl; , FeAlg , Fe,SiAlg, or FeMg3SigAlg in manganese- and chromium-free
alloys. In manganese- and chromium-bearing alloys it combines with them. Zinc is in
solid solution; boron, titanium, and zirconium are seldom added in amounts sufficient
to produce visible compounds. Spheroidizing of Mg,Si by additions of phosphorus,
sulfur, tellurium, iodine, or ferric chloride is reported. Table 5 shows the phases
present in the alloys.
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Table 5. Phases formed in aluminum-magnesium silicide alloys [1].

Mg<0.3% Mg>03% Cu>0.1%,Si>Mg Fe>0.5%,Si>Mg

Mg  in solid soln. Mg,Si Cu,MggSigAl FeMg,SiAlg
Si<0.2% Si>0.2% Cu>0.1% Fe>0.5% Mg <2Si Mg<28Si MnorCr>0.1%
Si> Mg Si>.Mg Fe> 1/2Si Fe < Si
Si in solid soln. Mg,Si Cu,Mg,Si Al FeMg,SigAlg Fe,SiAlg FeSiAlg (FeMn),Si,Al,s or
(CrFe),Si,Al,,
Mg >2 8i Mg<2 Si Si>2Fe Si<Fe Mnor Cr>0.1% Mnor Cr>0.1%
Si>Mg Si> Mg Si<0.6 Mg Si>Mg
Fe  FeAl, or FeAl* Fe,SiAlg FeSiAlg FeMg,SisAl; (FeMn)Alg or (CrFe)Al,  (FeMn),Si,Al,or
(CrFe),Si Al
Cu<0.3% Mg=1.2-28i,Cu>0.3% Si=Mg, Cu>0.3%
Cu  in solid soln. CuMgAl, Cu,MggSiAlg
Mg> 2 Si Si>Mg
Mn (FeMn)Al, (FeMn);Si,Al
Mg > 2Si Si> Mg
Cr (CrFe)Al,  (CrFe),Si,Al,,
Zn<0.5%
Zn  insolid soln.
Pb PbMg,
Bi Bi,Mg,

* With rapid cooling FeAlg may form; homogenisation and subsequent work transforms it into equilibrium compounds.

The lattice parameter of the commercial alloys is controlled by the magnesium and
silicon contents. Copper, manganese, chromium, and zinc are usually present in
amounts too small to have a measurable effect. Iron, titanium, boron, etc., have no
substantial effect. In most alloys, the amount of elements other than magnesium and
silicon is well below 1 wt.% and the total is seldom above 3 wt.%. Surface tension,
density, thermal expansion, length changes in aging, specific heat,

Thermal Conductivity.

Thermal conductivities are some 10-20% lower than for pure aluminum and therefore
of the order of 20 X 1072 W/m/°K, are given for the range 350-750 °K [6-8].

Electrical Resistivity.

Electric resistivity is slightly higher than in the ternary aluminum-magnesium-silicon
alloys and of the order of 3.0 — 3.2 X 1078 Q.m (50-55% IACS) for alloys with 0.4-0.5%
Mg and a slight excess of silicon, in the artificially aged condition. Higher magnesium,
manganese, and copper reduce this conductivity, which is also lower in the naturally
aged temper, but may reach values of 55-60% IACS in annealed material. Alloys with
lower magnesium and silicon contents have better conductivity, but lower strengths.
High conductivity (63% IACS) can also be obtained with a pronounced excess of
magnesium and annealing treatments to precipitate all the Mg25i, but mechanical
properties are poor. Increasing the iron or the silicon from 0.2 to 2 wt.% decreases the
conductivity by some 10%. Chromium, manganese, and especially titanium,
vanadium, and zirconium markedly reduce the electric conductivity. Additions of
boron, which precipitates these elements as borides, are used to remove them in
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conductor material. The temperature coefficient of resistivity is the same as in ternary
alloys, and of the order of 3.7 X 10712 Q.m /°K. Aluminum-magnesium-silicon alloys
are the most spark-resistant aluminum alloys; additions of beryllium increase the
resistance.

Reflectivity.

Alloys prepared from Al 99.99%, after electropolishing and anodizing, have light
reflectivity of the order of 85%.

Mechanical properties.

Mechanical properties are mainly influenced by microstructure, which can be tuned
by alloying additions and heat treatment, and phases that constitute the alloy. The
excess silicon with respect to that needed to form Mg,Si, provides an appreciable
increase in strength over that obtained from a specific quantity of Mg,Si, but tends to
slightly lower corrosion resistance. Many alloys in this class contain either manganese
or chromium for increased strength and control of grain size. Copper as well is a
beneficial addition for increasing strength.

The first alloy in this family was introduced in about 1920 and used silicon in excess of
the Mg, Si ratio. A modified composition to the firstly introduced alloy presently used
for forgings, 6151, contains chromium to control grain size in products that undergo
subsequent heat treatment after forming. Or working operations that produce various
amounts of strain hardening. A somewhat similar alloy, 6351, contains manganese
instead of chromium. The first balanced Mg, Si alloy, originated in the 1930's, was 6053
which contained 2 wt.% Mg,Si and 0.25% chromium. This was followed by 6061, a
balanced alloy composed of 1.5 wt.% Mg,Si, 0.25 wt.% copper, and 0.25 wt.%
chromium. This intermediate-strength, general-purpose structural alloy in short order
substituted the older Al-Si-Mg alloys and it is considered one of the most important
alloys ever developed. Strengths are shown in Table 6.

Table 6. Typical mechanical properties of some commercial heat-treatable wrought alloys in
the 6xxx family [1].

6101 T6 220 195 15 71 140 -
6201 T81 330 - 6(d) - - 105
6009 T4 230 125 25 62 150 -
6010 T4 290 170 24 78 195 -
6151 T6 330 295 17 100 220 85
6351 T6, T651 340 295 13 95 200 90
6951 ©) 110 40 30 28 75 -
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Figure 8. Effects of principal alloying elements on electrolytic solution potential of
aluminum. Potentials are for high-purity binary alloys solution heat treated and quenched.
Measured in a solution of 53 g/L. NaCl plus 3 g/L H,0,maintained at 25°C (77 °F) [5].

Table 7. presents representative solution potentials of some commercial aluminum
alloys of the 6xxx class. The corrosion potential values in these tables were measured
against a 0.1 N calomel electrode in a solution containing 53 g/L of sodium chloride
(NaCl) and 3 g/L of hydrogen peroxide (H,05).

Table 7. Solution potentials of some heat-treatable commercial wrought aluminum alloys of
the 6xxx family [5].

6009 T4 -0.80
6010 T4 -0.79
6151 T6 -0.83
6351 T5 -0.83
6061 T4 -0.80
6063 T5 -0.83
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metals, (2) the electrical resistance between the two metals, (3) the conductivity of the
electrolyte, (4) the cathode-anode area ratio, and (5) the polarization characteristics of
the two metals. Although Table 8 can be used to roughly estimate which metal will
suffer a galvanic attack when compared to another, the extent of the attack cannot be
predicted because of polarization. Such as in the case of aluminum with stainless steel
and copper. Even though the potential difference between aluminum and stainless
steel is greater than that between aluminum and copper, the galvanic effect is much
more pronounced in the case of copper than stainless steel due to the polarization
effect [5]

Table 8. Galvanic series of metals exposed to seawater [5].

Active end (anodic or least noble)
Magnesium

Magnesium alloys

Zinc

Galvanized steel

Aluminum 1100

Aluminum 6053

Alclad

Cadmium

Aluminum 2024 (4.5 Cu, 1.5Mg, 0.6 Mn)
Mild steel

Wrought iron

Castiron

13% chromium stainless steel type 410 (active)
18-8 stainless steel type 304 (active)
18-12-3 stainless steel type 316 (active)
Lead-tin solders

Lead

Tin

Muntz metal

Manganese bronze

Naval brass

Nickel (active)

76Ni-16Cr-7Fe alloy (active)
60Ni-30Mo-6Fe- IMn

Yellow brass

Admirality brass

Aluminum brass

Red brass

Copper

Silicon bronze

70:30 Cupro Nickel

G-bronze

M-bronze

Silver solder

Nickel (passive)

76Ni-16Cr-7Fe alloy (passive)
67Ni-33Cu alloy (Monel)

13% chromium stainless steel type 410 (passive)
Titanium

18-8 stainless steel type 410 (passive)
18-12-3 stainless steel type 316 (passive)
Silver

Graphite

Gold

Platinum

Passive end (cathodic or most noble)
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A detailed summary of reaction conditions and general chemistry for the synthesis of

coprecipitated LDHs is listed in Table 9 for a comparative study [23].

Table 9. Synthesis approaches LDHs at various synthetic conditions with various precursors.
* LDHs layer developed over a Plasma Electrolytic Oxidation (PEO) coating [23].

Synthetic Condition

. Alkaline Al - -
LDH Anion-Exchanger Precursors Media Method Alloy o pH Agm(gh )Tlme
ZnAl v ZnCl2, AICI3 NaOH COpre:;PItah 2024 55 6.3-65 12
ZnAl v ZnCl2, AICI3 NaOH COpre:;PItah 2024 55 6.3-65 12
MgAl Mg(NO3)2, AIINO)3 coprecipitati | 2024 65 10 24
MBT)/(QA NaNO3
ZnAl (MBT)/(QA) Zn(NO3)2, AI(NO)3 a on 2024 65 10 24
Zn(NO3)2, Coprecipitat
ZnAIVi - H . 24
nAIVO3 AI(NO3)3, NavO3 | N3O ed 65 95
MgAIVO3 ) Mg(NO3)2,AlI(NO3) NaOH Coprecipitat 65 95 o4
3, NavVO3 ed 2024
Zn(NO3)2, Coprecipitat
ZnAl v 1 24
n AINGE)3 NaNO3 o 65 0
Zn(NO3)2, Coprecipitat
MgAl v 1 24
& AI(NO3)3 NaNo3 ed 65 0
ZnAl 4'Af i‘?{’ggf% ZnCl2, AICI3 NaOH C"pri‘f;pltat 2024 | 30 9 12
ZnAl ; ZnCI2, AICI3 NaOH C"pri‘f;pltat 2024 | 30 10 12
ZnAl Na2CO3 ZnCI2, AICI3 NaOH C(’priiip“at 2024 | 30 9 12
ZnAl K2CrO4 ZnCI2, AICI3 NaOH C(’priiip“at 2024 | 30 105 12
ZnAl Na2C10H14N20 ZnCI2, AICI3 NaoH | C°P riiipltat 2024 30 10 12
Zn(NO3)2, Coprecipitat
ZnAlCe AINOB) CeNO3)s | NNO3 - 2024 65 10 18
ZnAl % Zn(NO3)2 - In situ 2024 | <100 7 -
ZnAl* Laurate Zn(NO3)2 NHiNO In situ Al 45 6.5 36
NH4N
MgAl 8HQ Mg(NO3)2 3 o In situ Al 100 9 48
MgAl C6H5COON Mg(NO3)2, urea NH;LNO In situ 6061 45 10 24
ZnAl* v Zn(NO3)2 NH;LNO In situ 2198 45 7 .
ZnAl* \Y% Zn(NO3)2 NHiNO In situ 2024 95 6.5 0.5
ZnAl* \Y% Zn(NO3)2 NHgNO In situ 2024 95 6.85 0.5
Mg(NO3)2, .
MgAl - Ngl({ N 0)3 NH40H In situ 6082 | 60/80 10 24
MgAl - Mg(NO3)2 NH40H In situ 6082 60/0%0/ ! 10 18/24
ZnAl - ﬁﬁ%ﬁ NH40H In situ 6082 | 60/80 | 6/6.5/7 18/24
CaAl - Ca(NO3)2 NaOH In situ 6082 140 10 18/24/72
ZnAl Laurate ZI\rlll(—IligI?))é, - In situ Al 85 6.5 12
NiAl R Ni(NO3)2 NaOH In situ 6082 130 10 24
NiAl - I;\?gg%é NH40H In situ Al 85 - 40
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detected due to the entrapment of corrosion inhibitors. It is caused by the use of larger
particles inside the LDH system.

The properties of the in-situ grown LDHs can be highly influenced by the synthetic
conditions; Processing temperature and aging time highly affect the crystallinity and
geometry of the LDH formed. The thickness of the LDH is affected by the
abovementioned parameters in addition to the number of cations, pH, alkali solution,
and so on. The pH of the solution can affect the composition of developed LDH. For
instance, it was reported that in the case of Zn-based LDH, a solution pH higher than
12.6 increases the wt.% ratio of ZnO/LDH. And since ZnO has a high solubility in NaCl
solution, a decrease in corrosion performance was reported. It has been consistently
observed that the morphological quality of LDH nanostructures increases with the
increase of nitrate concentration in the solution. Surface morphology can influence the
corrosion performance of the formed LDH [23].

Synthesis of LDHs can be explained with the general reactions expressed in Equations
(21) - (26):

Al - APt + 3e” (21)
0, + 2H,0 + 4e~ - 40H" (22)
2H,0 + 2e” - H, T +20H" (23)
Al,05 + 3H,0 = 2AI(0H); (24)
M2* + OH™ - M(OH)* (25)
M(OH)* + Al(OH); + A}, + H,0 - MAI — LDH (26)

Because of element segregation and secondary phases in aluminum alloys, a potential
difference can cause the formation of corrosion microcells on the aluminum surface
(Equations (21) to (23)), while hydrogen can also evolve during LDH preparation
(Equation (3)). Porous outer and inner compact Al,0; layers are formed and then
transformed into Al(OH);, which is a precursor to form LDHs on the aluminum surface
upon reaction with divalent cations.

The anion exchange allows for the incorporation of various anti-corrosion inhibitors
inside the LDH interlayers and can precipitate on the metal/LDH interface as well [23].

On PEO coatings as a sealant.

LDH films can be formed on a porous anodic oxide (PAO) substrate by in-situ growth
process. In this process, almost all the micropores and cracks in the PAO film can be
sealed due to the precipitation of the LDH inside them, which enhances the corrosion
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resistance performance of the porous substrate materials. Moreover, the corrosion
resistance of the substrate materials can be further improved by intercalating corrosion
inhibitors or hydrophobic agents inside the interlayers of the LDH film. Although
PAO films sealed with LDH have been investigated in the past years, the study of the
combination of LDH and PEO coatings is still scarce, especially on the growth
mechanisms of LDH on MAO coatings because of the complex chemical composition,
microstructures, and defect characteristics of PEO coatings. Baojie Dou et. al [24]
proposed LDH treatment by in-situ growth as a new approach for sealing the pores
and defects of MAO coatings on AA 6061 alloy. They further investigated the growth
mechanism of LDH on PEO coatings on AA 6061 alloy. Moreover, the effectiveness of
defects’ sealing along with the anticorrosion performance were examined by them. In
that work the synthesized the LDH using an aqueous solution containing 0.01 M
Ni(NO)s.6H,0 and 0.06 M NH,(NO3) , thus the formed LDH was NiAl-LDH. The pH
of the solution was adjusted to 7 and the bath temperature was 80 °C. The sealing
process was carried out for different times: 1 h, 2h, 6h, 24h, and 48 h.

It is important to know that MAO films on Al alloy possess complex surface
morphology, chemical composition, and microstructure. It was reported that the
amount of NiAl-LDH nanoplates on MAO coating continuously increased with
increasing process time from 1 to 48 h. Moreover, the NiAl-LDH nanoplates formed at
the internal surfaces of the micropores and microcracks in the MAO film, which was a
clear sign that they were being sealed.

The dissolution-precipitation process for the formation of the LDH on y-Al,03 occurs
in three steps. (1) The adsorption of the M?* ions from the solution by the y-Al,05; (2)
the dissolution of y-Al,03; and (3) the coprecipitation of M?* cations and AlI** ions from
v-Al,05. In these three stages, the release of Al** ions from the dissolution of alumina
is the rate-controlling step during the growth of LDH. Therefore, the Ni content in the
formed LDH is highly dependent on the release of AI** ions from alumina.

As mentioned earlier, the quantity of NiAl-LDH nanoplates on MAO film increases
with increasing LDH formation process time, and then the release of AP* from
alumina becomes more difficult. Hence, the growth rate of NiAl-LDH gradually
decreases with increasing process time. This is why when the surface of the MAO film
was completely coated with LDH, the release of AI** ions was extremely limited, and
then the Ni content was constant. The inhomogeneous growth of LDH on MAO films
should be attributed to the intrinsic inhomogeneity in surface morphology, chemical
composition, and microstructure of the underlying MAO film.

It has been reported that [25] the dissolution rate of y-Al,03 greatly depends on its
properties, such as chemical composition, microstructures, and specific surface area.
In addition, it was found that the dissolution rate of the y-Al,03 increases by three
orders of magnitude with increasing the quantity of Ni?*ions into the solution [26].
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What has been observed during the growth of the NiAl-LDH on the MAO film is
consistent with the two mentioned findings, since at the pores and cracks there are
high surface areas and at the same time there is higher accessibility to Ni** from the
solution and hence a higher dissolution rate of y-Al,03;, which was manifested by
preferential growth of the LDH on those areas initially [27], [28].

The crystalline structure of the Al,03 in PEO films on Al alloys depends on the cooling
rate of the molten alumina in the micro-arc zones during the PEO process. During
solidification, y-Al,03 forms at higher cooling rates than the a-Al,03. It has been
proved that the Al-O-Al bond energy of a-Al,03 is much greater than that of y-Al,05.
Thus, it can be assumed that LDHs prefer to grow on y-Al,03 than a-Al,03 [29], [30],
[31].

Yingdong Li et al. [32] reported in a treatment that they have performed to form ZnAl-
LDH on an anodized AA 2198 that LDH formation process can be illustrated by the
following equations:

NH,.H,0 — NH} + OH~ (27)
Al,0; + 20H™ + 3H,0 — 2AI(OH); (28)
Zn?* 4+ 40H™ - [Zn(OH),]*~ (29)
Al(OH)*~ + [Zn(OH),]?~ + NO3~ + H,0 — ZnAl — LDH (30)

Corrosion Resistance of In-Situ Grown LDHs on PEO coatings.

Sealing the anodized aluminum substrate with LDHs provides significant active and
passive corrosion protection thus forming a compact coating system. The LDHs grown
on the anodic films can seal the micropores and cracks of the anodized film hence
providing strong barrier properties, and LDHs themselves can provide active
corrosion inhibition by entrapping the aggressive species from the corrosive medium
in the interlayers, and through self-healing properties of LDHs. In addition, LDHs
form on the entire surface of the anodic films and pores including the bumpy areas
and on the complicated surface morphology providing a convenient approach to
protect aluminum alloys. The formation of LDHs on anodized aluminum alloys is
proven effective in developing a relatively stable protective system where anodization
of Al alloys promotes a dense network of LDHs, and the LDH solution treatment seals
the pores and cracks of the anodized surface, such synergistic action is found to
significantly enhance the corrosion resistance of Al alloys [32], [33], [34]. Li et al. [32]
formed ZnAl-LDH intercalated with vanadate corrosion inhibitors directly on
anodized AA 2198 alloy and reported the long-term stability behavior of the LDH
system. Baojie Dou et. al [24] reported that the potentiodynamic polarization curves of
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the sealed PEO-coated AA 6061 with LDH showed a great inhibition of both the anodic
and cathodic reactions in comparison to the only PEO-coated AA 6061 without sealing.
And that the inhibition effect increased with the increasing LDH treatment time as
shown in Figure 28. Hence, they concluded that the anti-corrosion performance of
MAQO films can be significantly enhanced by the LDH sealing.

| —=— Al alloy 6061
1.5F o MAO film
b4 1 h-LDH/MAO film
1.0 F —v— 2 h-LDH/MAO film
— | 6 h-LDH/MAO film
> o5k 24 h-LDH/MAO film
"; o 48 h-LDH/MAO fil
8 L
s 0.0F
KRt
0.5+ — »
| ——p— mE E N N BN
10t %‘\\
_1'5 PRI R TTTT BT BRI EWTTITT BWTrITT W W e PRI BT
-13 -11 -9 -7 -5 -3
10 10 10 10 10 10

i (A-cm'z)

Figure 28. Potentiodynamic polarization curves of the bare Al alloy, and microarc oxidized
Al alloy before and after LDH treatment at different times [24].
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2. Materials and Methods

The experimental procedures were carried out on specimens of AA 6082 with a
circular section, with diameter D = 10 mm and thickness t = 5 mm, cut by metal
shearing.

All specimens underwent the same PEO treatment followed by a different sealing
process, ensuring comparable results. Subsequently, thickness measurements,
characterization, and electrochemical tests were conducted.

21 PEO

e Substrate Material

PEO treatments were carried out on AA 6082 disks with a circular section, with
diameter D = 10 mm and thickness t =5 mm, prepared by turning bars.

The flat surfaces of all specimens were polished down through successive grades of
SiC abrasive paper (100, 320, 600) then, rinsed with distilled water and dried in air.
Prepared specimens were then mounted on the sample holder and transferred to the
coating bath for carrying out the PEO process.

o Electrolytic bath

Several electrolytes were tried before choosing the one employed for the PEO process
as the most suitable one among the others taking into account the properties of the
generated coatings, such as thickness and composition, and the effect of the electrolyte
on the processing parameters as a basis for exclusion. All the reagents (Sigma-Aldrich
USA) were dissolved in deionized water. The electrolyte with the composition shown
in Table 10 is the one employed for the PEO process.

Table 10. Electrolytic solution used for the PEO process.

KOH 11.22 g/L (0.2 M)
Na,SiO5 7 g/L.
NaAloO, 3g/L

C3HgO3 (glycerin) 10 g/L
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e FElectrochemical cell

The PEO process was performed in a 1000 mL plastic beaker using 500 ml of
electrolytic solution. The sample was the anode, the cathode was an activated titanium
net placed around the sample. Both are immersed in the electrolyte and connected to
the power supply. The beaker containing the electrolytic solution was contained in a
cooling jacket to remove the excess heat that was generated during the PEO process
and thus, keeping the temperature of the bath within a specific range. Before running
the process, the electrolyte temperature was almost always checked and was within
the range of approximately 10 — 20 °C + 3 °C.

e Electrical regimes

AC power mode is way better than other modes for the good properties of the
generated coating, especially for corrosion resistance applications [35].

An AC pulsed electrical regime with a duty cycle: 60A%-40C%-7CP% (where “A” and
“C” indicate anodic and cathodic polarization and CP stands for the % of cathodic
polarization applied with respect to the anodic one) at a frequency of 1000 Hz was
employed. This waveform was chosen since it was reported to generate coatings with
high corrosion resistance [36]. California Instruments Asterion 751 series AC/DC was
used as the power source, working under a potential-controlled regime. Many
different electrical parameters, keeping the same waveform and frequency, were tried
and tuned to obtain a PEO coating with the highest thickness possible for this specific
chosen bath. Therefore, the main determining factor for modifying the electrical
parameters was the achieved coating thickness, which was measured using
a DUALSCOPE FMP100 Eddy current probe, and optical microscope for a single case.
Accordingly, the settled electrical parameters were found to be the most suitable for
achieving the goal (coating thickness above 20 um). All the steps are applied
consecutively in one process for a whole duration of 17 min. All the applied potentials
were reached through a constant ramp in 60 s and then kept constant for the duration
specified. Table 11 exhibits the electrical parameters used during the PEO process. At
the end of the process, all the PEO-coated samples were rinsed with distilled water
and dried in air.

Table 11. Electrical Parameters of the PEO process.

voltage | ¢ | 60A%-40C%-7CP% | 60 120 324 1000
sweep
nglfe AC 60A%-40C%-7CP% | 0.00025 60 - 1000
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Volt
OTABE 1 AC | 60A%-40C%-7CP% | 60 120 350 1000
sweep
voltage | x| 60A%-40C%-7CP% | 0.00025 | 60 : 1000
drop
voltage | x| 60A%-40C%-7CP% | 60 180 376 1000
sweep
I
Vgrt:ge AC | 60A%-40C%-7CP% | 0.00025 | 120 - 1000
voltage | o | 60A%-40C%-7CP% | 60 120 389 1000
sweep

2.2 Sealing

Sealing processes were carried out by immersing the PEO-treated samples in
150 mL of sealing solution, using 250 mL Pyrex glass beakers. The temperature was
monitored and kept constant during the whole treatment time using an IKA magnetic
stirrer with a heating plate (mod. C-MAG HS 7) and thermocouples. Moreover, the
solution was continuously stirred at 100 rpm using a magnetic anchor to prevent
temperature gradients and ensure homogeneity. In all the sealing treatments
deionized water was used as solvent.

e Cerium nitrate sealing

A sealing treatment bath of cerium nitrate was prepared using deionized water as
asolvent and 6.51 g/L of Ce(NO3)3.6H,0. The bath was heated to the treatment
temperature (37°C) and was kept constant during the processing time (30 min). When
the set temperature was reached, the PEO-coated samples were immersed in the bath
for the whole treatment time. At the end of the treatment, all the sealed samples were
rinsed with distilled water and dried in nitrogen. Table 12 summarizes the parameters

of cerium nitrate sealing treatment.

Table 12. Cerium nitrate sealing parameters.

Ce(NO3)3 0.015 37 15
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¢ LDH sealing

It is a two-step sealing treatment. The first step is the sealing, and the second step is
the ion exchange process. The first step is to seal the pores and cracks of the PEO-
coated samples by forming ZnAl-LDH with NO3 incorporated in the interlayers. The
second step though for exchanging the NO3 anions with the corrosion inhibitor VO3
anions and hence the final LDH will be ZnAl-LDH intercalated with VO3 in the
interlayers.

At first, a solution of zinc nitrate was prepared using deionized water as a solvent and
14.87 g/L of Zn(NO3),. 6H,0. The bath was heated to the treatment temperature (90°C)
and was kept constant during the processing time (15 min). When the set temperature
was reached, the PEO-coated samples were immersed in the bath for the whole
treatment time. At the end of the treatment, all the sealed samples were rinsed with
distilled water and dried in nitrogen. Then the second step was performed by
immersing the dried treated samples in a bath of sodium vanadate. The bath was
prepared by using deionized water as a solvent and adding 12.13 g/L of NaVO3. Then
it was heated to the treatment temperature (50°C) and was kept constant during the
process time (15 min). At the end of the treatment, all the sealed samples were rinsed
with distilled water and dried in nitrogen. Table 13 summarizes the parameters of LDH
sealing treatment.

Table 13. LDH sealing parameters.

#1 Zn(NO3), 0.05 90 15

#2 NaVO, 0.1 50 15

For clarity purposes, the specimens are labeled as CN-S for cerium nitrate sealing and
LDH-S for LDH sealing.



75

2.3  Characterization Techniques

e Thickness measurement

At the end of a PEO, depending on the coating integrity, the thickness of the generated
coating was measured using a DUALSCOPE FMP100 thickness probe, which employs
both the eddy current method (DIN EN ISO 2360) and the magnetic induction method
(DIN EN ISO 2178), generating alternating current (AC) or magnetic field in the
material, respectively. 40 readings were taken for each sample, 20 per each one of the
two circular surfaces. Then an average value was taken, making sure that the statistical
parameters were within the limit for accepting the value, mainly, standard deviation
and the distribution type. In one case, the probe was not as reliable as before, and so
measuring the coating thickness using a Leica DMLM optical microscope was done.

2.3.1 X-ray Diffraction (XRD)

XRD technique provides information about the crystallographic structure of
materials i.e. phase composition, crystal structure, and degree of crystallinity.
Unfortunately, the XRD diffractometer was out of order at the time of this work.

2.3.2 Scanner Electron Microscopy (SEM) and Energy-Dispersive X-
ray Spectroscopy (EDS)

For the microscopy analysis a Carl Zeiss EVO 50VP SEM, equipped with a
Bruker X-ray spectrometer for chemical microanalysis was employed.

SEM and EDS provide high-resolution images. From the micrographs, information
about surface morphology, elemental composition, and distribution of the PEO
coatings can be grasped. To conduct SEM characterization analyses, the samples were
encapsulated in epoxy resin and the surface was gold-plated to make the oxide
conductive.

For the cross-sectional analysis, specimens were encapsulated in epoxy resin and cut
by metal shearing so that information about the elemental concentration across the
oxide thickness could be obtained along with measuring the coating thickness.



76

24  Electrochemical Techniques

The electrochemical analyses were carried out using a Metrohm Autolab
PGSTAT with a standard three-electrode cell, consisting of the investigated sample as
working electrode, a pre-calibrated silver/silver chloride (SSC) reference electrode, and
a platinum net as counter electrode.

For all tests, samples were immersed in a Pyrex glass beaker containing 200 mL of
NaCl 0.35 wt.% solution, using a PTFE (Teflon) tape for covering and insulating the
junction part of the sample so that only 3 cm? was exposed to the testing solution,
nearly the whole external surface. The tests were conducted at room temperature.

Nova 2.1 software was used for the analysis of the electrochemical tests” results.

2.4.1 Electrochemical Impedance Spectroscopy (EIS)

For EIS analysis, a range of frequencies between 10° — 1072 Hz was considered.
A sinusoidal signal was applied, with an amplitude of 0.01 Vrwms, collecting 10 points
per decade of frequency.

With this wide range of frequencies, it is possible to investigate various types of
phenomena. In fact, at high frequencies, EIS provides information about the fast
electrochemical processes occurring at the electrode-electrolyte interface, for example,
the formation of an electrical double layer, which is the region of charge separation at
the interface between the electrode and the electrolyte. Additionally, EIS can detect
factors like ohmic resistance and charge transfer resistance associated with rapid
electrochemical reactions. At low frequencies, EIS provides information about slower
processes, such as ion transport through passive coating film formed on the metal
surface, stability, and integrity of protective coatings. By analyzing impedance data
collected, it is possible to obtain impedance spectra and extract parameters such as
impedance modulus, phase angle, and equivalent circuit elements.

2.4.2 Potentiodynamic Polarization Tests

Potentiodynamic polarization analyses were performed implementing a scan
rate of 10 mV.min~t. The sample polarization was +0.3 V with respect to the open
circuit potential (Vocp).
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From Tafel extrapolation, it is possible to obtain information about the sample’s
susceptibility to corrosion and its corrosion rate. In fact, corrosion potential (E.q.) and
corrosion current density (icorr) Values are extrapolated from the potentiodynamic
polarization curves. The first is determined from the intersection of the cathodic and
anodic branches of the polarization curve, where the Tafel law is still valid. The second
estimates the rate at which material corrosion occurs. The higher the corrosion current,
the greater the material's corrosion rate under the specified test conditions.
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3. Results and Discussion

As mentioned earlier in the previous chapter, the chosen electrolyte and
electrical parameters for the PEO process were selected to be the most suitable, after
many several trials. Regarding the electrolyte, the basis of its selection was on its effect
on the composition of the generated coating, electrical conductivity and hence the
breakdown potential of the oxide layer, the plasma generated properties (initiation of
plasma discharges, the intensity of the discharges), and the coating thickness.

For what concerns the electrical parameters, they were selected mainly based on the
obtained thickness of the PEO coating, for sure on top of the fundamental
requirements such as the integrity of the coating and visual uniformity. The thickness
was a key parameter since a high thickness is beneficial for the subsequent sealing
treatments. As it is known that, those immersion sealing treatments involve an initial
dissolution of the PEO oxide film and subsequent formation and precipitation of new
species. Hence, if the thickness is already high, the inevitable dissolution would have
a minor effect on it. Moreover, a sealed coating with a higher thickness provides
a better barrier effect against corrosive agents. The target thickness was to be above
20pum.

The selected sealing treatments were chosen because they have demonstrated an
excellent corrosion resistance performance based on studies performed by Andreulli
et al. The parameters and the conditions of the sealing treatments were set based on
experiments they conducted and the results they got from the characterization tests.
Even though in literature the cerium sealing solution has almost always contained
hydrogen peroxide for accelerating the treatment process, it was not part of the

solution composition in the chosen solution.

3.1  Visual Inspection and Process Monitoring

3.1.1 PEO

After immersing the bare sample to be PEO coated in the coating bath and
setting the electrical parameters and running the process, it can be noticed that at the
first moments, there will only be bubbles of gases evolving around the electrode due
to the chemical dissolution of the substrate and formation of a very thin oxide layer.
Then as soon as the dielectric breakdown potential of the oxide is reached (which
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depends on the specific system of the substrate composition and the electrolyte, was
found to be in the range of 259-285 V for this specific system), a white uniform spark
appeared all around the sample. As the voltage was increasing climbing the ramp to
reach the set potential of the first step, the spark turned into micro discharges with
small sizes and intensities and density at first and gradually increased with the rise of
the potential till the plateau, they were constant at the plateau. Also, the color changed
to orange and then reddish. At the end of this first step, the micro discharges
significantly reduced in size, intensity, and density due to the grown oxide firm. This
first step was a voltage sweep step with a potential of 324 V.

The second step was a voltage drop step; during which the potential went to zero and
nothing was observed. The purpose of this step was to let the electrolyte cool down.
Also, it is important to know that the dielectric breakdown potential of the oxide layer
is not constant and increases with the increasing thickness of the oxide layer. This
is why each subsequent step would have a potential higher than its predecessor.

The next step was a voltage sweep with a potential of 350 V. As soon as the new
breakdown potential of the dielectric oxide was reached, similar observations to the
first step were noticed except for the uniform white spark at the very beginning.
However, the first sparking was a reddish, uniform spark all over the sample
containing micro discharges in it.

The fourth step was a voltage drop step, which was identical to the previous voltage
drop step.

The fifth step was a voltage sweep with a potential of 376 V. Very similar observations
to the third step were noticed except that the micro discharges sizes, intensities,
density, and color remained the same till the end of the step.

The sixth step was a voltage drop step, which was identical to the previous voltage
drop steps.

The final step was a voltage sweep with a potential of 389 V. Very similar observations
to the fifth step were noticed.

The potential and current evolution plots of climbing the ramp, in the middle of the
plateau, and at the end of the step (equals at the end of the plateau) for the first, third,
fifth, and seventh steps of the process and a representative voltage drop step are shown
in figures 29, 30, 31, 32, and 33.
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Figure 29. Potential and current evolution during the first step of the PEO process.
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Figure 30. A voltage drop step during the PEO process.
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Figure 32. Potential and current evolution during the first step of the PEO process.
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Figure 31. Potential and current evolution during the third step of the PEO process.
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Figure 33. Potential and current evolution during the seventh step of the PEO process.

In all the diagrams except for the voltage drop step, it can be seen that there is an initial
capacitive peak in the current due to the formation of an electrical double layer (EDL)
at the electrode-electrolyte interface. This capacitive peak is followed by different low-
intensity peaks manifesting the occurrence of cascades of micro discharges [36].

At the end of the PEO process, the coating appearance was visually observed. Most of
the time, it showed a homogenous, uniform light grey color.

3.1.2 Sealing

In both sealing treatments Ce-S and LDH-S the resulting samples after
treatments looked very similar to the unsealed samples. Maybe there is a slight
variation, but it is minimal. The color looked slightly lighter grey, especially in the case
of LDH-S. However, in the literature, it was reported that after the Ce-S sealing
treatment, the color turned to a yellowish color [37].
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3.2 Thickness Measurement

For all the cases except for one case, coating thickness values were measured
using the instrument and method earlier described in the materials and methods
section. For the exception case, for which the reliability of the probe was an issue, an
optical microscope was used, which gave more accurate and reliable measurements.
Since the coating thickness was a judging factor for the electrical parameters tested, all
the data measured were for electrical parameters different than the chosen one.
Moreover, all the thickness measurements were conducted on PEO base samples
unsealed.

A representative measured thickness of a PEO-coated sample with its electrical
parameters is shown in Table 14. In general, the coating thickness is expected to
slightly decrease after a sealing treatment due to the partial dissolution of the oxide
coating at the beginning of the sealing process. In addition, the screen of the probe
having the measurement is shown in Figure 34.

The optical microscope’s image is shown in Figure 35. The image of the optical
microscope was taken for a PEO sample having the same electrical parameters as that
of the probe measured PEO sample; however, the measurement of the probe was taken
when the probe was reliable. The average value of the thickness according to the
optical microscope’s image is 18.31 um.

Table 14. Thickness measurement of a representative PEO coating using the probe.

Voltage 60A%-
sweep AC 40C%- 120 120 311 1000

7CP%

Voltage 60AY-
drop AC 40C%- 0.00025 60 - 1000

7CP%

Voltage O0A%-

sweep AC 40C%- 60 120 337 1000 18.50 0.885

7CP%

Voltage 60AYe-
drop AC 40C%- 0.00025 60 - 1000

7CP%

Voltage 60A%-
sweep AC 40C%- 60 180 363 1000

7CP%
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Voltage 60A%%-
& AC 40C%- 0.00025 120 - 1000
drop 7CP%
Voltage 60A%%-
& AC 40C%- 60 120 389 1000
sweep 7CP%

Figure 34. A screen of the probe having the thickness measurement.

18,063 pm

24,031 ym

17,765 ym

50 pm

Figure 35. The image of the optical microscope indicates the thickness measurement at
different positions.
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3.3  Characterization Techniques Results

Regarding SEM and EDS analyses, the micrographs were obtained at various
magnifications for both sample surfaces and sections to facilitate a deeper examination
of the structure of some specific features observed in the coatings.

3.3.1 PEO Base

Firstly, the images of the surface of the PEO unsealed sample are investigated
(Figure 36). The surface morphology shows a uniformly distributed porosity, with
crater-shaped pores having diameters in the order of 2-5 um. Hence, there are
micropores. Those pores are attributed to the micro-discharge channels formed during
the PEO process. Their size is proportional to the range of potential used during the
process which is considered a medium range [38]. Also, the use of sodium metasilicates
in the electrolyte might affect promoting such surface morphology. By combining the
electrolyte and the potential range used, they generated micro-discharges uniformly
distributed on the oxide surface and therefore led to this morphology [39].

The overall surface is rough exhibiting a huge number of clusters of coalesced and
solidified oxide around the pores” openings. In addition, it can be seen in picture “c”
that there are some microcracks on the formed oxide. The presence of the cracks is
attributed to the rapid solidification of the molten oxide exchanging heat with the
electrolyte i.e. quenching because of the high-temperature gradient there will be

thermal stresses generated and hence resulting in cracks [38].

Unfortunately, there is no cross-sectional image of the PEO base sample due to
the unavailability of an additional sample, and the technical inconvenience of the SEM
lab. Therefore, the cross-section of the developed oxide will be examined during the
investigation of the sealed samples.
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Figure 36. SEM images of the surface of the PEO base at different magnifications a) 1000x, b)
2500x, c) 5000x.

By analyzing the EDS map of the PEO unsealed sample surface (Figure 37, Figure 38),
it can be confirmed the presence of elements from both the substrate and the electrolyte
in the developed oxide as expected. Surely, the coating is composed of oxygen,
aluminum, sodium, potassium, silicon, and magnesium.
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Figure 37. EDS map of the unsealed PEO surface.

Unfortunately, the XRD diffractometer was out of order by the time this work was
completed. Therefore, the crystalline structures of the phases composing the oxide
coating could not be analyzed. However, the most expected diffraction peaks to be
found are those of y-Al,03 and a-Al,03.

Figure 38. EDS analysis of the unsealed PEO surface. Each color presents a specific element
according to the following scheme: pink-C, light-blue-O, light-yellow-Al, purple-Na, yellow-
K, green-5i, dark-blue-Mg.
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3.3.2 Cerium Nitrate Sealing

The SEM images of the surface and cross-section of the Ce-S are shown in Figure
39.

Firstly, the cross-section image is investigated since there is no available cross-sectional
image for the PEO base sample. The thickness of the oxide coating can be accurately
measured through the cross-sectional images. On the shown image the thickness is
measured in three different positions. There is another not-presented cross-sectional
image on which other three different measurements were taken. Therefore, by taking
an average of the six measurements, we have a value of 17.37 pm as the thickness of
the oxide coating. However, the unsealed PEO coating is expected to be slightly higher
due to the slight loss of the oxide coating during sealing.

For what concerns the morphology of the cross-section, it can be seen that the oxide
layer exhibits a wavy behavior on the surface and at the interface with the substrate;
which is due to the mechanism of the oxide layer formation. Moreover, from the cross-
sectional image, the three distinct layers of a PEO coating can be realized; the thin
compact barrier layer, the intermediate dense layer, and the porous outer layer. The
pores in the outer porous layer are isolated and non-interconnected to each other.
However, on the whole, the coating layer seems to be compact.
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Figure 39. SEM images of the surface of Ce-S at different magnifications a) 2500x, b) 5000x,
and c) 2500x of the oxide cross-section.

Examining the surface images, the morphological appearance of the oxide looks very
similar to the unsealed PEO coating. However, it is a bit different. The number of pores
is less, but this is only because the sample is different and not identical to the unsealed
one. Microcracks are present as well. No clusters of hetero compounds, from the
sealing treatment, are observed. This is confirmed by the EDS map of the surface which
does not show any different elements than those of the unsealed PEO. The EDS map
is shown in Figure 40. However, according to Gordovskaya et al. [22] after a cerium
sealing treatment of an anodic film, there should be the formation of a very thin layer
(50 — 80 nm) of cerium-rich compounds (cerium oxides and hydroxides). This layer is
composed of spherical-shaped particles of cerium compounds, characterized by very
small diameters (in the range of 10-15 nm). If the precipitation of the particles is
numerous, it could be hard to distinguish and differentiate them individually, but they
would appear in aggregates covering the whole anodic oxide.
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Figure 40. EDS map of Ce-S surface.

According to the mechanism of cerium hydroxide formation during the sealing
treatment, the pH of the sealing solution must be controlled to be within a specific
range to promote the formation of cerium compounds and their precipitation on the
anodic oxide film. In addition, hydrogen peroxide is used to accelerate the process,
hence reducing the treatment time. The condition that pH must fall within the range
is crucial for the formation of the cerium-rich layer [21], [40], [41].

The pH of the sealing solution could increase due to the partial dissolution of the oxide
layer upon immersion in the sealing solution, then cerium ions could react with the
hydroxide ions forming cerium hydroxides which are mostly insoluble and precipitate
on the anodic film making the cerium rich layer [22].

The absence of cerium compounds in Ce-5 can be attributed to a couple of factors:
firstly, the pH of the sealing solution was not controlled during the process, secondly,
the sealing treatment time was not sufficient for forming the layer, and finally,
hydrogen peroxide was not used in the sealing solution. The last factor supports the
second one since hydrogen peroxide acts as an accelerant and thus reduces the
treatment time.
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3.3.3 LDH Sealing

Finally, the SEM images of LDH-S (surface and cross-section) are shown in Figure 41.
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Figure 41. SEM images of the surface of LDH-S at different magnifications a) 2500x, b) 5000x,
and d) 2500x of the oxide cross-section.

Once again, the surface morphology of the LDH-S is very similar to that of the
unsealed PEO sample. Micropores and cracks are visible. The well-known LDH
nanocontainer flakes on the surface are unseen, which indicates that either they are not
formed, or they are at the very first nucleation stage and hence they are invisible.
However, through EDS images, one of the two hypotheses will have ahigher
probability of being true. The EDS map and images of the surface of the LDH-S are
shown in Figure 42.
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By looking at EDS images, the presence of zinc and vanadium is confirmed. Therefore,
the latter hypothesis could be true. And that if the sealing time was prolonged, it would
have probably led to the complete formation of the LDH structures. The pH of the
solution could also have an effect according to the mechanism of the formation of LDH
structures. However, the treatment time definitely affects the formation, concentration,
and compactness of the formed LDHs [24].
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Figure 42. EDS map and images of the surface of the LDH-S. Each color is associated
with a different element according to the following scheme: pink-C, cyan-O, light-yellow-Al,
purple-Na, yellow-K, green-Si, blue-Mg, grey-V, and red-Zn.
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3.4  Electrochemical Techniques Results

3.4.1 EIS

EIS tests were performed on all three samples (PEO base, Ce-S, and LDH-S)
immersed in a solution of NaCl 0.35 wt.% held at room temperature to evaluate their
corrosion behavior. To extrapolate useful information from the EIS tests, a graphical
approach is followed in this study. Analyzing data collected from Nyquist and Bode
diagrams, values of the polarization resistance Rp can be inferred from the low-
frequency intersection of the EIS data with the x-axis of the Nyquist representation.

Nyquist plots show the behavior of imaginary impedance versus real impedance. Each
point on the plot corresponds to an impedance acquisition at a given frequency,
starting from high frequencies located on the left of the diagram, followed by lower
frequencies moving towards the right. In such representation, a perfectly protective
coating is represented by a vertical line (perfect capacitive behavior, no charge passes
through the oxide layer), and a complete semicircle (loop) in case of an actively
corroding electrode. Hence for the unsealed and sealed PEO coatings, they are
expected to show a behavior in between the two limit cases, exhibiting a vertical line
bent to the right to form a semicircle. The diameter of the semicircle increases with the
increase in the protectiveness of the coating. Therefore, the higher the diameter of the
semicircle, the higher the polarization resistance of the coating.

The presence of multiple loops on the plot could be interpreted as the existence of
relaxation events occurring at different time scales as the result of processes activated
by more than one activation energy like a corroding electrode.
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3.4.1.1 PEO Base

Nyquist diagrams for the PEO base sample are shown in Figure 43.
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Figure 43. Nyquist diagrams of PEO base sample.

Looking at the Nyquist plot for the unsealed PEO sample, some observations can be
made. The unsealed PEO sample shows a relatively small diameter of the semicircle,
it is complete though. It presents only one complete semicircle highlighting one time
constant, which indicates that irrespective of the presence of the coating, the aggressive
solution is in contact with some areas of the metal substrate. This could be evidence
that the capacitive behavior of the oxide is weak, and the circulation of charges into
the substrate-coating-electrolyte system is taking place which in turn means that
faradaic processes are occurring. This is demonstrated by the low polarization
resistance value (4.4466 x 10*Q.cm?). Table 15 shows the polarization resistance of the
unsealed PEO sample. It is worth noting that the three different curves that correspond
to different immersion times are not overlapping, but the protective behavior of the
oxide is rather deteriorating in time (associated with the decrease in —Z" values and

reduction in arc diameter).
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Table 15. Polarization resistance of the unsealed PEO sample.

PEO base 4.4466 x 10*

3.4.1.2 Cerium Nitrate Sealed PEO (Ce-S)

For what concerns the cerium nitrate treated PEO sample, even though during
the investigation of the SEM and EDS images there was no evidence of the formation
of a cerium-rich layer, the electrochemical tests’ results exhibit a significant
improvement in corrosion performance compared to the unsealed sample. Nyquist
plot for Ce-S is reported in Figure 44.
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Figure 44. Nyquist diagrams of cerium nitrate sealed sample (Ce-S).

Examining the Nyquist plot, it can be noticed that the Ce-S exhibits a much better
corrosion performance than the unsealed sample. In fact, the polarization resistance in
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this case is three orders of magnitude higher than that of unsealed sample. The plot is
characterized by a large high-frequency semicircle, representing the double-layer
capacitance and charge transfer resistance, and an incomplete semicircle at low
frequency. The incomplete semicircle can be attributed to the presence of the coating
manifesting its enhanced corrosion protection and describing potential-dependent
processes involving mass transport. In addition, it is worth noting that in this case, the
difference in overlap between the three curves is quite less compared to the unsealed
sample which indicates the stability of the coating in time. This further demonstrates
the better corrosion performance of the Ce-S over the unsealed PEO sample. Table 16
shows the polarization resistance of the cerium nitrate-sealed PEO sample (Ce-S).

Table 16. Polarization resistance of the cerium nitrate sealed PEO sample (Ce-S).

Ce-S 1.4432 x 107

3.4.1.3 LDH Sealing

Finally, it is the turn to investigate the Nyquist diagram for the LDH-sealed PEO
sample. Even though the SEM micrographs did not clearly show formed LDH
nanocontainer structures, EDS images showed the presence of zinc and vanadium,
and the electrochemical tests showed superior corrosion resistance. However, the
stability in time is an issue. For the first immersion cycle, it shows a large diameter of
the arc which indicates a superior protective behavior of the coating; however, soon in
time, this behavior deteriorates with a sharp decrease in the diameter of the arc. The
second cycle was excluded since the data are very noisy indicating unstable
measurement. Figure 45 shows the Nyquist plots of the LDH-sealed PEO sample.
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Figure 45. Nyquist diagrams of LDH sealed PEO sample.

The plot is characterized by a large diameter arc at high frequencies, representing the
double-layer capacitance and charge transfer resistance, and an incomplete semicircle
at low frequencies. The incomplete semicircle can be attributed to the presence of the
coating, manifesting its enhanced corrosion protection and describing potential-
dependent processes involving mass transport, as mentioned earlier. The polarization
resistance value in this case is comparable to that of Ce-S and it is three orders of
magnitude higher than that of the unsealed PEO sample as well. It is reported in table
17.

Table 17. Polarization resistance of LDH sealed PEO sample.

LDH sealed PEO 1.0858 x 107

For the sake of comparison between the three systems, the sealed PEO samples exhibit

much-enhanced corrosion performance compared to the unsealed ones. The two
sealing treatments show comparable corrosion protection in terms of polarization
resistance values; however, the cerium nitrate sealed sample demonstrated higher
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stability of the protective behavior of the sealed sample. Since in both sealing
treatments the obtained sealed samples were not exhibiting the expected properties of
formation of a cerium-rich layer for Ce-S and formation of LDH nanocontainers for
LDH sealing, it means they could provide much superior performance in case the
desired properties are gained.

Table 18 summarizes the polarization resistance values obtained through Nyquist
diagrams.

Table 18. Polarization resistance values obtained through Nyquist plots for the three systems.

PEO base 4.4466 x 10*
Ce-S 1.4432 x 107
LDH sealed PEO 1.0858 x 107
3.4.2 LPR

Linear Polarization Resistance (LPR) analysis is used to determine the
polarization resistance (Rp) of the electrode, which is the tendency to have a flow of
current upon a small perturbation around the corrosion potential of the electrode.

During impedance testing, a linear polarization resistance (LPR) analysis was also
conducted by varying the potential using a voltage ramp, with a scan rate of 10 mV/s.
The relationship between the applied potential and the measured current can be fitted
with a linear function. Applying Ohm's law, the slope of the line represents the
polarization resistance of the electrode (Re), which is the resistive response of the
electrode to electrochemical and polarization phenomena. High polarization
resistance values indicate good performance against corrosion. Therefore, the
polarization resistance derived from LPR analysis for the unsealed PEO base sample,
cerium-nitrated sealed PEO sample (Ce-S), and LDH PEO sealed sample are reported
in Table 19.

Since the Potential versus current plots were not linear except for Ce-S, it is noticed
that the estimated values of Rp using LPR are far different from the ones obtained from
Nyquist plots. However, for Ce-S the value is in the same order of magnitude due to
the above-mentioned reason. For the PEO-base, the fit was performed only in the linear
part of the plot. For what concerns LDH-S, the plot does not contain a linear part which
is why no value is reported. Hence, the Rp values obtained using this method are
unreliable and to not be considered.
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Table 19. Polarization resistance values obtained through LPR analysis for the three systems.

PEO base 2900.37 0.9827
Ce-S 1.2 X 107 0.9924
LDH sealed PEO - -

3.4.3 Potentiodynamic Polarization Tests

For the sake of investigating and comparing the corrosion behavior of the bare
AA 6082, PEO-coated sample, cerium-nitrate-sealed sample, and LDH-sealed sample,
potentiodynamic polarization tests were performed on all the aforementioned
samples. The test was conducted using 0.35 wt.% NaCl electrolyte at room
temperature. Firstly, the free corrosion potential value (E.,) was measured and
recorded. It corresponds to the open circuit potential (Eqcp) which is the difference in
potential between the sample just immersed and reached equilibrium with the
electrolyte and the reference electrode. High values of E., indicates good behavior
against corrosion; hence the higher the E.,., the lower the susceptibility of the
electrode under investigation to undergo corrosion.) [42].

Secondly, the current trend is recorded in a voltammogram as the applied potential is
being changed. The potential is varied starting from more negative potentials
and moving to less negative potentials till E.,, is reached; the cathodic branch of the
potentiodynamic curve is plotted. Moving towards potentials less negative than E q,,
the anodic branch of the potentiodynamic curve starts. The anodic branch is generally
divided into three distinct regions: a) the anodic polarization region; which exhibits a
rapid increase in current density, b) the passivation region; which exhibits a negligible
variation in current density (can be assumed constant), and c) trans-passivation region;

exhibits a further increase in current density [42].

Finally, the corrosion current (is.) can be obtained following one of two approaches:
by calculating it using the Stern-Geary equation, Eq. 31.

babe 1

lcorr = 5303 (b2 1b0) Rp (31)

According to eq. 31, the corrosion current density is inversely proportional to the
polarization resistance Rp, and the proportionality constant depends on the slopes of
the linear fitting of the two branches of the potentiodynamic curve (anodic branch
slope: b, and cathodic branch slope: b). They are also called Tafel slopes since they
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follow the Tafel law: a direct proportionality between potential and the logarithm of
current density [43].

Or by getting it through a graphical approach; by fitting the two anodic and cathodic
branches with a straight line and then intersecting the two lines: the intersection point
corresponds to (E¢opr/icorr) @as shown in Figure 46. Regarding corrosion performance,
the lower the i, the better the corrosion protection offered by the electrode.

E A

corr

o

i logi

Figure 46. Graphical approach for determining ico . [43].

3.4.3.1 Bare AA6082 and PEO Base

The uncoated AA6082 and PEO base potentiodynamic polarization curves are
reported in Figure 47.
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Figure 47. AA6082 bare and PEO coated potentiodynamic curves.
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Both the uncoated AA6082 and PEO-coated samples exhibit similar trends. It can be
seen in the plot that the difference in behavior between the two curves is not significant
even though one is coated and the other is bare. This is confirmed by the extrapolated
values of the corrosion potential (E.,) and the corrosion current density (icorr)-
Especially the corrosion current density is of the same order of magnitude for both of
them, though a bit less for the PEO-coated sample. The corrosion potential also has a
less negative value for the PEO-coated sample. This could probably be attributed to
the high porosity of the PEO coating hence a wide anodic area is exposed to the
electrolyte.

Actually, beyond the E,,, the anodic branch shows an extended anodic polarization
region (increase in the current density) and a slight trend going towards passivation
but not reaching it. The extrapolated corrosion potential and current values are
reported in Table 20.

Table 20. Potentiodynamic parameters of AA6082 bare and PEO coated.

AA 6082 -0.6296 9.2513-10°°

PEO base -0.6219 5.51.107¢

3.4.3.2 Cerium Nitrate Sealed PEO

The potentiodynamic curves for Ce-S are shown in Figure 48.
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Figure 48. Ce-S potentiodynamic curve.
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Looking at the potentiodynamic polarization curve, the shape of the curve is
noticeably different from that of the bare and unsealed PEO samples. Even though the
corrosion potential (E.o) has shifted towards a more negative value (which is a
negative sign in terms of corrosion susceptibility), the anodic branch exhibits all three
regions. The active anodic polarization region and the passive region are comparable
in extension. They span over a relatively wide range of potentials, approximately 200
mV. Then the trans-passive region starts with a higher increase in current density. The
trans-passive region is probably due to a localized corrosion phenomenon, pitting.
Chlorides locally destroy the passive layer forming a site that is prone to corrosion,
then with the action of a cathodic reactant (oxygen in this case) corrosion takes place.
Within the pits due to corrosion reactions, the pH increases. Hence, preventing the
precipitation of corrosion products and promotes further dissolution of the oxide film.
Due to all those factors, re-passivation is mostly inhibited, and the trans-passive region
continues.

The corrosion current density (icorr) significantly decreases, in comparison to the bare
and unsealed samples, by three orders of magnitude which implies a much higher
reduction in corrosion rate, demonstrating the effectiveness of the sealing treatment.
The extrapolated values from the curves are reported in Table 21.

Table 21. Potentiodynamic parameters of Ce-S.

Ce-S -0.8029 9.2663.107°

3.4.3.3 LDH Sealing

Finally, the potentiodynamic curve of LDH-S is shown in Figure 49.

02
03
04
05
06

-0.7

Potential (V/SSC)

——LDH-S
-0.8

-0.9

-1
1.E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03

Current density (A/cm2)

Figure 49. LDH-S potentiodynamic curve.
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Looking at the potentiodynamic polarization curve, the shape of the curve is
noticeably different from that of the bare and unsealed PEO samples but looks similar
to that of Ce-S specifically in the first part of the curve. However, they differ in the
anodic branches since the former shows an extended trans-passive region. Also, in this
case, the corrosion potential is shifted towards a more negative potential, but the
difference in potential to that of the bare AA6082 and PEO base samples is significantly
less than in the case of Ce-S. Even though in general it is a negative sign to have more
negative corrosion potentials, it was reported in the literature for this specific sealing
treatment that it could be due to the inhibitory effect of the corrosion inhibitor
associated with this sealing treatment (vanadate anions). In that case to the contrary,
it is a positive aspect. The anodic branch exhibits all three regions, with a tendency to
show a second passive region in case the immersion would have been prolonged.

The active anodic polarization region and the passive region are comparable in
extension. They span over a relatively wide range of potentials, approximately 250 mV.
What is noticeable is that in the passive region the current density increases but at a
very slow rate. The same was observed for Ce-S, but in that case, the rate is a bit higher.
Then the trans-passive region starts with higher increase in current density, and it
spans over a significant range of current densities (three orders of magnitude). The
reason for this huge trans-passive region could probably be due to the dissolution of
zinc and aluminum hydroxides with increasing potential in this aggressive
environment. Despite all the negative observations, the LDH-S shows the lowest
corrosion current density. It is in the same order of magnitude as that of Ce-S. Thus,
demonstrating the best protective behavior against corrosion. The extrapolated
corrosion parameters from the potentiodynamic curve are reported in Table 22.

Table 22. Potentiodynamic parameters of LDH-S.

LDH-S -0.6677 7.8983.107°

In conclusion, it is worth noting that the obtained results from the analysis of the
potentiodynamic polarization curves are in agreement with those obtained from the
other electrochemical tests. A summary graph containing all the potentiodynamic
polarization curves of the bare AA6082, PEO base, Ce-S, and LDH-S is shown in Figure
50 along with a summary table reporting all the extrapolated corrosion parameters
reported in Table 23.
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Figure 50. Summary plot of potentiodynamic polarization curves.

Table 23. Summary table of potentiodynamic polarization parameters.

AA 6082 -0.6296 9.2513-107¢
PEO base -0.6219 5.51.107°

Ce-S -0.8029 9.2663.107°

LDH-S -0.6677 7.8983.107°




106

4 . Conclusions

Many different electrolytes and electrical parameters of the PEO process were
tried and modified to fine-tune the properties of the resulting oxide coating for
corrosion resistance applications, mainly composition, compactness, and thickness.
The chosen ones were believed to be the most appropriate for meeting the desired
properties. The obtained coating thickness was 17.37 um. A variant of the chosen
electrical parameters with the same steps, but slightly lower potential values is
recommended for further investigation due to the characteristics of the generated
oxide that were revealed by the use of the optical microscope. Despite all the effort put
into fine-tuning the electrolyte and electrical parameters, the produced PEO coating
contained a high amount of porosity, which makes it vulnerable to corrosion. Porosity
is an intrinsic feature of PEO coatings attributed to the mechanism of their formation.
Hence sealing treatments were necessary.

Two sealing treatments were selected for their demonstrated high corrosion resistance
performance and environmental friendliness, cerium nitrate and layered double
hydroxide (LDH). The sealed PEO samples were investigated using SEM, EDS, and
electrochemical tests (EIS, LPR, and PDP). The sealed PEO samples showed a
significant improvement in corrosion resistance compared to the unsealed one even
though the microstructural and elemental composition investigations did not show the
expected results. There was not a quiet assertion of the formation of a cerium-rich layer
for cerium nitrate sealing nor the formation of LDH structures for LDH sealing.
However, the elemental composition results support the nucleation of LDH structures.
Therefore, a much-enhanced corrosion resistance performance is expected in case the
sealing products are fully developed, indicating the outstanding protective behavior
of the chosen treatments. Thus, more work is needed to optimize the conditions for the
complete development of the expected sealing treatments’ products. For example,
increasing the treatment time, fine-tuning the composition of the solution, and
adjusting the treatment temperature.

Impedance and polarization resistance (Rp) measurements showed a significant
enhancement in the case of the sealed samples. Rp was higher by three orders of
magnitude for both treated samples compared to the unsealed PEO sample. Thus,
manifesting the high opposition of the treated samples to polarization and corrosion
phenomena. However, the cerium-nitrate-treated sample showed much better stability
of the protective behavior over time.

Both cerium nitrate and LDH-treated PEO samples showed corrosion potentials (E¢oyr)
more negative than the unsealed sample, for the LDH the difference was less.
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However, they both exhibit corrosion current densities lower by three orders of
magnitude than those of the unsealed ones, proving the effectiveness of the sealing
treatments.

All the two sealing treatments presented promising protection against corrosion, the
electrochemical tests’ results were in the same order of magnitude for both, except
for corrosion potential, indicating similar protective behavior. However, cerium
nitrate treatment is less complex, less energy-consuming, and more stable over time.
On the other hand, LDH sealing can provide active corrosion protection, an on-
demand corrosion inhibition effect, and self-healing properties.

Definitely, further studies and investigations are required to first optimize the PEO
process for obtaining a coating with a minimal amount of porosity possible, and then
optimize the sealing treatments for the complete formation of the sealing products
with the hope of not only sealing the opening of the pores, but even inside the pores
and thus providing the best corrosion protection.
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