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Abstract

The emphasis of this doctoral dissertation is on the corrosion protection of aluminum
alloys. As a first step in the investigation, the effect of different pre-treatments of aluminum
alloys 7075-T6 and 2024-T3 on their surface properties was studied. Mechanical pre-
treatments, water-based grinding and non-water based polishing were studied, while the
chemical cleaning consisted of a non-commercial cleaner NaOH and of a commercial cleaner
SurTec, both followed by nitric acid desmutting. It was found out that the mechanical pre-
treatments have a higher effect on aluminum alloy 7075-T6 than on the 2024-T3. Both
chemical treatments decrease the corrosion resistance of these aluminum alloys and their
surface became hydrophilic.

After pre-treatment, aluminum alloy’s surface is protected against corrosion using
different procedures. Traditionally, chromate conversion or phosphate coatings have been
used for this purpose; as chromate coatings are nowadays recognized as toxic, alternative
procedures are being sought to replace them. In this doctoral dissertation hybrid sol-gel
coatings were regarded as a potentially suitable replacement for chromate coatings. Hybrid
coatings were based on (3-glycidyloxypropyl) trimethoxysilane (GPTMS) and
tetraethoxysilane (TEOS) and applied on aluminum alloy 7075-T6. SiO, nanoparticles were
added to the precursors’s solution to achieve barrier property of coating, while Ce(NOs);
was added to obtain an active corrosion protection. Optimization of sol synthesis was based
on ATR-FTIR spectroscopy and UV-vis-NIR spectroscopy and the opening of the epoxy
rings and completion of hydrolysis and condensation reactions were confirmed, based on
ATR-FTIR results. A high degree of cross-linking between GPTMS and TEOS was
achieved, in situ, during the synthesis and the effect of the curing process on coating s
properties was confirmed. A double-layer system was applied on aluminum alloy 7075-T6,
where the first layer was doped with Ce(NOs3); and the second was un-doped. It was found
out that cerium has a role in the self-healing only if it is "locked" within the first layer of
multi-layer coating. Coating characterization was carried out by the immersion test and
electrochemical potentiodynamic measurements and electrochemical impedance
spectroscopy. The self-healing effect was confirmed by immersion of un-scribed and scribed
coated AAT075-T6 in electrolyte NaCl by using the immersion test, electrochemical
impedance spectroscopy, X-ray photoelectron spectroscopy and scanning electron
spectroscopy equipped with energy dispersive X-ray spectroscopy.

A systematic study of mechanical and chemical pre-treatment of aluminum alloys 7075-
T6 and 2024-T3 was performed followed by the development of hybrid sol-gel coating which
achieved an efficient corrosion protection of aluminum alloy 7075-T6 in chloride containing
electrolyte and represents a potential replacement for chromate coatings.



Abstract
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Povzetek

Poudarek moje doktorske disertacije je na protikorozijski zas¢iti aluminijevih zlitin.
Prvi del raziskave je posvecen studiji vpliva razlicnih pred-priprav povrsine aluminijevih
zlitin 7075-T6 in 2024-T3 na njihove povrsinske lastnosti. Testirala sem dve mehanski pred-
osnovi nekomercialnega cistila NaOH in na osnovi komercialnega cistila SurTec. Obema
kemijskima ¢iScenjema je sledilo dodatno ¢is¢enje z dusikovo kislino. Ugotovila sem, da ima
mehanska pred-priprava veéji vpliv na aluminijevo zlitino 7075-T6 kot na zlitino 2024-T3,
povrsino hidrofilno.

Nadalje, predpripravi povrsine aluminijevih zlitin sledi nanos protikorozijske prevleke,
ki bi v ¢im vecji meri dosegala lastnosti prepovedanih kromatnih konverzijskih prevlek. V
moji doktorski nalogi so bile pripravljene hibridne sol-gel prevleke na osnovi (3-
glicidiloksipropil) trimetoksisilana (GPTMS) in tetraetoksisilana (TEOS) ter kot
protikorozijska zasc¢ita nanesene na aluminijevo zlitino 7075-T6. Za dosego bariernih
lastnosti prevleke sem prekurzorjema dodala SiO, nanodelce, za dosego aktivne korozijske
zasCite pa korozijski inhibitor Ce(NOs)s. Optimizacijo sinteze solov sem dolo¢ila na podlagi
ATR-FTIR in UV-vis-NIR rezultatov. Potrdila sem tudi odprtje epoksi obrocev v.GPTMS
ter dokoncani hidrolizo in kondenzacijo. Ugotovila sem visoko stopnjo mreZzenja med
prekurzorjema GPTMS in TEOS, in situ, med samo sintezo. Potrdila sem tudi vpliv nacina
toplotne obdelave prevleke na njihove lastnosti.

Na aluminijevo zlitino 7075-T6 sem nanesla dvoplastno prevleko, kjer je prva plast
vsebovala Ce(NOs)s, druga ne. Ugotovila sem, da ima dodatek Ce aktivno vlogo pri
samoceljenju prevleke, le ¢e je vgrajen v prvo plast dvoplastne prevleke. Lastnosti prevleke
sem dolocila s potopitvenim testom ter z elektrokemijskimi meritvami. U¢inek samoceljenja
prevleke sem potrdila tako, da sem neposkodovane ter poskodovane vzorce potopila v
elektrolit NaCl ter s potopitvenim testom, elektrokemijsko impedancéno spektroskopijo,
rentgensko fotoelektronsko spektroskopijo ter vrsti¢no elektronsko mikroskopijo s kemicno
analizo opazovala razvoj oziroma zaviranje korozije po povrsini raze.

V moji doktorski nalogi je bila narejena sistemati¢na studija vpliva mehanske in
kemic¢ne predobdelave aluminijevih zlitin 7075-T6 in 2024-T3, ¢emur je sledil razvoj
hibridne sol-gel prevleke, ki izkazuje uc¢inkovito protikorozijsko zasc¢ito aluminijeve zlitine
7075-T6 v kloridnem mediju in tako predstavlja dobro osnovo kot mozno nadomestilo

kromatnim prevlekam.
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Chapter 1

Introduction

1.1 Definition of the Problem

Reduction of CO, emission is an important goal set by the directives of the European
Union [1]. Aluminum and aluminum alloys belong to the group of light metals and are
most commonly used in the transportation industry, such as aircraft industry, automotive
industry, train industry and marine industry.

Despite the fact that pure aluminum resists corrosion well, its alloys may not be
corrosion resistant in various environments, especially those containing chlorides.
Chromate conversion coatings (CCCs) have provided an effective corrosion protection of
aluminum alloys for many years. Their use is however, becoming limited because of their
toxicity [2].

Many studies have been focused on the development of technologies alternative to
CCCs, such as anodizing, conversion coatings, electro polymerization, sol-gel coatings, etc.
Sol-gel coatings are one of the most promising and environmentally friendly replacements
for CCCs and are the basis of the present doctoral dissertation [3]-[5].

1.2 Aluminum and Aluminum Alloys

The properties of aluminum that contribute to their usage in many applications are the
following: lightness, thermal and electrical conductivity, strength-to-weight ratio and
corrosion resistance.

Corrosion of aluminum occurs by the electrochemical reaction, affecting a metal and
aqueous phase. The basic reactions which summarized the corrosion of aluminum are the
following: [6], [7]

e oxidation of aluminum in water:
Al > ABY +3e” (1)

e reduction of H' protons, which are derived by the dissociation of water:
3H* +3e” - > H, (2)

e reduction of oxygen which is dissolved in water:
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if media is alkaline or neutral:
0, + 2H,0 + 4e~ — 40H™ (3)

if media is acidic:
0, + 4H' + 4e~ - 2H,0 (4)

According to diagrams of electrochemical potential vs. pH (so called Pourbaix diagrams
[8]), Fu vs. pH) of aluminum in aqueous solution, aluminum can be attacked by corrosion
in both, acidic and alkaline media (Figure 1.1). In acidic medium, AI** ions are formed,
while in alkaline media AlOy ions are formed. Between pH 4 and 9 is a range of passivation,
where natural oxide film Al,O; is formed on the surface of aluminum, which protects it
against corrosion. Moreover, there is also a range of pH, at lower potentials, where

aluminum is immune to corrosion [§].

1.2 7
1.0 (b)
0.8
0.6
0.4
0.2
0.0
021 (a)
-0.4 1
-0.6 1
-0.8 4
-1.04
12
-1.44 Corrosion Passivation Corrosion
1.6
-1.84
2.0
-2.2 Al

2.4 1 Immunity
2.6 t+——T"rT"TTrTr T T T T T T
2 -1 01 2 3 4 5 6 7 8 9 1011 12 13 14

AT ALO AlO,

Potential Vi)

pH
Figure 1.1: Pourbaix diagram of aluminum [8].

However, aluminum has some disadvantages, such as its softness and weak mechanical
properties. Thus, aluminum alloys were developed to greatly surpass these disadvantages.
In aluminum alloys, selected alloying elements (called intermetallic particles, IMPs), e. g.
copper, manganese, silicon, magnesium, zinc, are added to pure aluminum [6], [7]. Figure
1.2 presents scanning electron microscope images of pure aluminum (left) and of aluminum
alloy AA2024-T3 (right).
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Figure 1.2: SEM images of aluminum (left) [9] and aluminum alloy AA7075-T6
(right).

Aluminum alloys are classified in two classes: wrought alloys and cast alloys. They are
listed and described in Tables 1.1 and 1.2 [6], [7].

Table 1.1: Designation of wrought aluminum alloys.

Designation of Description
wrought alloy

Unalloyed composition that consists
Ixxx mainly of pure aluminum, mostly used in

chemical and electrical industries.

Alloys based on alloying element

2XXX copper, also magnesium can be found,
mostly used in aircraft industry.

3XXX Alloys based on alloying element
manganese, mostly used in architectural
industry.

4xxx Alloys based on alloying element

silicon, mostly used in welding rods.

Alloys based on alloying element
HXXX magnesium, mostly used in marine
industry.

Alloys based on alloying elements
6xxx magnesium and silicon, mostly used for
architectural extrusion.

Alloys based on alloying element zinc,

TXXX mostly used in aircraft structural
components.
8xxx Alloys based on lithium, iron or tin.

Oxxx Alloys reserved for the future.
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Table 1.2: Designation of cast aluminum alloys.

Designation of cast alloy Description

Unalloyed composition that consists
1xx.x mainly of pure aluminum, mostly used for

rotor manufacture.

2xX.X Alloys based on alloying element
copper.

Alloys based on alloying element

3xXxX.X silicon, also copper and magnesium can be
observed.

4xx.X Alloys based on alloying element
silicon.

OXX.X Alloys based on alloying element
magnesium.

6xx.X Unused alloys.

TXX.X Alloys based on alloying element zinc.

8xx.x Alloys based on alloying element tin.

9xx.X Un-used alloys.

The temper designation system is used for wrought and cast alloys. It is based on
mechanical or thermal treatment and includes four letters, H, T, O or F. Their properties
are explained in Table 1.3 [6], [7], [10].

Table 1.3: Temper designation system of alloys.

Designation Description

H Hardened and strengthened alloys by
any deformation at room temperature.

T Hardened and strengthened alloys by
an aging heat treatment.

O Annealed alloys to achieve its softest
condition.

F Not treated alloys (as-fabricated).

Despite the fact that pure aluminum resists corrosion well, aluminum alloys may not
be corrosion resistant in various environments, as a result of IMPs presence. In near-neutral
bulk solution, corrosion of aluminum alloys is influenced by IMPs which have different
characteristics and electrochemical potential than the matrix. They may be either anodic
or cathodic relative to Al-matrix, thus leading to local difference in electrochemical activity

and initiation of galvanic corrosion [7].
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1.2.1  Aluminum alloys AA7075 and AA2024

In this doctoral dissertation aluminum alloys AA7075-T6 and AA2024-T3 were studied.
Due to its high strength and excellent strength-to-weight ratio, AA7075-T6 is used in
transportation industry, e.g. marine, automotive and aircraft industry, while AA2024-T3
is due to its high strength and excellent fatigue resistance widely used in aircraft industry,
especially in wings construction [11]. The composition of AA7075-T6 and of AA2024-T3 is
listed in Table 1.4. Thus, AA7075-T6 is based on Mg and Zn, while AA2024-T3 is based

on Cu.

Table 1.4: The composition of AA7075-T6 and AA2024-T3.

AA Zn Mg Cu Fe Si Mn Ti Cr Al
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)

7075-T6 | 5.1-6.1 | 2.1-2.9 | 1.2-2.0 0.5 0.4 0.3 0.2 0.2-0.3 rest

2024-T3 0.3 1.2-1.8 | 3.8-4.9 0.5 0.5 0.3-0.9 0.2 0.1 rest

IMPs present in AAT075-T6 and AA2024-T3 can be divided into the following
categories [12]-[15]:

e Small (up to pm);
e.g. MgZn,, Mg,Al;, Al,Cu, formed by nucleation and growth from supersaturated
solution during natural or artificial aging,

e Larger (1-10 pm);
e.g. AlsFe, Al;CuwFe, ALCuMg (S-phase), irregularly shaped and formed during
alloy solidification,

e Very small (<1 pm);
e.g. Al;Ti, AlsMg, dispersions, insoluble in Al

The potential of IMPs differs. Some of IMPs have high electrochemical activity and the
ability to sustain a large cathodic current (Al,Cu, Al;Cu.Fe), while some of them have high
dissolution rate and can sustain an anodic current (MgZn,). Moreover, some IMPs include
a noble element component (S-phase Al,CuMg), where Mg from S-phase is dissolved and
the potential of IM is changed from cathodic to anodic. Thus, IMPs are the sites of the
initiation of local corrosion as a result of high potential difference between them (galvanic
couple) and also between each IMP and Al matrix (galvanic corrosion) [12]-[15].

There are several ways how to improve the corrosion resistance of aluminum alloys [3],
[6], [10], [16], as it will be described in Section 1.4.

1.3 Pre-Treatment of Aluminum Alloys

However, before performing any kind of protection treatment, it is necessary to properly
pre-treat or clean the surface which will be protected. The most common types of surface
pre-treatment for aluminum alloys are degreasing, mechanical pre-treatment, chemical
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cleaning, chemical brightening, anodizing, powder coating and wet coating. In this doctoral
dissertation, the effect of mechanical pre-treatment and chemical cleaning on properties of
aluminum alloys AA7T075-T6 and AA2024-T3 was studied. The goal of either mechanical
pre-treatment or chemical cleaning is to remove inorganic and organic residues from the
surface before painting or applying coatings [6], [7], [10], [16]-[18].

Grinding and polishing are the most commonly used mechanical pre-treatments. The
former is usually based on SiC grinding papers and produces a macro-rough surface [17],
[19]. A diamond paste is used in polishing pre-treatment. The effects of grinding and
polishing on localized breakdown of AA7075-T6 and of AA2024-T3 surfaces have been
studied [20]-[24]. Mechanical grinding and polishing under water can promote aggressive
corrosion, but even in non-aqueous conditions such pre-treatment was found to affect the
microstructure and corrosion properties [20]-[23].

Chemical cleaning is carried out after, or in place of mechanical pre-treatment for
removing surface contamination originating from mechanical pre-treatment and for
removing oxides present at the metal surface [18], [19]. It includes processes such as vapor
degreasing, solvent cleaning, acid cleaning, alkaline cleaning, milling, etching,
chromating/phosphating, electrochemically plating with copper, tin, nickel or silver, etc.
Chemical cleaners are divided into two groups, water-based and organic solvent cleaners.
Acidic or alkaline cleaners are most commonly used water-based cleaners. They can act as
pickling agents, etching agents, detergents, degreasing agents or corrosion inhibitors [25].
Commercial cleaners are usually alkaline cleaners for liquid degreasing and contain mainly
phosphate, sodium-based carbonates or silicate, surfactants and additives including
corrosion inhibitors [6], [19]. Chemical cleaning is often followed by acid treatment, pickling
or desmutting, with the aim of removing residues arising from prior alkaline cleaning and
of increasing surface roughness in order to facilitate the adhesion of organic coatings to the
surface [26]. The most commonly used desmutters are nitric acid and fluoric acid. Copper
enrichment after chemical cleaning has been commonly observed on AA7075 and AA2024
surfaces [4], [27]-[30], which affects the subsequent treatment of the surface using conversion
coatings based on cerium [31].

In this doctoral dissertation the effect of two mechanical pre-treatments, grinding under
water and polishing under non-aqueous liquid on properties of AA7075-T6 and AA2024-
T3 was studied. Moreover, the effect of two chemical cleanings, non-commercial cleaning,
based on NaOH and commercial cleaning, based on SurTec cleaner, both followed by
desmutting in nitric acid, on properties of AA7075-T6 and AA2024-T3, was studied.

14 Corrosion Protection

After pre-treatment, treatment of alloy’s surface is carried out to protect it against the
corrosion. Different ways of protection exist and can be summarized as follows: [7]

o Modification of the surface; anodization and chemical conversion
coatings,
o Modification of the medium; the addition of inhibitors into the medium,
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e Applying continuous coating on the surface; painting and sol-gel
coatings.

One of the most cost-efficient and effective surface treatments are chromate conversion
coatings, which have provided effective corrosion protection of aluminum alloys for more
than 100 years, as pre-treatment or as final surface finish [3], [6], [16], [32]. They consist of
a backbone of chromium oxide/hydroxide with Cr*" oxidation state and also compounds
with Cr" oxidation state. The Cr®" provides the characteristic of self-healing, which is the
ability to reform a protective coating after it has been breached by mechanical or chemical
process. The self-healing is achieved by the reduction of the remained Cr®* into an insoluble
Cr*" compound [3]. Thus, CCCs can act as a barrier and as an active corrosion protection,
leading to the self-healing effect. In addition, CCCs improve adhesion of primers and top
coatings [16]. However, the main compound of CCCs Cr®" is highly toxic, therefore their
use was restricted in European Union, by the Restriction of Hazardous Substances (RoHS)
Directive 2002/95/EC, in 2006 [2]. Sunset date for CCCs in EU was September 2017, since
when their use is allowed only in special industries, such as defense and aerospace industries
[2].

Many surface treatments have been proposed to replace CCCs, but only zirconium and
titanium conversion coatings are commercialized and have been used in industries.

However, they still do not meet the performance levels of CCCs [3].

1.4.1  Hybrid sol-gel coatings

Sol-gel process is one of the most promising and environmentally friendly replacements
for CCCs [4], [30], [32]-[35]. It offers important advantages, such as cost effectiveness and
simple application procedures, easily adaptable in the industry [36].

According to the latest definition, sol-gel process is every process which starts from the
precursor’s solution and goes through the stage of sol and gel [37].

The first step of sol-gel synthesis is to select the chemical compounds, known as
precursors, and dissolve them in the solvent, leading to the sol formation, which is a stable
suspension of colloidal particles within a liquid [38]. As sol is a fluid, it can be applied to a
metal surface using various techniques, e.g. spraying, dipping, spinning. After chemical
transformations in sol, a rigid and interconnected network is formed, called gel, which is
limited by the walls of the container. The last step includes drying, which results in
concentrated gelled network [4], [5]. The volume of dry gel is from five to ten times smaller
compared to the initial wet gel [4]. In many cases, a dry gel needs further thermal
treatment-curing to be densified [5]. The main steps of the synthesis of sol-gel coating are
presented in Figure 1.3.



8 Chapter 1. Introduction

Coating

Figure 1.3: Steps of the synthesis of sol-gel coating [5].

The first sol-gel coatings were based on inorganic silane precursors which offer good
mechanical properties and promote a good adhesion between the metal substrate and
organic coatings, leading to low oxygen diffusion [34]. However, these inorganic coatings
contain micropores and microcracks and, furthermore, high temperatures are required to
obtain dense coatings [4]. In the early 80’s the first hybrid sol-gel coatings were made from
alkoxysilanes [4]. They are usually prepared with a combination of inorganic and organic
polymerization and improve the overall performance of the coating; the inorganic
component offers good mechanical properties, while the organic component increases the
flexibility and ductility of coating, with decreased treatment temperature [4], [35], [39]-
[41].

Hybrid sol-gel coatings are divided into three general classes: class I, II and III. In class
I the organic and inorganic components are connected by hydrogen bonds, Van der Waals
forces or ionic bonds, in class II they are connected by covalent bonds and in class III by
both types of interactions, assigned in classes I and II. Due to the chemical and physical
properties, hybrid sol-gel coatings from class II are suitable for corrosion protection of
metals and their alloys and are the basis of this doctoral dissertation. Their synthesis
involves polycondensation reaction between metal inorganic alkoxides M(OR)s and metal
organic alkoxide (R-O),MR,", where M represents a network-forming element, such as Si,
Ti, Zr, Al, etc., R is an alkyl group (CiHa1), and R is carbon chain containing functional
group, e.g. amino, epoxy, etc.
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The synthesis of hybrid sol-gel coatings consists of two main reactions, hydrolysis of
metal alkoxides (nucleophilic attack) (Figure 1.4a), where (<OR) groups are replaced by (
—-OH) groups, in the presence of water and catalyst (acid or basic), and polycondensation
of hydroxyl groups (Figure 1.4b), leading to a network/gel [4], [5], [38]. The conversion of
the precursors into hybrid sol-gel coatings proceeds through the formation of M-O-M bonds.

a)
ll{i‘/_\ﬂzo Ir*
M _— - M.
RO™ Q‘OR o~ R“‘OH
OR OH
R
b) |
R* R¥ R 0
] | by s
M M —_— 1
no”" TOH o™ i“'-OII -n H,0 1o”” R\O \Rﬂ, n
OH OH (|)
R

Figure 1.4: The main reactions proceeding during sol-gel synthesis; a) hydrolysis, b)
polycondensation [38]. M represents a metallic substrate, R is an alkyl group and R is a

carbon chain containing a functional group.

There are several precursors which are used in the synthesis of hybrid sol-gel coatings
[4], [5]. Some of examples are shown in Figure 1.5, where, e.g. TEOS is an inorganic
alkoxisilane, while GPTMS belongs to the organic alkoxisilane.

NN _/ BN Y

Ir
0/\ \/\/ \/\ VAN
—d — o OTN -~
(TEOS) (GPTMS) (ZxTPO)
Tetraethylorthosilicate 3-Glycidoxypropyl-trimethoxysilane Zirconium(IV) tetra-1-propoxide
o 0 o /O—
0 T 0o— NN
~ \Si/ - SN / ~o TN
/ o 0 /&.1\0 - d
- —0 /
(TMOS) N (MAPTS) (MTES)
Tetramethylorthosilicate Metacryloxypropyl-trimethoxysilane Methyltriethoxysilane

Figure 1.5: Alkoxide precursors used in hybrid sol-gel coatings [5].

Based on their low chemical reactivity, the silicon alkoxides, named alkoxysilanes, are
the most commonly used precursors in hybrid sol-gel coatings [5].
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Corrosion protection of aluminum alloys

Hybrid sol-gel coatings from class II have been confirmed as a promising alternative for
CCCs for corrosion protection of aluminum alloys [5], [33], [36], [42]-[45]. They are based
on organo-alkoxysilane, which is further polymerized with inorganic-alkoxysilane to
increase the barrier properties of coating [5]. Moreover, these materials can provide a stable
Si-O-Al bonding between hybrid sol-gel coatings and aluminum oxide Al,Os, which is
naturally formed on the surface of aluminum alloys (Figure 1.6) [46].

CH; g"'s H;
3 CH3 3
TN
\Mv LM'
| OoH O | OH
o—0 ) _—0

(o]

Aluminium alloy

Figure 1.6: Interactions between hybrid sol-gel coating and substrate aluminum alloy.

According to the previous studies, hybrid sol-gel coatings, which contain an epoxy
functional group in organic-alkoxysilane, offer an efficient corrosion protection of aluminum
alloy AA7T075-T6, which was the basis of this doctoral dissertation [39], [41], [43], [46], [46]-
[53]. (3-glycidyloxypropyl)trimethoxysilane (GPTMS) is one of the most used epoxy-based
organo-alkoxysilanes for hybrid sol-gel coating. It is used as a binder in paints or as a filler
in inorganic and composite materials [54]. The epoxy group of GPTMS can crosslink with
an inorganic-alkoxisilane, such as tetraethyl orthosilicate (TEOS), resulting in better
mechanical properties, corrosion resistance and flexibility of coatings [51], [55]-[60]. Cross-
linking between these two networks can be achieved by direct reaction of silanols with
epoxy rings or by the condensation of silanols with the hydroxyl of the opened epoxy rings
[61]. In many cases the opening of epoxy ring is thermally catalysed [62], but it can also
be opened at room temperature by the addition of amine curing agents (DETA), each
hydrogen of the amine being capable of opening and linking to one epoxy group [61]. In
accordance with the literature the epoxy rings of GPTMS can be opened by the following
reactions [52], [62], [63]: the ring can be opened by methanol produced by the hydrolysis
of the silicon alkoxide, leading to the formation of methylether (Figure 1.7A), water can
convert the epoxy group in acidic condition to form diol (Figure 1.7B) and the oxirane can
react with another epoxy ring, resulting in oligo or poly(ethylene) oxide derivate (Figure

1.7C).
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Figure 1.7: Schemes of different possibilities to open the epoxy ring [64].

In order to improve the densification of hybrid silica coatings, silica (SiO2) nanoparticles
could be incorporated into the sol-gel solution [65]. Their addition increases the barrier
property of coating by increasing the coating thickness, density and reinforcement [66]—
[72]. However, their addition does not provide an active corrosion protection of aluminum
alloys.

Thus, corrosion inhibitors, such as Ce*" ions, could be incorporated into the hybrid sol-
gel coating to attain an active corrosion protection of alloy [73], [74]. When corrosion
occurs, reduction of oxygen takes place at the cathodic sites of aluminum alloy, OH ions
are formed and pH increases. Under these conditions, Ce(OH); precipitates at the cathodic
sites and can be further oxidized into the Ce(OH), and insoluble CeO,, which act as a
protective barrier to oxygen and lower the cathodic activity by hindering the transfer of
electrons from the anodic cathodic sites [75]-[79]. Moreover, the addition of Ce*" into the
hybrid sol-gel coating has also provided self-healing [57], [72], [78], [80]-[83]. Thus, when
the coating is mechanically damaged or local defects are present, the inhibitor is released
and acts in such a way to repair the damage or retard the corrosion process.

In this doctoral dissertation developed hybrid sol-gel coatings were based on GPTMS
and TEOS, with the addition of SiO, nanoparticles and corrosion inhibitor Ce(NOs3)s.

1.5 Purpose of the Dissertation

Although the effects of pre-treatments have been reported as summarized above, a
systematic approach involving both mechanical and chemical treatments is still lacking.
Thus, the first purpose of the dissertation is a detailed study and understanding of the
effect of various mechanical and chemical pre-treatments on surface properties of aluminum
alloys AA2024-T3 and AAT7075-T6. We planned to optimize two mechanical pre-
treatments, grinding under water and polishing under non aqueous liquid, and two chemical
pre-treatments, alkaline cleaning using either non-commercial NaOH solution or
commercial SurTec cleaner. Both chemical cleanings were followed by desmutting in nitric
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acid. The purpose was also to show the importance of the choice of pre-treatment of alloys
before any further treatment.

The second purpose was aimed at finding the replacement for CCCs for corrosion
protection of AA7075-T6, which would meet the current environmental requirements. For
that purpose, we planned to develop a hybrid sol-gel coating which would combine a barrier
and active corrosion protection of AAT075-T6, resulting also in a self-healing effect. The
developed hybrid sol-gel coating was based on (3-glycidyloxypropyl)trimethoxysilane
(GPTMS) and tetraethyl orthosilicate (TEOS) and doped with SiO; nanoparticles to gain
a barrier property of coating and with Ce(NOs);to gain an active corrosion protection and
self-healing of coating.

1.6 Objectives of the Dissertation

The objectives of this doctoral dissertation are the following:

1) To gain a systematic understanding of mechanical and chemical pre-
treatment of aluminum alloys AA7075-T6 and AA2024-T3.

2) To gain a barrier and active corrosion protection of hybrid sol-gel
coating based on GPTMS and TEOS.

3) To induce the in situ polymerization of the sol and to optimize the
synthesis and curing of hybrid sol-gel coatings.

4) To obtain a self-healing effect on scribed coating.

5) To develop hybrid sol-gel coating as a potential replacement for

chromate conversion coatings.

1.7 Hypothesis of the Dissertation

This doctoral dissertation builds on the following hypotheses:

. Different mechanical and chemical pre-treatments have a different
effect on surface properties of AA2024-T3 and AA7075-T6.

o The polymerization of the sol is carried out in situ, during the
synthesis.

o Hybrid sol-gel coatings based on GPTMS, TEOS and SiO,

nanoparticles have a barrier corrosion protection.

o The incorporation of Ce(NQOs); into the hybrid sol-gel coating leads
to an active corrosion protection and self-healing of coating.

. Developed hybrid sol-gel coatings are a potential replacement for
CCCs.
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1.8 Scientific Contribution

The results and findings of the research work presented within this doctoral dissertation
contribute to the field of pre-treatment of aluminum alloys and corrosion protection of
aluminum alloys. The original scientific contributions are as follows.

The effect of pre-treatment of aluminum alloys on their surface properties

Published in: U. Tiringer, J. Kova¢, I. Milosev, "Effect of mechanical and
chemical pre-treatments on the morphology and composition of surfaces of
aluminium alloys 7075-T6 and 2024-T3. Corros. Sci., vol. 119, pp. 46-59, 2017

The systematic approach involving both mechanical and chemical pre-
treatments is presented in this paper. The effect of different pre-treatments on
aluminum alloys was studied in previous studies, but the novelty of this paper is
the systematic comparison between the effect of mechanical and chemical pre-
treatment of AA7T075-T6 and AA2024-T3 on their microstructure and corrosion
properties. Moreover, the comparison between non-commercial and commercial
chemical pre-treatment was studied in this paper. Thus, the main scientific
contribution is the importance of the choice of the type of pre-treatment of AA7T075-
T6 and AA2024-T3 for their further treatment. Moreover, this paper also
contributes to the field of industry, where choosing of a proper pre-treatment is
often doubtful.

Synthesis of hybrid sol gel coatings offering a barrier and active corrosion
protection of AA7075-T6

Published in: U. Tiringer, I. Milosev, A. Duran, Y. Castro, " Hybrid sol-gel
coatings based on GPTMS/TEOS containing colloidal SiO; and cerium nitrate for

increasing corrosion protection of aluminium alloy 7075-T6. J. Sol-Gel Sci. Technol.
Vol. 85, pp. 546-557, 2017

One of the novelties of this paper is the improved cross-linking degree of silica
matrix through the organic and inorganic polymerization, in situ during the
synthesis of the sol. It was found out that the addition of concentrated HNOj; into
the sol-gel solution sufficiently heated the sol-gel solution that the epoxy rings of
GPTMS opened, leading to a better cross-linking between GPTMS and TEOS. The
effect of curing ramp in the densification of the coating was studied and how it
affected the corrosion resistance. This represents a novel contribution to the coating
production.

The incorporation of silica nanoparticles into the sol-gel solution increases the
densification of the coating provoking a high barrier effect, whilst cerium is added
to achieve active protection. The present paper reported the synthesis of coatings



14 Chapter 1. Introduction

that would be able to protect a highly active substrate like aluminum alloy 7075-
T6 in chloride containing electrolyte.

The detailed study of the mechanism of the self-healing based on Ce(NOj3)s
in scribed hybrid sol-gel coatings applied on AA7075-T6

Published in: U. Tiringer, Y. Castro, A Durédn, I. MiloSev, "Self-healing effect of
Ce(NOs); in hybrid sol-gel coatings based on GPTMS, TEOS and SiO,
nanoparticles applied on aluminium alloy 7075-T6." J. Electrochem. Soc., Vol. 165,
pp- C213-C225, 2018

In this paper the synthesized hybrid sol-gel coating was bi-layer, meaning that the
first coating, deposited on AA7075-T6, was doped with cerium, while the second was
undoped. "Locking" cerium under the second layer retarded its leaching from the
coating. This active inhibitor component enabled the self-healing ability which was
proved by several different experiments on scribed coatings, i.e. on artificially made
corrosion defect. The use of different characterization methods (EIS, EDS, XPS,
UV /vis) contributed to the detailed study of self-healing mechanism. The novelty of
the present paper was also the proof of the self-healing effect on the scribed coating by
the increase in impedance at low frequency after several days of immersion in chloride
solution. Self-healing was based on the progressive deposition of Ce-based compounds

at the damaged sites.

1.9 Methodology

Chemicals used for synthesis procedures in this doctoral dissertation were commercially
available and of known suppliers (Sigma-Aldrich, Merck, etc.).
During the doctoral dissertation several methods were used which are the following:

e Methods for sol characterization: Fourier transform infrared
spectroscopy (FTIR), Ultraviolet-visible-near infrared spectroscopy (UV-vis-NIR),

viscosimeter.

e Methods for surface/coating analysis: X-ray photoelectron
spectroscopy (XPS), Scanning electron spectroscopy (SEM) equipped with energy
dispersive X-ray spectroscopy (EDS).

e Methods for coating characterization: 3D profilometry, adhesion test,

elipsometer.

e Methods for electrochemical measurements: potentiodynamic

measurements (PD), electrochemical impedance spectroscopy (EIS).

e  Other methods: immersion test.
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1.10 Structure of the Dissertation

The doctoral dissertation is organized as follows. Chapter 2 describes the effect of
mechanical and chemical pre-treatments on the morphology and corrosion property of
aluminum alloys AAT075-T6 and AA2024-T3. Chapter 3
describes the synthesis, characterization and corrosion behavior of hybrid sol-gel coatings
based on GPTMS/TEOS containing colloidal SiO; and cerium nitrate applied on aluminum
alloy AA7075-T6. Finally, Chapter 4 describes the self-healing effect of Ce(NOs3); in scribed
hybrid sol-gel coatings based on GPTMS, TEOS and SiO; nanoparticles and applied on
aluminum alloy AA7075-T6.
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Chapter 2

Effect of Mechanical and Chemical
Pre-treatments on the Morphology
and Composition on Surfaces of
Aluminum Alloys 7075-T6 and 2024-
T3

This chapter presents the overview of the effect of mechanical and chemical pre-
treatments of aluminum alloys 7075-T6 and 2024-T3 on their properties. The effect of these
two pre-treatments on morphology, composition, wettability of the surface and on corrosion
properties in sodium chloride solution was studied and discussed in detail. The mechanical
treatment included grinding under water and polishing under non-aqueous liquid, while the
chemical treatment included non-commercial chemical cleaning, based on sodium
hydroxide and commercial cleaning, based on SurTec cleaner, both followed by desmutting

in nitric acid. This chapter gives a clear overview of the topic and current state-of-the-art.
In Figure 1.8 a Graphical abstract of Chapter 2 is present.
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Figure 1.8: Graphical abstract of Chapter 2.

This chapter addresses thesis Objective 1) from Chapter 1.6.

Regarding my contribution: I made a literature overview of the topic, co-formulated the

basic idea for the object of the investigation, co-planned, co-designed and performed the

experiments and jointly prepared the manuscript with co-authors.
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1. Introduction

Aluminium and aluminium alloys are commonly used light met-
als in the transportation industry [1-3]. Before applying any kind
of coating against corrosion on aluminium alloys, however, it is
necessary to pre-treat or clean appropriately the surface of the
metal to be coated. The goal of either pre-treatment or clean-
ing is to remove organic and inoerganic residues from the surface
before treating it with paints or coatings [1-6]. The moest commeon
types of surface treatment for aluminium alloys are degreasing,
mechanical treatment, chemical treatment, chemical brightening,
anodising, powder coating and wet coating. The type of pre-
treatment depends on the type of environment, such as automotive,
aerospace industry, etc. [7].

Grinding and polishing are the most common mechanical pre-
treatments. The former is usually based on SiC grinding papers
and produces a macro-rough surface [6]. A diamond paste is used
in polishing pre-treatment. The effects of grinding and polishing

* Corresponding author.
E-mail address: ingrid. milosev@ijs.si (1. MiloZev),

http:{/dx.doi.org/10.1016/j.corsci,2017.02,018
0010-938X/© 2017 Elsevier Ltd. All rights reserved.

The effects of mechanical and chemical pre-treatments of AA7075-T6 and AA2024-T3 aluminium alloys
were studied in terms of changes of morphology, composition and wettability of the surface, and of the
related corrosion properties in sodium chloride solution. The mechanical treatments tested include grind-
ing under water and polishing under non-aqueous liquid. The latter preserved the content of Mg at the
AA7075-T6 surface. The effect of mechanical treatment was less pronounced on AA2024-T3. The chemi-
cal treatments included etching with sodium hydroxide and with a commercial cleaner and desmutting
in nitric acid, The sample pre-treatment affects the polarization curves in sodium chloride,

© 2017 Elsevier Ltd. All rights reserved.

on localized breakdown of AA7075-T6 and of AA2024-T3 surfaces
have been studied [8-12]. Mechanical grinding and polishing under
walel can promote aggressive corrosion, but even in non-aqueous
conditions such pre-treatment was found to affect the microstruc-
ture and corrosion properties [7-10]. The near-surface region of an
alloy was subjected to severe strain by the treatment and a nano-
grained deformed surface layer devoid of the MgZn, of AA7075-T6
hardening particles developed [9]. Moreover, the Zn and Mg alloy-
ing elements were found to segregate at the nanograin boundaries,
creating bands of enhanced susceptibility that allowed surface layer
dissolution at low potentials. One of the mechanical pre-treatments
are also cold and hot rolling of alloys, which induce the formation
of thin layer of metal in the surface with different properties and
microstructural characteristics compared to the underlying bulk.
The micro-structural difference between surface and bulk may lead
to increased susceptibility to filiform corrosion after high temper-
ature annealing. Polishing after rolling resulted in a high filiform
corrosion resistance irrespective of prior heat treatment [13,14].
Using in sity X-ray microtomography a high localized suscepti-
hility to intergranular corrosion of surface-deformed layers was
evidenced [15]. As corrosion propagates, however, they are not



20Chapter 2. Effect of Mechanical and Chemical Pre-treatments on the Morphology and
Composition on Surfaces of Aluminum Alloys 7075-T6 and 2024-T3

U. Tiringer et al. / Corrosion Science 119 (2017) 46-59 47

uniformly corroded further, even though the matrix underneath
dissolves completely [15].

Chemical pre-treatment is carried out after, or in place of,
mechanical pre-treatment for removing surface contamination
originating from mechanical pre-treatment and for removing
oxides present at the metal surface [7]. It includes processes such
as vapour degreasing, solvent cleaning, acid cleaning, alkaline
cleaning, milling, etching, chromating/phosphating and electro-
chemically plating with copper, tin, nickel or silver. Chemical
cleaners are divided into two groups, water-based and organic
solvent cleaners. Acidic or alkaline cleaners are commonly used
water-based cleaners. They can act as pickling agents, etch-
ing agents, detergents, degreasing agents or corrosion inhibitors
[16]. Commercial cleaners are usually alkaline cleaners for liquid
degreasing, and contain mainly phosphate, sodium-based car-
bonates or silicate, surfactants and additives including corrosion
inhibitors [2]. The exact composition of commercial cleaners is
usually held as a trade secret. Cleaning is often followed by acid
treatment, pickling or desmutting, with the aim of removing
residues arising from prior alkaline cleaning and of increasing sur-
face roughness in order to facilitate the adhesion of organic coatings
to the surface [17]. The most commonly used desmutters are nitric
acid and fluoric acid.

Different surface cleaning agents and pre-treatments have been
studied in relation to various conversion coatings [18-35]. The
results differ considerably and depend on the type of substrate and
the type of cleaning and desmutting agent [32]. One of the most
commonly used pre-treatments of aluminium alloys is zincating.
It was observed that with immersion in a zincate solution, alu-
minium is possible to be electroplated successfully. The adhesion
od such surface is not always very good but may be improved with
the addition of different ions [33]. To improve zinc-alloy film chem-
ically deposited prior to nickel electroplating, a new pre-treatment,
including double-step nitric hydrofluoric acid solution immersion
with NaOH immersion between these two acid steps, was designed.
The adhesion of such surface was one order of magnitude higher
in comparison with the aforesaid [31]. The surface chemistry of
AA2024-T3 was dominated by chromate-based deoxidising step
which resulted in fast smut dissolution, as well as the formation
of a thin passivating overlayer containing chromium [34]. Alka-
line cleaning removed the magnesium-rich layer from the surface
of aluminium alloy AA7075-T6, resulting in a higher copper con-
tent of the surface [16]. Copper enrichment after chemical cleaning
has been commonly observed on AA7075-T6 and AA2024-T3 sur-
faces [18-22]. Alkaline cleaning changed the composition of the
native oxide layer consisting of MgO, MgAl,0,4 and Al;03, lead-
ing to Cu concentrations in the surface of the order of 3-7 times
the bulk concentrations of Cu for both AA2024-T3 and AA7075-T6
[20]. The Cu enrichment affects the subsequent treatment of the
surface using conversion coatings. For example, alkaline cleaning
followed by acid activation using sulphuric acid increased the depo-
sition rate and corrosion resistance of cerium conversion coatings
on AA2024-T3 [29]. For AA7075-T6, a commercial cleaner at pH 9.1
removed the magnesium-rich outer oxide layer selectively, leav-
ing behind the native Al-rich ~10nm thick oxide [16]. The same
alloy cleaning, using a commercial cleaner at pH 9.1 followed by
alkaline activation, resulted in thicker cerium conversion coatings
[16]. Campestrini et al. observed that the level of Cu enrichment in
the form of particles at the AA2024-T3 alloy surface was depen-
dent on the pre-treatment, with the least enrichment resulting
from desmutting (30s in nitric/hydrofluoric acid) and the high-
est after acid pickling (20 min in sulphuric/phosphoric acid) [18].
It was observed that the deoxidation of AA2024-T3 with various
acids, such as HNOs, H3S04, H3PO4 + HF and with a combination
of NapS,0g +HF has a strong effect on the morphology and com-
position of alloy [35]. The presence of Cu has an accelerated effect

on the subsequent deposition of a cerium-conversion coating [19].
Alkaline treatment also affects the surface composition of other alu-
minium alloys such as AA1010 [23], AA6061-T6 [24] and AA6060
[25].

Although the effects of pre-treatments have been reported as
summarized above, a systematic approach involving both mechan-
ical and chemical treatments is still lacking. The aim of the present
study was to gain more understanding of the effects of vari-
ous mechanical and chemical pre-treatments on the morphology,
surface composition, water contact angle and electrochemical char-
acteristics of AA7075-T6 and AA2024-T3. In our previous studies
rare earth-based coatings were used for protecting these alloys
[36-38]. In the study reported here we aimed to provide a basis
for further optimization of conversion conditions. The mechani-
cal pre-treatments tested were grinding under water and polishing
under non-aqueous liquid. The chemical pre-treatments consisted
of: alkaline cleaning using either a NaOH solution followed by
desmutting in nitric acid, or by alkaline cleaning with a commer-
cial SurTec cleaner (Bensheim, Germany) followed by desmutting
in nitric acid. The purpose of alkaline cleaning was to remove sur-
face contaminants and the surface oxide layer. This was followed
by acid desmutting in nitric acid to remove residues of surface
products or particle remnants. Surface characteristics and corrosion
properties were analysed using electrochemical potentiodynamic
polarization, scanning electron microscopy with energy dispersive
X-ray analysis (SEM/EDS), X-ray photoelectron spectroscopy (XPS)
and water contact angle measurements.

2. Experimental
2.1. Materials and chemicals

Aluminium alloys AA7075-T6 (Zn 5.81wt%, Mg 2.55wt¥%, Fe
0.21 wit%, Si 0.08 wt¥%, Cu 1.67 wt¥%, Al remaining) and AA2024-T3
(Cu 4.35 wt¥, Mg 1.33 wt%, Fe 0.25wt%, Mn 0.53 wt¥%, Zn 0.1 wt%,
other 0.07 wt%, Al remaining), supplied by Kaiser Aluminum in the
form of 1 mm thick sheet, were used as substrates.

For grinding, SiC papers ranging from 320 to P4000-grit were
used, supplied by Struers. For polishing, diamond paste ranging
from 15 to 1pum (DP-paste P and MD-Nap cloth, supplied by
Struers) and ethanol-based DP-Lubricant Blue, supplied by Struers,
were used.

SurTec commercial cleaner (Bensheim, Germany) is a mixture
of SurTec132 liquid recyclable builder and SurTec089 recyclable
detergent component. The major component of SurTec132 is
tetrapotassium pyrophosphate. It is a silicate-free, weak alkaline
cleaner with a pH of 8.3. The ingredients of SurTec089 are non-
ionic surfactants alcohols—amines, coco alkyl and ethoxylated fatty
alcohol.

0.01 M NaOH solution, pH 11.6(99%, ApplicaChem) wasused as a
non-commercial cleaner. Desmutting of the surface was performed
with 50% HNO; in water, pH=1.5 (66%, Sigma Aldrich); Milli-Q
Direct water with resistivity of 182MQ cm at 25°C (Millipore,
Billerica, MA) was used for rinsing and for solution preparation.

Electrochemical measurements were performed in 0.1 M NaCl
(99.7%, Fisher Scientific), pH=5.5.

2.2. Mechanical and chemical pre-treatments

The mechanical pre-treatments used in this study are sum-
marized in Table 1. Following surface mechanical pre-treatment,
chemical pre-treatment was performed using non-commercial
and commercial cleaners, as summarized in Fig. 1. The follow-
ing parameters were considered: time of immersion in NaOH or
HNO;3 solutions, concentrations of SurTec132 and of SurTec089,
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Fig. 1. Optimization of cleaning procedures.

Table 1
Mechanical pre-treatment of the substrate.
Grinding Polishing
- Water-based - Not water based

- Use of SiC paper successively
up to 4000-grit

- Water rinsing

- Ultrasonic cleaning in EtOH,
Smin

- Drying in a stream of nitrogen

-Useof15,9,3 and 1 um diamond pastes

- EtOH-based lubricant rinsing
- Ultrasonic cleaning in EtOH, 5 min

- Drying in a stream of nitrogen

and time of immersion and temperature of a SurTec (ST) mix-
ture. Abbreviations were used to identify the treatment, such as
ST x%_132_y% 089 for 3% SurTec132 +0.5% SurTec089, where x and
y are volume percentages of each SurTec (ST) cleaner.

2.3. Characterization

2.3.1. Surface analysis

X-ray photoelectron spectroscopy was carried out using a PHI-
TFA XPS spectrometer (Physical Electronic Inc.). The vacuum during
the XPS analysis was in the range of 10~° mbar. The analysed area
was 0.4 mm in diameter and the analysed depth about 3-5nm. X-
rays were provided from a monochromatic Al source at photon
energy of 1486.6 eV. XPS spectra were analysed by Multipak soft-
ware, version 8.0 (Physical Electronics Inc.). Experimental spectra
were curve-fitted using Gaussian/Lorentzian shape of curves. As
carbon was an adventitious surface contaminant, it was not taken
into account when calculating the surface composition. After taking
the spectra at the surface, sputter depth profiles were determined.
An Ar* ion beam, with an energy of 4keV and a raster of 3 mm x
3 mm, was used for etching. The sputtering rate was 2 nm/min, as
determined on a Ni/Cr multilayer structure of known thickness.

Scanning electron microscopy (SEM) images in secondary elec-
tron mode were taken with a JEOL JSM-7600F microscope equipped
with energy dispersive X-ray spectroscopy (EDS), supplied by
Oxford Instruments INCA. The analysed area was a few micrometres
in diameter and the analysed depth around 1 pm. Prior to analy-
sis, samples were coated with a thin carbon layer to reduce the
charging effect and then analysed at an energy of 15kV.

Contact angles for deionised water drops on the sample surfaces
were measured using a Kriiss DSA 20 tensiometer (Kriiss GmbH.
Hamburg, Germany). Each contact angle value is the average of at
least three measurements made at different locations.

2.3.2. Electrochemical measurements

Electrochemical measurements were performed in 0.1 M NaCl
at room temperature in a three-electrode standard corrosion cell
(PAR model K0047 Corrosion Cell Kit) with a volume 0.350L. The
working electrode was embedded in a Teflon holder (PAR model
K0105 Flat Specimen Holder Kit) with an exposed area of 0.87 cm?.
A graphite electrode (area 7.54 cm?) served as a counter electrode
and a saturated calomel electrode (SCE) placed in a Luggin capil-
lary was used as reference electrode (E=0.242V versus standard
hydrogen electrode).

Electrochemical experiments were carried out with an Autolab
PGSTAT 12 (Metrohm Autolab, Utrecht, Netherlands) potentio-
stat/galvanostat controlled by Nova 1.11 software. All potentials
in the text refer to the SCE scale.

After 1-hstabilization at the open circuit potential (OCP), poten-
tiodynamic polarization curves were recorded, starting at —250 mV
vs. OCP up to —0.5V SCE using a scan rate of 1 mV/s. Experiments
were repeated at least three times. The most representative mea-
surement that was chosen for plotting. In tabular form, results are
given as mean + standard deviation. Since, in chloride solution, the
anodic current increased abruptly due to pitting corrosion, the cor-
rosion current density, jeorr, Was determined as the intersection
of the cathodic slope and the line passing through the corrosion
potential, Ecorr.

3. Results and discussion

The study is divided into two parts: (i) the effect of mechan-
ical pre-treatment, and (ii) the effect of chemical pre-treatment.
The morphology, composition, water contact angle and corrosion
properties of AA7075-T6 and AA2024-T3 samples were analysed.

3.1. Mechanical pre-treatments

3.1.1. SEM/EDS characterization

The effect of surface preparation on morphology and composi-
tion was investigated by SEM/EDS and XPS analyses. The SEM/EDS
analysis was carried out at different locations on AA7075-T6 ground
under water and on AA7075-T6 polished under non-aqueous liquid
(Fig. 2, Table 2). Aluminium alloys have a heterogeneous struc-
ture with intermetallic particles [9,39-42]. Samples ground under
water exhibited more surface defects and pulled-out grains, while
the polished sample surfaces were smoother (Fig. 2). The compo-
sition at location 1 (Fig. 2a) of the sample ground under water
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Fig. 2. SEM images of AA7075-T6 after (a, b) under water grinding and (c, d) diamond polishing. The numbers 1-8 denote locations where EDS analysis was carried out
(Table 2). The abbreviation “wg” denotes the sample ground under water and “dp” sample diamond polished under non-aqueous liquid.

Table 2

Concentrations of elements obtained by EDS analysis at different locations on the surface of ground under water (locations 1-5) and of surface polished under non-aqueous

liquid (locations 6-9) AA7075-T6 (SEM images in Fig. 2).

Location at% Al ats Mg aL% Zn at% Cu at% o at% Fe at% si
1 92.7 21 5.2 - - - -

2 721 1.9 2.0 - 240 - -

3 80.7 23 2.6 15 129 - -

4 721 - - 16.5 39 75 -

5 778 - - 49 - 17.3 -

6 95.1 24 25 - - - -

7 88.1 10.1 1.8 - - - -

8 445 32 13 - 423 - 8.8

9 65.2 - - 214 49 8.5 -

corresponds to that of a matrix alloy surface containing Al, Zn and
Mg (Table 2). At location 2, in addition to Al, Zn and Mg, more
oxygen was observed, showing that the oxide layer was thicker.
Following grinding, a native oxide layer is immediately formed by
self-passivation during air exposure. Copper is present in smaller,
spherical Al-Cu-Mg IMs (location 3). The larger IMs, containing Fe
and Cu, are Al-Cu-Fe particles (locations 4,5, Fig. 2b) with various
amounts of Cu and Fe, respectively.

The concentrations of Al and Mg in the matrix of sample
AA7075-T6 polished under non-aqueous liquid are similar to those
in the matrix of the sample ground under water, but that of Zn is
lower (location 6) (Fig. 2¢, Table 2). The concentration of Mg was
high at location 7, but not on the ground sample. Si concentration
was increased at location 8 (Fig. 2¢), which could be related to the
remaining MgSi, particles or to surface contamination. Cu and Fe
are present at location 9. Thus, in addition to the smoothness of
the surface, the main difference observed between samples ground
under water and polished under non-aqueous liquid is the higher
concentration of Mg in the latter, AA7075-T6 sample (2.0-2.3 at.%
in sample ground under water and 2.4-10.1 at.% in polished under
non-aqueous liquid).

The differences in morphology and composition at different
locations at the AA2024-T3 surface are presented in Fig. 3 and

Table 3. The matrix of AA2024-T3 ground under water at location 1
consists of Al, Mg and Cu (Fig. 3a). Oxide is present at location 2. A
larger IM particle (~10 pum), containing Al-Cu-Fe and some O, was
observed at location 3, together with a high concentration of Cu.
Iron is also present in the smaller particle at location 4, where the
concentration of oxygen is highest. Particles 5, 6 and 7 are similar
and consist of Al, Mg, Cu and O with different concentrations of O.

Compared to the sample ground under water, the surface of
AA2024-T3 sample polished under non-aqueous liquid is relatively
smooth (Fig. 3). Polishing appears to lead to a more homoge-
neous surface on AA2024-T3 than on AA7075-T6 (Fig. 3¢c,d). Mg was
detected in amounts similar to those in the ground sample, while
the amount of Cu was smaller (locations 8 and 9). Sites at locations
10 and 11 contain Fe, and, at location 12, Mg and a high content of
Q.

3.1.2. Xray photoelectron spectroscopy

Samples ground under water and samples polished under non-
aqueous liquid were studied by XPS analysis. The X-ray spot size
was 400 jum, so the results represent an average of the surface
composition, including matrix and IMs. The surface of AA7075-T6
ground under water contains Al and O, and minor elements Mg,
Zn, Si, Ca and N (Fig. 4a). Silicon is present in the alloy, but at a
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Fig.3. SEM images of AA2024-T3-T3 after (a, b) under water grinding and (c, d) diamond polishing. The numbers 1-12 denote locations where EDS analysis was carried out
(Table 3). The abbreviation “wg" denotes sample ground under water and “dp” sample diamond polished under non-aqueous liquid.

Table 3

Concentrations of elements obtained by EDS analysis at different locations on the surface ground under water (location 1-7) and polished under non-aqueous liquid (locations

8-12) AA2024-T3 (SEM images in Fig. 3).

Location atx Al at% Mg at% Cu atx o at% Fe
1 96.4 1.3 23 - -

2 73.7 1.0 2.8 225 -

3 74.0 - 176 29 55
4 66.3 0.93 - 278 32
5 91.4 1.2 21 53 -

6 94.0 1.0 22 2.8 -

7 85.4 1.3 1.8 115 -

8 97.3 1.0 0.8 09 -

9 96.0 - 1.6 24 -

10 91.4 1.2 - - 74
11 71.4 21 - 9.7 16.8
12 54.2 4.2 - 41.6 -

lower concentration than that detected here, so the increased con-
centration may be related partially to contamination. Ca and N are
contaminants, presumably originating from grinding and Jor water.
Mg and Zn are constituents of IMs in the alloy, and are present in
solid solution. The surface studied in the point EDS analysis is only
a few micrometres in diameter, considerably less than that for XPS
analysis. The results from point EDS (Table 2) and XPS analyses are
thus expected to differ (Fig. 4a). Cu and Fe are not detected by XPS
in the [Ms, although they are present in the alloy and clearly iden-
tified by point EDS analysis. The reason for this lies in the smaller
lateral resolution of XPS than that of EDS and, also, the smaller
depth analysed. After polishing under non-aqueous liquid, the most
important change is related to the increase in Mg content (Fig. 4a).
Due its high reactivity, magnesium from the IMs can be dissolved
in water, thus leading to selective leaching from the alloy. Magne-
sium dissolution is clearly reduced in non-aqueous liquid diamond
polishing, when the surface contains a Mg content more similar to
that in base alloy.

AA2024-T3 ground under water contains Al and O and minor
elements Zn, Cu, Ca and Sn, the latter two being surface con-

taminants (Fig. 4b). Like those for AA7075-T6, XPS and point EDS
analyses gave different results: (i) the content of Cu detected by
XPS is much lower than that by EDS (Table 3), and (ii) Mg and Fe
were not detected by XPS, although EDS confirmed their presence.
In contrast to AA7075-T6, a smaller difference between samples
AA2024-T3 ground under water and polished under non-aqueous
liquid was observed (Fig. 4b). Both Cu and Zn could scarcely be
detected.

High resolution XPS Al 2p curve-fitted spectra are presented
in Fig. 5. The position of 2p peak in Al;03 was reported at bind-
ing energies between 71.1 eV and 76.19 eV, while that of Al metal
between 72.5 and 72.9eV [43]. Aluminium is present mostly as
the oxide, Al;0s, in both ground under water and polished under
non-aqueous liquid AA7075-T6 and AA2024-T3, as shown by the
intense peak at 74.3 eV. The metal Al peak is centred at 71.8eV.
The intensity of the metal peak is most pronounced on AA7075-T6
ground under water, which could indicate that, for this sample, self-
passivation was the slowest. The oxygen peak corresponds mainly
to oxide formation and is centred at 531.5 eV (results not shown).
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Fig.4. Concentrations of elements obtained by XPS after different surface mechanical pre-treatments(under water grinding and under non-aqueous liquid diamond polishing)

of (2) AA7075-T6 and (b) AA2024-T3.

3.1.3. Electrochemical measurements

Potentiodynamic polarization curves recorded for samples
AA7075-T6 and AA2024-T3 ground under water and polished
under non-aqueous liquid are presented in Fig. 6. The related elec-
trochemical parameters are summarized in Table 4. The cathodic
process corresponds to the reduction of oxygen that proceeds
mainly on intermetallic particles, and the anodic process to pitting
corrosion initiated on the intermetallics [8-12] with a breakdown
potential slightly above Ecorr. Depending on the type of alloy, one
or two breakdown potentials were observed [8-12].

The effects of under water and under non-aqueous liquid
mechanical treatment on polarization curves for AA7075-T6, an
Al-Zn-Mg-Cu-based alloy, were related mainly to a distinct neg-
ative shift of E.r (Fig. 6a). Mechanical pre-treatment under
non-aqueous liquid preserves more Mg in the alloy than under
water grinding and, since Mg is electrochemically more active, a
negative potential shift occurred. The current density decreased,
indicating that there are fewer cathodically active sites at the sur-
face, where oxygen reduction proceeds. The increase of Ecorr in the
anodic range is slower than for the sample ground under water.
For AA2024-T3, which is an Al-Cu-Mg-based alloy, the negative
shift of Eqorr is less pronounced, the current density is smaller in

the cathodic range, and the increase of anodic current density is
slower (Fig. Gh).

3.2. Chemical pre-treatment

Two alkaline treatments were used, (i) NaOH at pH 11.6 and (ii)
commercial ST cleaner at pH 8.3. Since the pH values and composi-
tions of these agents are different, the effect of the two treatments
on the AA7075-T6 and AA2024-T3 is expected to differ. After the
alkaline treatments, the surface was desmutted in nitric acid. These
two treatments are denoted as NaOH/HNO3; and ST/HNOj3. As a
mechanical pre-treatment, under water grinding was used for both
alloys.

The first step was optimization of the cleaning procedure as a
function of immersion time in NaOH and in HNOs. After cleaning
using NaOH, all curves exhibited smaller corrosion current density
compared to untreated sample (Fig. S1a in Supplement material).
Immersion for 15 min was too long, since the curve differed con-
siderably from those for other samples and the sample became
dark brown. Among 3 and 5 min, the former was chosen for further
experiments since the time of immersion is shorter (more suitable
for industrial purposes) whilst the shape of curves is similar. In the
case of HNO3 treatment alone, 3 min of immersion was the most
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Fig. 5. Curve-fitted XPS Al 2p peaks of aluminium after different mechanical pre-treatments: (a) under water grinding and (b) under non-aqueous liquid diamond polishing
AA7075-T6, (c) under water grinding and (d) under nen-aqueous liquid diamond polishing AA2024-T3. Dotted lines represent experimental data, grey and dashed lines are

fitted lines.

Table 4

Corrosion potentials, Ecorr, cOrrosion current densities, jeorr, and cathodic Tafel slopes, B, for AA7075-T6 and AA2024-T3 determined from polarization curves in 0.1 M NaCl
(Fig. 6) after different mechanical and chemical pre-treatments (ground under water, polished under non-aqueous liquid, ground under water and NaOH/HNO3 and ground

under water and ST/HNOj3). Results are given as mean + standard deviation.

AA7075-T6 Ground Polished NaOH3/HNO; ST/HNO;
Jeore [LAJem] 242030 1724005 094002 114008
Ecore[V vs. SCE] —065+0.01 —0.760.02 —067£001 —0.6920.01
Be [mV/dec] ~380+15 —200£20 —240+10 ~340£20
AA2024-T3 Ground Polished NaOH/HNO; ST/HNO;
Jeor [ILAJem?] 202010 10£003 0.55+0.04 0.5540.03
Ecore[V vs. SCE] —060£0.02 —0.68=0.01 —059£001 —0.6220.01
Be [mV/dec] —410+25 ~340£20 ~220420 ~210£20

suitable, as after 30s the curve was not significantly different than
that of the untreated one (Fig. S1b in Supplement material). The
selected alkaline/acid treatment was therefore 3 min of immersion
in NaOH followed by 3 min in HNOs.

The second step was optimization of the cleaning procedure
as a function of immersion time in commercial SurTec cleaner
and HNO3 (Fig. S2 in Supplement material). 3 min in HNO3 was
always used as the acid desmutting step. The following parameters
were optimized for alkaline cleaning: concentrations of ST132 and
ST089; at selected concentration the immersion time and temper-
ature of mixture were then tested (Fig. 52 in Supplement material).
As for NaOH pre-treatment (Fig. S1a), all curves exhibited smaller
corrosion current density than the untreated sample. Based on
the difference compared to untreated sample and/or rationality in
terms of time of immersion the following parameters were used:
3%5T132 and 0.5%5T089 mixture, animmersion time of 3 min and a
desmutting temperature of 40°C (Fig. S2 in Supplement material).

Electrochemical behaviour will be discussed further after the
water contact angle, SEM/EDS and XPS results are presented below.

3.2.1. Water contact angle and characterization by SEM/EDS

The water contact angle (@) of the surface was affected less by
chemical pre-treatment than by mechanical (ground under water)
pre-treatment (Table 5). Treatment with NaOH/HNQ; led to the
surface of AA7075-T6 becoming super-hydrophilic (& <10°), and
almost super-hydrophilic (® =10°), following ST/HNO treatment.
The difference in contact angle between mechanically and chem-
ically treated AA2024-T3 is smaller than that for AA7075-T6, the
surface of which remained hydrophilic.

SEM/EDS analysis was performed to investigate the effect of
chemical pre-treatment on the morphology of the surface. The SEM
images of samples AA7075-T6 and AA2024-T3 ground under water
presented in Figs. 2 a,b and 3 a,b were compared. A significant dif-
ference in the shape of intermetallic particles was observed after
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Fig. 6. Potentiodynamic polarization curves recorded in 0.1 M NaCl for (a) AA7075-T6 and (b) AA2024-T3 ground under water, polished under non-aqueous liquid, ground
under water and NaOHfHNO; treated, and ground under water and ST/HNO; treated. d E/d £=1 mV/s. Electrochemical parameters are given in Table 4.

Table 5 were observed at the surface (Fig. 7a, location 1). These deposits
Values of contactangles of untreated (ground under water) AA7075-T6 and AA2024- - -

T3, and of chemically treated alloys using NaOH{HNO3 and ST/HNOs. FDnS[St Pf Ei'JppEr, as ewd.EHCEd by EDS (Tab.le 6). Prolonged (20h)

immersion in NaOH solution leads to dealloying od S-phase and for-

Sample Contact angle [] mation of bicontinuous dealloying morphology with flatter region

AA7075-T6_untreated 47 with “Swiss cheese” morphology and near surface region of the

AAT075-T6_NaOH/HNO; 8 porous structure [44]. At location 2, Cu was also detected, but

ﬁ;g;i‘gsr“““oid ;; together with Fe, thus corresponding to Cu-Fe-based IMs (Fig. 7a).

AA2024-T3:;2;;7:N0 bt After treating AA7075-T6 with ST/HNO3, no round, spongy

= 3 s P N " s
AA2024-T3 ST/HNO, 16 deposits containing mainly Cu were detected (Fig. 7b). Again, Cu

and Fe are present at location 3, probably related to IMs (Table 6).
The oxidized matrix is seen at location 4.
Following NaOH/HNO3; treatment the surface of AA2024-T3 was

chemical treatment of AA7075-T6 (Fig. 7ab). After NaOH/HNOs rough, consisting of micrometre-sized fragments (Fig. 7c). EDS

treatment, white, round deposits with a spongy-like appearance
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a) 7075 NaOH/HNO, SRS

A1) 2024 NaoOH/HNO,

Fig.7. SEM images of AA7075-T6 treated using (a) NaOH/HNO; and (b) ST/HNO; and images of AA2024-T3 treated using (c) NaOH/HNO; and (d) ST/HNOz. The numbers 1-8

denote the locations where EDS analysis was carried out (Table 6).

analysis confirmed that only Al and O are present (Table 6, location
5). This result could indicate the product of etching, i.e. sodium alu-
minate, NaAlO,, formed during exposure of Al; 04 to NaOH solution.
No other element was detected. After ST/HNO3 treatment, how-
ever, the surface appearance differed completely from that with
NaOH/HNOs, (Fig. 7d) and was more closely similar to that of the
mechanically ground surface (Fig. 3a,b). Locations 6 and 8 consist
of Al, Mg and Cu with a high concentration of oxygen. At location
7, Mg is not present and a high concentration of Cu was observed,
in addition to Fe.

3.2.2. Xray photoelectron spectroscopy

The composition of AA7075-T6 ground under water, as deter-
mined from the XPS survey spectrum, includes the following
elements: O, Al, Mg, Zn, Si, with contaminants Ca and N
(Figs. 4 and 8). After chemical treatment the composition of the
surface changed (Fig. 8). The effects of NaOH and NaOH/HNO; were
studied separately (Fig. 8). After cleaning with NaOH, the content
of Al was reduced and that of O and, especially of Mg, increased
(Fig. 8a). The content of Ca decreased, while N and Si disappeared.
The sputter depth profile following NaOH treatment (Fig. 8b,c)
showed that, after etching with NaOH solution at pH 11.6, for-
mation of Mg oxide occurs. The content of Mg at the surface of
AA7075-T6 reached almost 15 at.%. At the same time, Al oxide was
dissolved, leaving the surface enriched in Mg-oxide. The content
of Cu and Zn was low at the surface but started to increase within
depth of the layer. The thickness of the surface Mg-rich oxide layer
was 36 nm (taking the depth at which the oxygen concentration
drops to halfthat at the surface as a measure of layer thickness). This
is in accordance with reports that subsequent activation in NaOH
or NayCOs with pH >11.5 increases the thickness of the Mg-rich
surface oxide to 20-60 nm [16].

The stability of individual elements and their compounds as a
function of pH. According to the E-pH diagrams, aluminium oxide,
which covers the matrix, is stable in the pH range 4-9.5, and will
thus dissolve as AlO;~ when using NaOH. For the Al-Mg—H,0 sys-
tem it was reported that aluminium is stable at pH values up to pH
11.5 [16]. Magnesium, which is present in IMs and in alloy matrix
as, for example, MgZny, Mgy Als, AloCuMg, etc., is stable as Mg(OH)»
at pH >11.5 and dissolves at lower pH values. At pH 11.6 oxides of
Cu and Zn are at the upper edge of stability and their dissolution
is expected to be less than that of Al; these elements dissolve in
alkaline medium as HCuQ;~ and HZnO; ™.

After NaOH/HNO; treatment zinc is still present at the surface
but magnesium disappeared, in accordance with the dissolution of
Mg-rich layer at low pH (Fig. 8a). Instead, Cu peak appeared. Both
Zn and Cu were detected at very low concentrations (<1 at%). In
contrast to point EDS analysis (Fig. 7a), the spot is much larger on
XPS and local Cu deposits cannot be detected.

Compared to NaOH, which acts as an etching agent, ST cleaner is
expected to have a milder etching effect, given its lower pH. After
treatment with STfHNQ3 the following elements were detected:
0, Al, P, Si and Zn (Fig. 8a). The Zn content was smaller than
after NaOH/HNO3 treatment and Mg was no longer observed. Si
remained at the surface. The level of phosphorus increased. Similar
features, i.e., decrease in Zn and Mg and increase in Cu concentra-
tions, were observed after alkaline cleaning of AA7075-T6 treated
previously with commercial cleaners N-Kleen and Novaclean Al86
[18].

XPS spectra for Al, Mg, Cu and Zn, as major constituents of
AA7075-T6, are interpreted in more detail using high resolution
spectra (Fig. 9). Two peaks of Al were detected after both chemical
treatments (Fig. 9a). The first peak, at 74.3 eV, was ascribed to the
oxide Al;05 and the second, at 71.8eV, to aluminium metal, the
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Table 6

Concentrations of elements obtained by EDS analysis at different locations on the AA7075-T6 surface ground under water (locations 1-4) and AA2024-T3 (locations 5-8)

treated using NaOH/HNO; and ST/HNO; (SEM images in Fig. 8).

Location at% Al at.% Mg at% Zn at% Cu at% o at% Fe
7075-1 704 35 - 18.1 8.0 -
7075-2 836 26 - 6.7 42 29
7075-3 68.5 - - 19.2 34 89
7075-4 799 22 22 - 15.7 -
2024-5 96.4 - - - 3.6 -
2024-6 473 2.1 - 51 45.5 -
2024-7 67.6 - - 12.0 16.8 3.6
2024-8 823 1.0 - 24 143 -

intensity of oxide peak being similar or slightly higher than that
of the metal. This indicates that the oxide layer is thin. The pres-
ence of oxide may be due to ineffective removal of surface product
by chemical treatment, the formation of hydroxide/oxide film dur-
ing chemical treatment, or its formation during air exposure after
treatment. The shape of oxide part of the peak for the chemically
untreated sample is quite broad indicating that two species may
be present. As Mg is also detected in untreated sample (Fig. 9b) it
may be assumed that in addition to Al, 05 peak it contains also con-
tribution of Al bonded as MgAl,0,4. For AA7075-T6, a commercial
cleaner with pH 9.1, removed the magnesium-rich outer oxide layer
selectively, leaving behind the native Al-rich ~10 nm thick oxide
[16]. The peak of Mg was detected only for chemically untreated,
ground under water sample (Fig. 9b), indicating that it is dissolved
during the desmutting step. Its binding energy at 1304.8 eV can be
related to Mg(OH); (1302.7 eV) and MgAl;04 (1304.0eV) [43]. Two
peaks appeared in the Zn 2p3); region, at 1020.9eVand at 1022.4 eV
(Fig. 9¢). The latter peak may be related to the formation of ZnO or
Zn(OH), and is larger for the sample ground under water, indicat-
ing that chemical treatment removed ZnO from the surface. The
peak of copper at 933.0eV in the Cu 2p3p region appeared only
for the sample treated with NaOH/HNO5 (Fig. 9d). In XPS 2p spec-
tra it is difficult to differentiate between Cu and Cu,0, because of
the small chemical shift [45,46]. These compounds can be differ-
entiated based on the XPS Auger spectra [45]. However, due to the
small content of Cu at the surface it is not possible to use the latter

procedure here. Furthermore, the Auger Cu LMM spectrum over-
laps with that of O 1s. In oxide, the full width at half maximum in
oxides is greater than in metal [45,46]. Under these circumstances
it cannot be determined unambiguously whether copper is present
in its metal and/or oxide state. The P 2p peak is centred at a bind-
ing energy of 134.0 eV (results not shown) which can be related to
phosphate and originates from the ST cleaning agent.

XPS analysis of the sample AA2024-T3 ground under water
shows the presence of the elements O, Al, Zn, Cu, Ca and Sn, the lat-
ter two being contaminants (Fig. 10a). After treatment using NaOH,
Zn was the only minor element remaining at the surface. On fur-
ther treatment, with nitric acid, Zn dissolved and Cu remained at
the surface. Depth profiles after NaOH treatment are presented in
Fig. 10b,c. Mg is enriched and Cu depleted at the surface, but much
less than for AA7075-T6 which is a Mg-based alloy. The thickness
of the Al-rich oxide layer formed is thinner (26 nm) than that of the
Mg-rich oxide layer formed at the surface of AA7075-T6 (Figs. 8 ¢
and 10 c).

After treatment with NaOH/HNOs, Zn dissolved and Cu
remained at the surface (Fig. 10a) while, after ST/HNO3 treatment,
only Al and O were detected. In contrast to AA7075-T6, no phospho-
rus, originating from the ST cleaner, was present at the AA2024-T3
surface.

XPS spectra of Al, Cu and Zn were also investigated at high res-
olution (Fig. 11). Two Al peaks appeared at 74.3 eV and at 71.8eV,
related to Al 03 and Al metal, respectively (Fig. 11a), the intensity
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of the oxide part prevailing over the metal part. For AA2024-T3
it has been reported that treatment with 1.25M NaOH and 2.8 M

HNO3 leads first to selective dissolution of Al in NaOH and then to
enrichment of alloy elements such as Cu [47]. Subsequent treat-
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ment in HNO3 dissolved the excess residual layer and passivated
the alloy matrix [47]. The peak of Zn appeared only in the chem-
ically untreated sample. It is located at 1022.4 eV, in accordance
with the presence of ZnO or Zn(OH), (Fig. 11b). The peak of cop-
per, centred at 933.0eV, is observed only in samples cleaned with
NaOH/HNO; (Fig. 11c). Its shape indicates that Cu may be in the
oxide or metal state.

3.2.3. Electrochemical measurements

Polarization curves for AA7075-T6 and AA2024-T3, recorded fol-
lowing selected chemical treatments, are presented in Fig. 6. The
related electrochemical parameters are presented in Table 4. Under
water grinding, followed by chemical pre-treatment, resulted in a
smaller current density in both cathodic and anodic ranges.

Compared to untreated, sample AA7075-T6 ground under
water, the chemically treated samples showed smaller current den-
sities in the cathodic region and slightly more negative Ecorr. In
the anodic region, the current density of the sample treated using
NaOH/HNOj3 increased more slowly than the chemically untreated
sample; the sample treated using ST/HNO3 exhibits a curve similar
to that of the untreated sample.

For AA2024-T3, the decrease in current density follow-
ing NaOH/HNOj3 pre-treatment was more pronounced than for
AA7075-T6 (Fig. 6b, Table 4). In the anodic region a narrow pas-
sive region was established, followed by an increase of current
density at —0.52V. Separate electrochemical measurements after
treatment with NaOH and with NaOH/HNO; showed that a pas-
sive region was established after the latter treatment; i.e. NaOH

does not passivate the surface but HNO3 does (Fig. S3 in Sup-
plement material). Furthermore, the surface passivation by HNO3
is more pronounced for AA2024-T3 than for AA7075-T6. For the
ST/HNO;-treated AA2024-T3 sample the increase in current den-
sity was slower than for the chemically untreated sample, but no
plateauwas established as for the NaOH/HNO; treated sample. Sim-
ilarresults, showing asmaller current density of polarization curves
for AA2024-T3 after treatment in NaOH/HNO, were obtained by
Gharbi et al. [47].

A decrease in cathodic current density reflects a diminished
reaction of oxygen reduction, implying the reduction of cathodic
sites (more noble than aluminium alloy matrix) where oxygen
reduction takes place. During alkaline treatment and acid desmut-
ting, some of the intermetallic particles containing copper are
removed, leading to decreased oxygen reduction. Consequently, the
anodic reaction was also diminished. Enrichment of Cu in the form
of remnants of intermetallic particles at the surface of aluminium
alloys following chemical treatment has been reported [18,19] and
is shown in the present work, especially for NaOH/HNQ3 treated
AA7075-T6 (Fig. 7a). As the cathodic reaction takes place primar-
ily at IMs containing copper [8], we would expect an increase
in cathodic current due to presence of Cu remnants of inter-
metallic particles at the surface (Fig. 7a), and not the opposite,
as shown in Fig. 6a [47]. This would be in accordance with the
mechanism described by Buchheit et al. that, during de-alloying
of Al,CuMg, particles are isolated electrically from the matrix due
to their detachment [48]. These particles are then not included
in the faradaic process. Alternatively, Cu particles are passivated
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during HNO; treatment, as proposed in [47]. Both these explana-
tions appear to be plausible since, according to the XPS spectrum
(Fig. 9d), it is ambiguous as to whether Cu is present in a metallic
or an oxidized state.

4. Conclusions

Mechanical and chemical pre-treatments both have strong
effects on the morphology, composition and wettability of the sur-
faces of AA7075-T6 and AA2024-T3.In consequence, they affect the
corrosion properties of these alloys in sodium chloride solution.

1. Mechanical under water grinding of AA7075-T6 leads to prefer-
ential dissolution of Mg. Surfaces polished under non-aqueous
liquid, however, contain a higher proportion of Mg than surface
ground under water. Due to its high electrochemical activity,
Mg shifts the corrosion potential of polished surface to more
negative values. Mechanical treatment appears to affect less the
surface composition of AA2024-T3.

2. Chemical treatment was carried out using alkaline NaOH
solution and alkaline commercial cleaner, both followed by
desmutting with HNO3. For AA7075-T6, treatment using NaOH
(pH=11.6) results in enrichment of surfaces copper and dis-
solution of magnesium, as evidenced by XPS results. Copper
deposits are present as spongy remnants of intermetallic par-
ticles. After treatment with commercial cleaner (pH=38.3), the
surface contained phosphorus originating from the commercial
cleaner. Unlike the surface treated with NaOH{HNO3, surface is
morphologically more similar to that of a sample ground under
water. Chemical treatment produces the super- or almost super-
hydrophilic surfaces.

3. For AA2024-T3, treatment using NaOH produces a rough layer
at the surface, with complete removal of intermetallic particles.
Commercial cleaner affects the surface morphology less. Both
treated surfaces are hydrophilic.

4. In general, chemical treatment leads to a smaller current den-
sity in the polarization curves, probably due to removal of sites
at which oxygen reduction takes place preferentially that at
matrix and to the presence of the hydroxide/oxide layer that was
formed during the desmutting with nitric acid. Copper deposits
on AA7075-T6 do not increase the current density in the cathodic
range, which indicates electrical isolation from the matrix and/or
passivation due to oxide formation.

5. To summarize, the processes occurring during chemical treat-
ments are complex and specific for each alloy. A further in situ
study regarding the kinetics of dissolution of individual inter-
metallic particles would be necessary to understand these
processes completely.
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Chapter 3

Hybrid Sol-(Gel Coatings Based on
GPTMS/TEOS Containing Colloidal
Si0: and Cerium Nitrate for

Increasing Corrosion Protection of
Aluminum Alloy 7075-T6

One of the promising replacements for chromate conversion coatings for corrosion
protection of aluminum alloys are hybrid sol-gel coatings. In the present chapter hybrid
sol-gel coatings were based on organic silane precursor (3-glycidyloxypropyl)
trimethoxysilane (GPTMS) and inorganic tetraethoxysilane (TEOS) and were applied on
aluminum alloy AA7075-T6. To achieve barrier property, SiO, nanoparticles (Ludox) were
added to the precursor’s solution. Their addition increases the coating thickness, density
and reinforcement. Moreover, their addition offers the control of viscosity of sol. However,
they do not ensure an active corrosion protection of AA7075-T6. Additionally, corrosion
inhibitor cerium nitrate Ce(NQOj3); was incorporated into the hybrid sol-gel coating, leading
to an active corrosion protection. The observed improvement of corrosion properties is
attributed to the combination of the barrier properties of SiO, nanoparticles with the active
corrosion protection of Ce(NOs)s. The opening of the epoxy rings of GPTMS and the
completion of hydrolysis and the condensation of sol during the synthesis were confirmed
and the high degree of cross-linking between GPTMS and TEOS was achieved in situ,
during the synthesis of sol. Moreover, the effect of the curing process on coating was
investigated and confirmed. In this chapter the synthesis of hybrid-sol gel coating was
optimized and the properties of developed coatings gave a promising replacement for
chromate conversion coatings.

In Figure 1.9 a Graphical abstract of Chapter 3 is present.
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This chapter addresses thesis Objective 2), 3) and 5) from Chapter 1.6.

Regarding my contribution: I made a literature overview of the topic, co-formulated the
basic idea for the object of the investigation, co-planned, co-designed and performed the
experiments and jointly prepared the manuscript with co-authors.
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Abstract

One of the promising candidates to replace the chromate conversion coatings for corrosion protection of aluminium alloy
AAT0O75 are the hybrid sol-gel coatings. In the present work hybrid silica sol-gel coatings doped with cerium nitrate were
prepared and characterized. Tetracthoxysilane (TEOS) and 3-glycidoxypropyl-trimethoxysilane (GPTMS) were used as
precursors. Silica SiQ, (Ludox) particles were added to achieve a barrier properties of coating, while Ce(NQO;3)3-6H,0 was
added in order to obtain an active corrosion protection. Optimization of sol synthesis was based on the results of ATR-FTIR
spectroscopy and UV-vis—=NIR spectroscopy. Opening of epoxy rings and completion of hydrolysis and the condensation
reactions during the synthesis process were confirmed. Coatings were characterized through thickness, water contact angle,
roughness, adhesion, electrochemical properties (potentiodynamic and electrochemical impedance spectroscopy) and the
response to prolonged immersion time in 0.1 M NaCl. The high degree of cross-linking of Si—-O-Si network structure and
high density was achieved during the synthesis of the sol. Moreover, the results showed that the curing process and the
incorporation of cerium nitrate into the hybrid sol-gel coating affected to the corrosion properties of the coating. The
observed enhancement in corrosion protection properties is attributed to the combination of the barrier properties of the silica
matrix with the active protection of the cerium nitrate.
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1 Introduction

Aluminium AA7075 alloy-T6 has been used in many tech-
nological applications, such as the aircraft and automotive
industries [1, 2]. Its most important advantages are its low
density, high strength-to-weight ratio and physical proper-
ties. However, AA7075 has a complex chemical composi-
tion with numerous intermetallics containing Zn, Mg and Cu
(IMs). TMs comprise particles with different electrochemical
activities, some of them being less noble (MgZn,, Mg,Si)
and the other more noble (Al,Cu, Al;Cu,Fe, and S-phase
Al,CuMg after initial dealloying of Mg) compared to alu-
minium oxide matrix [3]. IMs in AA7Q75 are the sites where
localized corrosion starts as a result of the high potential
difference between particular IMs and surrounding matrix,
resulting in galvanic corrosion/localized attack when alloy is
immersed in NaCl solution [3-5]. chromate conversion
coatings (CCCs) have provided effective corrosion protec-
tion of aluminium alloys for many years. However, they are
based on hexavalent chromium which is highly toxic and are
therefore banned or strongly restricted.

To replace CCCs, many surface treatments have been
proposed; the sol-gel processes is one of the most pro-
mising and environmentally friendly [2, 6-18]. Sol-gel
technology offers important advantages such as cost effec-
tiveness and simple application procedures easily adaptable
in industry [15]. A great number of sol-gel coatings are
based on silicon precursors because of their low reactivity,
easy handling and availability [19]. The first studies dealing
with sol-gel methodology were based on inorganic silane
sol-gel coatings which offer good mechanical properties
and promote good adhesion between the metal substrate and
organic coatings, leading to low oxygen diffusion [13].
However, these inorganic coatings contain micropores and
microcracks and, moreover, high temperatures are required
to obtain dense coatings [10]. Thus, pure inorganic sol-gel
coatings cannot prevent the ingress of corrosive species
through defects to the metal substrate. Hybrid coatings are
usually prepared with a combination of inorganic and
organic polymerization [20-23] and improve the overall
performance of the coating as they combine inorganic and
organic components; the former offering good mechanical
properties, and the organic components increasing the
flexibility and ductility of coatings, with decreased treat-
ment temperature [10, 14, 24-26].

The aim of the present work was to develop hybrid
coatings that offer a barrier behaviour and active corrosion
protection of aluminium alloy AA7075-T6. To prevent
changes in alloy microstructure, this alloy should not be
treated above 120 °C [27]. Two silicon-based components
have been used: the inorganic component being tetra-
ethoxysilane (TEOS) and the organic component, (3-gly-
cidyloxypropyl) trimethoxysilane (GPTMS).

GPTMS is one of the most common hybrid silanes used
as binder in paints or as a filler in inorganic and composite
materials [28]. It is also used as a coupling agent for epoxy
bonded aircraft repairs [29]. The deposition of GPTMS on
metallic substrates was studied, but the corrosion resistance
of such coatings was poor [29]. The polymerization of
epoxy groups of GPTMS is used to link the organic and
inorganic parts of hybrid coatings, leading to films with
good chemical, thermal and mechanical resistance [30].
Cross-linking between two networks can be achieved by
direct reaction of silanols with epoxy rings or by con-
densation of silanols with the hydroxyl of the opened epoxy
rings [30]. On the other side, one main advantage of epoxy-
based sol-gel coatings is their compatibility with and
bonding to the epoxy-based primer or top-coats usually
used for the aircraft structure [31]. The epoxy group of
GPTMS can promote cross-linking with inorganic networks
such as silicon-based in TEOS, resulting in better
mechanical properties, corrosion resistance and flexibility of
coatings [32-38]. In particular, the lower treatment tem-
perature required for curing hybrid coatings respecting
inorganic films is associated with a reduction of micro-
cracks in the coating [10, 14, 26, 39]. The epoxy ring can be
opened and polymerized to form a linear poly(ethylene
oxide) organic matrix [40]. In many cases the opening of
epoxy ring is thermally catalyzed [39], but it can also be
opened at room temperature by the addition of amine curing
agents (DETA), each hydrogen of the amine being capable
of opening and linking to one epoxy group [30], leading to
the formation of diol, alkoxy alcohol or polyether products
[41-43]. The opening of the epoxy ring can also be mon-
itored by fourier transform infrared spectroscopy (FTIR)
and/or ultraviolet-visible-near infra-red spectroscopy (UV-
vis-NIR).

In order to improve the densification of hybrid sol-gel
coatings, several routes can be considered, one being the
incorporation of silica (Si0;) nanoparticles into the sol-gel
coating to obtained so-called hybrid silica coatings [23].
Addition of §i0; particles has been reported to increase the
barrier effect by increasing the coating thickness, density
and reinforcement [44-50]. The effect depends on the
concentration and dispersion of the nanoparticles in the
coating [51, 52]. Santana et al. [44] reported high anti-
corrosion performance and thicker coatings for higher
amounts of SiO, nanoparticles incorporated into a GPTMS/
TEOS sol, with molar ratios TEOS/GPTMS/Si0, = 42/18/
40. In contrast, Suegama et al. considered that the con-
centration of Si0, particles of BTSPA (bis-(trimethox-
ysilylpropyl) amine) that achieved the best corrosion
properties of coating was 300 ppm, with a molar ratio of
BTSPA to SiO, of 91:9 [53]. Incorporation of higher col-
loidal silica led to worse corrosion protection, The addition
of nanoparticles always increased the viscosity of sols [54].
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To obtain active corrosion protection, inhibitors have to
be incorporated into the coatings. According to Hinton et al.
[55, 56], many salts of rare earth ions such as Ce3+, Y?'*',
La3+, Pr’t and Nd3+, are successful corrosion inhibitors for
aluminium alloys. The inhibitory action of rare earth com-
pounds is based on the deposition of their insoluble
hydroxides at cathodic sites on the surface that diminishes
the corrosion reaction at the surface. When corrosion
occurs, reduction of oxygen takes place at the cathodic sites,
OH™ ions are formed and pH increases. In the case of
cerium, precipitation of the hydroxide Ce(OH); occurs,
which can be further oxidized to Ce(OH), [16, 53, 54].

The aim of this work was to improve the corrosion
resistance of AAT075-T6 substrates through the deposition
of hybrid coatings able to ensure passive and active corro-
sion protection. The incorporation of colloidal silica nano-
particles increases the densification of the coating
provoking a higher barrier effect, and the incorporation of
Ce(NO;); in the sol leads to an active corrosion protection
by slow release of Ce inhibitor from the coating. The
novelty of the work is associated with the modification of
the sol-gel synthesis process where the cross-linking degree
of silicon-based hybrid matrix was improved through the
organic and inorganic polymerization in situ during the
synthesis of the sol. The effect of curing ramp in the den-
sification of the coating was also studied, observing sig-
nificant changes in the corrosion resistance.

2 Experimental procedure
2.1 Substrate preparation

Aluminium alloy AA7075-T6 (Zn 5.81 wt%, Mg 2.55 wt%,
Fe 0.21 wt%, Si 0.08 wt%, Cu 1.67 wt%, the remaining, Al)
with dimensions of 30 x 65 x 2mm, supplied by Kaiser
Aluminum, was used as substrate. Before deposition, the
alloy sheets were pre-cleaned using an alkaline cleaning
solution (Metaclean T2001—Chemie Vertriecb Hannover
GmbH & Co KG), an alkaline etching solution (Turco
Liquid Aluminetch Nr.2—Turco Chemie GmbH) and,
finally, an acid etching solution (Turco Liquid Smutgo NC
—Turco Chemie GmbH). This procedure enables removal
of the oxide layer and intermetallic particles on the metal
surface. Prior to depositing the coating, the samples were
rinsed with deionized water.

2.2 Hybrid sol-gel synthesis and characterization
Alkoxide precursors and all reagents were used as received,
without further purification. First, a hybrid silica sol was

prepared under acidic conditions at room temperature by
mixing tetraethoxysilane (TEOS, Aldrich, 99%) and
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3-(glycidyloxypropyDtrimethoxysilane (GPTMS, ABCR,
98%) with a suspension of colloidal SiQO, nanoparticles
(Ludox-4S, Aldrich, aqueous suspension 40 wt.%, particle
size 20 nm, pH 9). The solution was stirred for 30 min, after
which 0.6 mL of concentrated nitric acid HNO3 (VWR,
65%) was added to 100mL of solution to catalyze the
hydrolysis and the condensation reactions. Finally, absolute
ethanol (EtOH, Panreac, 99.8%) was added to the solution
to give a final silica concentration of 120 g/L, with 64 g/L of
colloidal particles, labelled as 120 (64). The final molar
ratio of the hybrid silica sol (denoted as GTS) was TEOS/
GPTMS/Si0, = 0.4/0.46/0.14 and the pH of the sol was 5.
Secondly, a hybrid silica-Ce sol, incorporating cerium
nitrate (Ce(NQOs); -6 H,0, Aldrich, 98%) (denoted as GTS-
Ce) was prepared as inhibitor sol. Cerium was added at the
end of the synthesis. The final molar ratio of hybrid silica-
Ce sol was TEOS/GPTMS/SiO,/Ce = 0.39/0.44/0.12/0.05
and pH value was 4.

The sols were characterized by FTIR and UV-vis-NIR
spectroscopy. FTIR spectra were recorded between 650 and
4000 cm ™', using a Perkin Elmer Spectrum 100 spectrometer
with an Attenuated Total Reflectance (ATR) accessory, with
a resolution of 2em™!. UV-vis-NIR spectra were recorded
between 2500 and 2000 nm with a Perkin Elmer (Lambda
950) spectrophotometer, with a resolution of 2nm. All
spectra were normalized and presented as absorbance [%].

The viscosity of sols was monitored during one month
using an A&D Vibro Viscosimeter SV-10 to evaluate the
stability of the sols.

2.3 Deposition and curing of the coatings

Following synthesis, sols were deposited on glass slides and
on AAT7075 substrates. The deposition was carried out by
dip-coating at a withdrawal rate of 30 cm/min. The same
basic notation (GTS, GTS-Ce) is used for sols and depos-
ited coatings. Coatings were prepared as single coatings of
GTS (denoted as GTS-M) and of GTS-Ce (denoted as GTS-
Ce-M), or as double coatings of two GTS layers (denoted as
GTS-D) and two GTS-Ce layers (denoted as GTS-Ce-D).
For double coatings, the first layer was dried with hot air
(100 °C) for 3 min before applying the second layer.
Finally, coatings were cured for 1 h at 120 °C, using two
different routes: (i) introducing the samples directly at the
maximum temperature (denoted as GTS and GTS-Ce), or
(ii) using a heating and cooling rate of 5 °C/min (denoted as

GTS-R and GTS-Ce-R).
2.4 Characterization of the coatings
The coating thickness was measured on coated glass slides

by Spectroscopic Ellipsometer (J.A. Woollam Co., Inc, EC-
400, M-2000U Software: WVASE32). The spectral band
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was recorded from 250 to 900nm at incident angles
between 50° and 60°. The data were fitted using the
WVASE32 software with a Cauchy model. The hydro-
philic/hydrophobic behaviour of the films was determined
by measuring the water contact angle, using the Easy Drop
Standard 'Drop Shape Analysis System' Kruss DSA 100
equipment under ambient laboratory conditions. Three
measurements were performed on each sample and the
results are presented as average + standard deviation.

The roughness of coated AA7075 samples was measured
using a roughness-metre (Taylor-Hobson Surtronic 3+
Roughness, UK). In the work, the value considered was the
arithmetic mean (Ra) that corresponds with the measurement
between the peaks and depressions travelled by the active tip
of the device. This value was calculated from at least three
individual measurements at different sites on the surface.
The results are presented as average + standard deviation.

An adhesion test was performed following the ASTM
D3359 standard and using a Cross Hatch Adhesion Tester,
(NEUTREK Instruments Company). The measurement was
performed using a multi-blade cutting tool to make a lattice
pattern with several cuts in each direction on the coating.
The tape was then applied over the pattern and removed.
The evaluation is based on six-step classifications, from 0 to
5 A, where a higher number indicates less peeling or coating
removal.

The corrosion properties of coatings were evaluated by
potentiodynamic polarization measurements and electro-
chemical impedance spectroscopy (EIS) in 0.1 M NaCl at
room temperature. For potentiodynamic polarization mea-
surements a Gamry FAS2 Femtostat was used, with a
typical three-electrode configuration. Ag/AgCl was used as
the reference electrode (0.192V vs. standard hydrogen
electrode), a large area platinum wire as a counter electrode
and the tested material as the working electrode. The sample
was placed at the bottom of the cell, exposing an area of
0.78 cm’. Before each polarization test the samples were
immersed in the electrolyte for 1h at the open circuit
potential (E,.), to reach equilibrium. E,. is the equilibrium
potential of the metal in the absence of electrical connec-
tions [57]. Potentiodynamic polarization curves were scan-
ned starting at —250 mv vs. E,. up to 1 V at a scan rate of 1
mv/s. Experiments were repeated at least three times and the
most representative measurement was chosen for plotting.
The results are presented as average + standard deviation
(Table 1). The electrochemical data were fitted using Zy;ey
software to deduce the corrosion potential (E.) and the
corrosion current density (jeorr). Ecorr comresponds with the
potential at which the rate of anodic dissolution of electrode
is equal to the rate of cathodic reactions. The j,,, is the
current at the E_,, and it is associated with the corrosion
rate [57]. The j.,» was determined as the intersection of the
cathodic slope and the line passing through the E,..

Table 1 The main bands in TEOS, GPTMS, GTS and GTS-Ce spectra

Precursors and sols Frequency (cm™')

GPTMS
TEOS
GTS (GPTMS/TEOQS/Si0;) sol

GTS-Ce (GPTMS/TEOS/Si0,/Ce
(NO3)3) sol

1250, 1076, 907, 814, 776
1165, 1098, 1074, 957, 782
1128, 1086, 1042, 879
1128, 1086, 1042, 879

The corrosion performance of coatings was also tested
using EIS in a 0.1 M NaCl aqueous solution at room tem-
perature. An AUTOLAB PGSTAT 12 potentiostat/galva-
nostat, controlled by NOVA 1.11 software, was used for
measurements made in a three-electrode standard corrosion
cell (PAR Flat cell K0235, volume 250 mL). An Ag/AgCl
electrode was the reference electrode (0.192 V vs. standard
hydrogen electrode), the platinum mesh was a counter
clectrode and the tested material embedded in a Teflon
holder was a working electrode. The areca exposed to the
corrosion medium was 1 cm?. All potentials in the text are
given with respect to an Ag/AgCl electrode. The EIS were
performed at open circuit potential with an ac excitation
voltage of 10mV in the range from 1072 to 10° Hz. The
impedance response of a system can be described in terms of
real (Z,y) and imaginary components (Ziy,,), Tespectively.
For data analysis, the calculated impedance is expressed as
Nyquist plot and/or Bode plot. The variation of Z., and
Zimag Were used to assess the electrochemical behaviour and
corrosion resistance of the uncoated and coated samples.

Corrosion properties were also monitored using an
immersion test carried out in 0.1 M NaCl at room tempera-
ture. Samples were placed in a DURAN glass flask with a
solution volume of 250 mL. The area of sample exposed to
electrolyte was 1450 mm?, according to the standard guide
for laboratory immersion corrosion testing of metals (NACE
TMO169/G31). Immersed samples were monitored for
1 month, and then inspected visually for corrosion damage.

3 Results and discussion

The sol-gel synthesis was followed by ATR-FTIR and UV-
vis-NIR spectroscopies and by viscometer; the character-
ization of the coatings included measurements of thickness,
contact angle, roughness, adhesion, electrochemical tests
and immersion test.

3.1 Synthesis and characterization of the sols
FTIR spectra of GTS and GTS-Ce sols were compared to
TEOS and GPTMS precursors, in order to analyze the

inorganic and organic polymerization. The region from 700
to 1300 cm™" was studied in detail (Fig. 1), since it contains
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the principal bands associated with the hydrolysis and
condensation reactions of silica [9]. In the spectrum of
TEQS, the most intense bands are situated at 1165, 1098,
1074, 960, 814 and 778 cm™" (Fig. | and Table 1). Bands at
1165 and 960 cm™" correspond to —CHj rocking; those at
1098 and 1074 cm™" are associated with the asymmetric
and symmetric stretching bands of Si—O-C, respectively.
The spectrum of GPTMS exhibits strong bands similar to
those identified in the TEOS precursor; two characteristic
bands of epoxy groups at 1250 and 910cm™' [40, 46, 58]
were also identified. The band at 910cm™" is associated
with anti-symmetric epoxy ring deformation [40] and the
smaller one at 1250 em™" (Fig. 1d) is assigned with the ring
breathing. The opening of epoxy rings was followed by
analyzing the evolution of 910 cm™' band.

In the spectrum of GTS sol, the bands at 814 and at 776
cm~! associated with Si—0—CHj stretching, were absent,
indicating completion of hydrolysis, the —CHj3; groups
being replaced by —OH groups [59). The band at 906 cm™
was also absent, indicating that the epoxy rings were
opened and organic polymerization has started. The non-
appearance of this band is the result of the chemical
bonding between organic silane (from GPTMS) and inor-
ganic silicate (from TEOS) [39, 40] and the corresponding
formation of a hybrid network. The spectrum of GTS
contains the most intense bands at 879, 1042, 1086 and
1128 cm™!, associated with the formation of Si—O—Si
bonds, typical of inorganic polymerization [60]. The small
band at 800cm™', observed in Fig. 2a, is assigned to a
rocking vibration of SiO; [61].

GTS-Ce sol, obtained following a similar process but
incorporating cerium nitrate, exhibits a spectrum similar to
that of GTS (Fig. 1 and Table 1), which confirms that
inorganic and organic polymerization have taken place. The
incorporation of Ce(NO;); does not affect the hydrolysis
and condensation reactions.

The UV-vis-NIR absorption spectra of GPTMS, GTS
and GTS-Ce sols are presented in Fig. 2. The broad peak
between 2100 and 2200 nm in the spectrum of GPTMS is
assigned to epoxy rings [62, 63]. These bands disappear in
GTS and GTS-Ce sols, indicating the opening of the epoxy
rings, agreeing with FTIR analysis. This confirms that the
organic polymerization has started before the thermal
treatment of the coating. During the synthesis process, and
especially after nitric acid is added to the precursors, the sol
suffers a strong exothermic reaction; the increase in tem-
perature is enough to open the epoxy rings and initiate the
organic polymerization. The polymerization continues dur-
ing the synthesis, in the liquid state, resulting in a more
cross-linked and dense Si—O-Si network and, conse-
quently, leading to denser coatings [64].

The viscosity of sols GTS and GTS-Ce remained almost
unchanged for at least 3 weeks (Table 2). A Newtonian
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Fig. 1 FTIR spectra of TEOS, GPTMS, GTS and GTS-Ce sols

Table 2 Viscosity of GTS and GTS-Ce sols over 1 month

Time [days]; GTS n [mPa s] GTS-Cen
temperature o) [mPa s]
1 day ; 24.0 39+06 3.8+08
7 days; 25.8 42+08 42+05
14 days; 24.7 43408 43+05
21 days; 24.2 47+09 55+006
31 days; 23.3 58+09 6.0+0.7
—— GTS ()
—— GTS-Ce (b)
) —— GPTMS (a)
3
c
2
]
w
2
c L .Idmlllu gl L PORTTIORE & 1 QERTY !
1800 1900 2000 2100 2200

Wavelength [nm]
Fig. 2 UV-vis-NIR spectra of GPTMS, GTS and GTS-Ce sols

behaviour is observed likely associated with the small
particle size of the colloidal silica and the high dilution of
the sols [65]. Sols can be used up to 3 weeks.

3.2 Characterization of the coatings
The thickness of single and double GTS and GTS-Ce

coatings deposited on glass slides and cured at 120 °C with
and without ramp was measured by ellipsometry (Table 3).
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Table 3 Thickness of hybrid silica (GTS) and silica-Ce (GTS-Ce)
coatings deposited on glass slides prepared as mono (M) and double
(D) layers and cured without (M) or with ramp (R) procedure

Coating Thickness [um]
GTS-M 42+04
GTS-M-R 3.1+£02
GTS-D 72403
GTS-D-R 53+04
GTS-Ce-M 51+0.6
GTS-Ce-M-R 34405
GTS-Ce-D 8.6+0.8
GTS-Ce-D-R 7.0+£0.7

Homogenous coatings 4.2 pum thick were obtained from
GTS sol cured at 120 °C without a ramp. When using a
heating ramp the thickness was smaller, 3.1 um, indicating
that denser coatings are obtained in this conditions because
of controlled elimination of the solvents; consequently, a
more cross-linked ‘network’ structure is formed. For coat-
ings obtained without ramp, a higher porosity and lower
density is expected. For double coatings thickness of 7.2 or
5.3 pm are obtained, depending on whether the ramp pro-
cedure was used or not.

The incorporation of cerium nitrate increases the thick-
ness from 4.2 to 5.1 um for single coatings treated without
ramp, with further contraction—from 3.1 um to 3.4 um—
when ramp is used. For double coatings, an increment of
thickness is also observed, up to 8.6 or 7 pm, depending on
the curing process. In both cases, the incorporation of cer-
ium acts inhibiting the densification of the hybrid silicon-
based network and increasing the porosity of the coatings
[66, 67].

Only double coatings (GTS-D, GTS-D-R, GTS-Ce-D,
GTS-Ce-D-R) were selected for further analysis, since
thicker films will offer better corrosion properties.

Contact angles and surface roughness of uncoated sam-
ple AA7075 and of samples coated using double coatings
hybrid coatings with and without cerium and at different
curing procedures are summarized in Table 5. Two ele-
ments are considered to explain the results: coating com-
position and curing procedure. Compared to uncoated
substrate, a coating based on GTS exhibits much less
roughness, 0.08 pm compared to 0.3 pm, while GTS-Ce
films showed a greater roughness, 0.4 pm (Table 4); this
may be correlated with the porosity and inhomogeneity of
the GTS-Ce coatings compared to that without Ce [66, 67].
The incorporation of cerium provokes the increase of
thickness and roughness of coatings, coming from a porous
structure [64]. The interaction of the cerium with the hybrid
network usually leads to considerable defects in the coat-
ings, affecting their barrier properties and reducing the

Table 4 Contact angles and surface roughness of substrate AA7075-
T6 uncoated and coated using hybrid silica (GTS) and silica-Ce (GTS-
Ce) coatings and cured without ramp procedure (GTS-D and GTS-Ce-
D) and with ramp procedure (GTS-D-R and GTS-Ce-D-R)

Substrate/ Contact angle [°] Roughness
Coaling (Ra) [um]
AAT0T5 4843 03+0.1
GTS-D 52+2 0.08 £0.09
GTS-D-R 67+4 0.05+0.04
GTS-Ce-D 67+1 0402
GTS-Ce-DR 80+4 03+03

protection performance. This effect could be partially
counter-rested by incorporating SiO, nanoparticles. Con-
sidering the effect of the curing process, less roughness was
obtained for ramp curing, likely related to a more uniform
evaporation of solvents during the controlled heating, this
leading to a denser and rigid structure.

All the coatings are hydrophilic, with contact angles
between 48° and 67°, except for the GTS-Ce-D-R coating,
with a contact angle of 80° (Table 4). In general, contact
angles of ramp-heated coatings are greater than those
obtained without a ramp associated with the difference in
roughness (Table 4).

Adhesion of the coatings is an important factor to pro-
molte an appropriate deposition of primer and top-coalts to
achieve the final protective system. The adhesion of GTS-
D-R and GTS-Ce-D-R coatings is rated as 5 A (desirable
adhesion), according to the ASTM D3359 standard, the
edge of the cuts is completely smooth and none of the
squares of the lattice is detached. The excellent adhesion of
sol-gel films to the aluminium alloy is the result of strong
covalent bonds and the mechanical interlocking between the
coating and the roughened surface [59].

3.3 Potentiodynamic polarization measurements

Electrochemical properties of uncoated AA7075-T6 and of
coated (GTS-D, GTS-D-R, GTS-Ce-D, GTS-Ce-D-R)
samples were studied by potentiodynamic measurements in
0.1 M NaCl. The effects of the coating composition and of
the curing procedure on the barrier behaviour were studied
as well as the inhibition properties of hybrid sol-gel coat-
ings deposited on the aluminium alloy.

The effect of coating composition was firstly investi-
gated. Uncoated AA7075-T6 immersed in chloride solu-
tions is susceptible to localized corrosion (Fig. 3). In the
cathodic range oxygen reduction takes place, while in the
anodic range pitting corrosion immediately initiates above
E_orr [1, 2]. In hybrid silica GTS-D coatings treated without
ramp corrosion current density (j o = 60 nA/em?) is smaller
than that for the bare AA7075 alloy (j.or =510 nA!cmz).
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but the E,. and E_,, remain similar (Table 5). The decrease
of current density is associated with the addition of silica
nanoparticles which increase the density of the coating and
fill pores thus increasing the barrier effect [53]. The shape
of the curve did not change much compared to that of
uncoated substrate; the cathodic current density is smaller
by more than one order of magnitude, the change on the
anodic side being less pronounced. However, in the pre-
sence of cerium (GTS-Ce-D) E,. shifts in a positive direc-
tion by 40mV compared to uncoated 7075-T6, thus
indicating the effect on the anodic reaction (Table 5). The
curve of the GTS-Ce-D coating is different to those of
uncoated and GTS-D coated substrates. The corrosion
current density decreased from 60nA/ecm? for GTS-D to
1.4 nA/em” for GTS-Ce-D, respectively. Significant chan-
ges occur in the anodic range where a broad pseudo-passive
(or barrier) range is established (Fig. 3). The presence of
cerium obviously generates a barrier range in the anodic
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Fig. 3 Potentiodynamic polarization curves recorded in 0.1 M NaCl,
after 1 h of stabilization, with a scan rate of 1 mV/s, for AA7075-T6
both uncoated and coated by hybrid silica coatings (GTS) and for
silica-Ce coatings (GTS-Ce) subjected to curing with (GTS-D-R and
GTS-Ce-D-R) and without ramp (GTS-D and GTS-Ce-D)

part likely related to the deposition of cerium hydroxides,
oxides on the cathodic sites and subsequent reduction of
anodic reaction [68-70]. In the case of AAT7075-T6 the
cathodic sites are those containing copper [5, 66]. Two
breakdown potentials were observed on the curve of GTS-
Ce-D (Fig. 3, Table 5). The first at —0.18 V (AE=0.31 V),
may be associated with the initiation of coating breakdown
due to initial ingress of electrolyte and establishment of
conductive paths in the coating related to release of cerium.
The current density increases for over two orders of mag-
nitude but then another current density plateau is estab-
lished, possibly related to the temporary blockage of
individual pores. The second breakdown at 0 V (AE =0.49
V) may be related to the point at which the electrolyte,
through the pores, reached the inner interface with the
substrate. The use of a ramp in the curing process affects
significantly the E,, values and the potentiodynamic curves
(Fig. 3). Positive shifts of E, by 180 and 210 mV, com-
pared to curing without the ramp procedure, are observed in
GTS-D and GTS-Ce-D, respectively (Table 5). Further, the
GTS-D-R coating has a j.,, of 4.3 nA/cm?, much smaller
than that corresponding to AA7075 alloy (jeorr =510 nA/
cm®) and GTS-D without ramp (foorr = 60 nAfem?). Fol-
lowing the E,, a broad pseudo-passive range was estab-
lished. Similar as for the GTS-Ce-D curve, two breakdown
potentials are observed for GTS-D-R curve (Fig. 3, Table
5), i.e. at 0.08 and 0.60 V.

The smaller current density and more positive corrosion
potential of ramp-cured coatings might be the result of
denser coatings. The difference in density was previously
confirmed by the lower thickness and roughness, and higher
water contact angles of ramp-cured coatings (Tables 3 and
4). For the coating containing cerium the improvement is
even more significant, resulting in a value of j.o, below 1
nA/cm?. Pseudo-passive region with constant current den-
sity extends up to 0V (AE=0.33V) (Table 5), when it
starts to increase slowly; thus, the breakdown potential
becomes difficult to define. Continuous current density

Table 5 Electrochemical corrosion parameters (open circuit potential, corrosion current density and corrosion potential) for AA7075-T6, uncoated

and coated by hybrid silica (GTS-D-R), and silica-Ce (GTS-Ce-D-R) coatings cured using the ramp procedure

Sample Eoe [V vs. A/fASCl]  joor [nAJcm?) Econ [V vs. Ag/AgCll . [mVidec] Epin [V] AE [V]
AAT075-T6 -0.53 +0.04 510+ 115 -0.52 +0.03 ~200 +20 / /
GTS-D -0.52£0.04 60 +41 -0.51£0.02 —480 435 / /
GTS-D-R -0.34£0.02 43+15 -0.36 +£0.03 21025 0.14 + 0.05 0.5
0.6+0.04 0.98
GTS-Ce-D -0.49 £0.02 1.4 +0.66 -0.49 +0.01 ~180£20 0224008 027
0+0.04 0.49
GTS-Ce-D-R —0.28 +0.01 0.87 +0.15 -0.33 +0.005 140 +25 0+0.06 0.33

E, denotes the values after 1 h stabilization, j.., and E ,, were deduced from potentiodynamic measurements made in 0.1 M NaCl solution (Fig.

3)
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increase may be related to a progressive release of cerium
from the coating leaving behind a porous structure more
susceptible to electrolyte ingress.

Based on these results, the ramp-heated samples (GTS-
D-R and GTS-Ce-D-R coatings) showed better corrosion
behaviour and were therefore investigated by the EIS and
immersion test. In general, the addition of silica nano-
particles combined with the use of curing ramp allows
reinforcing and promoting densification the hybrid silicon-
based network. The addition of Ce as inhibitors generates
an active corrosion protection that complements the barrier
passive effect.

3.4 Electrochemical impedance spectroscopy

AAT075-T6, both uncoated and coated by GTS-D-R and
GTS-Ce-D-R coatings, were studied by Nyquist plots
obtained from EIS measurements, after different time of
immersion in 0.1 M NaCl (Fig. 4). The Nyquist plots of
uncoated AA7075 (Fig. 4a) after 1 h of immersion dis-
played semicircle at higher frequency followed by Warburg
impedance at lower frequencies. Semicircle is the most
typical shape of Nyquist plot and reflects the equivalent
circuit for the interface between electrode and electrolyte,
under equilibrium conditions. Warburg impedance is a
general impedance which represents a resistance to mass
transfer; i.e. diffusion controlled process. A Warburg
impedance typically exhibits a 45° slope [71]. The diameter
of the semicircle associated with the polarization resistance
is in the range of 4 Kohm; data are scattered at low fre-
quency, presumably due to the instability of the layer
formed. Higher values Z., are observed for uncoated
AAT075 after 2 and 7 days of immersion as a result of the
gradual formation of an oxide layer during the course of
immersion [72]. This layer is not highly protective and is
subjected to localized corrosion accompanied by the diffu-
sion of soluble species [73].

For the sample coated with GTS (Fig. 4b) the shape of
the plots changed and the response characteristic for barrier-
type layer was observed up to 2 days of immersion.
Moreover, values of Z., at the lowest frequency are more
than one order of magnitude higher compared to uncoated
AAT075. However, after 4 days of immersion, the barrier
properties are progressively degraded, the semicircle
appearing with reduced Zgy (inset in Fig. 4b). For the
samples coated with GTS-Ce-D-R (Fig. 4c) the barrier-type
response is lower compared to GTS-D-R coatings and Zye
values at low frequencies progressively decrease for longer
immersion times. In contrast, in the coating with cerium, the
drop in Z,, value is not so big, indicating that the addition
of cerium retards the degradation of the coating in chloride
solution. This results can be related with the action of cer-
ium ions in the coatings which affects the electrochemical
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Fig. 4 EIS Nyquist plots of the uncoated AAT075 (a), coated with
hybrid silica GTS-D-R (b) and with hybrid silica-Ce GTS-Ce-D-R (c)
coatings, after different immersion times in 0.1 M NaCl. Coatings were
cured using ramp procedure

response; it was shown that Ce can migrate [65, 66]. Further
precipitating on cathodic sites as Ce(OH); and/or Ce(OH);
forming the so-called 'local barrier' that blocks the cathodic
sites and lead to related oxygen reduction reaction [74]. EIS
measurements are in accordance with PD measurements
(Fig. 3) where it was noticed that, compared to GTS-D-R,
the GTS-Ce-D-R exhibits reduced current density in a broad
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Fig. 5 Images of AA7075-T6 substrate uncoated and coated by hybrid
silica GTS-D-R and by silica-Ce GTS-Ce-D-R coatings during an
immersion test for 50 days in 0.1 M NaCl at room temperature. Images

potential range [66, 67, 75]. The decrease of barrier effect
with the immersion time, is associated to the presence of
porosity and defects in the hybrid silica network produced
for the incorporation of cerium as observed in the mea-
surements described above [64].

3.5 Immersion test

AA7075-T6, both uncoated and coated by GTS-D-R and
GTS-Ce-D-R coatings, were immersed for 50 days in 0.1 M
NaCl at room temperature (Fig. 5). This alternative
immersion test used as a standard lab test (NACE TMO169/
G31) provides relevant information about corrosion process
and is able to foreseen the behaviour of the alloy when
exposed to natural outdoor environments.

Corrosion of the uncoated sample was visible after 1 day
of immersion, resulting from galvanic and pitting corrosion.
In contrast, corrosion of the GTS-D-R coated samples was
only visible after 1 week of immersion, primarily at the
boundaries of the sample, as a consequence of the higher
density of defects in the borders. Corrosion at the sample
surface was visible after 3 weeks of immersion, as a result
of chloride attack. The long-standing corrosion resistance of
GTS-D-R coating is due to its good barrier properties which
are the result of thickness and density sufficient to withstand
chloride attack. On the other hand, the GTS-Ce-D-R coat-
ing, doped with cerium, remained virtually undamaged for
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were taken after different times of immersion. Coatings were cured
using ramp procedure

40 days, when corrosion was noted at the surface. The
difference between GTS-D-R and GTS-Ce-D-R coated
samples is due to the presence of cerium in GTS-Ce which
acts as a corrosion inhibitor of AA7075 alloy. The presence
of tetravalent cerium compound at the coating surface is
confirmed by the characteristic light yellow colour of GTS-
Ce-D-R coating after 40 days of immersion. This finding
confirms that Ce(NOs); added in the hybrid coating
migrated to the coating surface, as also confirmed using
glow discharge optical emission spectroscopy [66].

4 Conclusions

Hybrid sol-gel coatings, based on TEOS and GPTMS
precursors and containing SiO, particles and cerium(III)
nitrate were synthesized to provide a barrier and active
corrosion protection of aluminium alloy AA7075 in 0.1 M
NaCl. As AA7075-T6 is otherwise poorly corrosion resis-
tant, these novel coatings offer an important progress for its
protection in chloride containing solutions.

The aperture of the epoxy ring during synthesis process,
indicative of polymerization, was confirmed by ATR-FTIR,
UV-vis-NIR and C'>NMR; the reactions of hydrolysis and
condensation were completed and sol was easily deposited
on the substrate. The curing procedure affects the coating
properties: curing using a heating ramp results in lower
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roughness, reduced thickness and higher density of the
coating. Double coatings exhibited better properties than
monolayer coatings.

Incorporation of cerium in the coatings increases the
roughness and thickness associated with a more porous
network. Such porous network enables a release and
migration of incorporated cerium ions which has a beneficial
effect on the long-term corrosion resistance of the coatings.

The potentiodynamic polarization curves recorded in 0.1
M NaCl showed that coatings containing cerium and cured
with heating ramp exhibit enhanced corrosion properties.
Long-term EIS measurements confirmed that the presence
of cerium allows controlling the degradation of the coatings.
Coatings prepared with ramp-cured coatings doped with
cerium remained undamaged for 40 days in chloride solu-
tion. These coatings are a good candidate to be applied on
AAT075-T3 alloy combined with the deposition of an
organic topcoat.
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Chapter 4

Self-Healing Effect of Hybrid Sol-
Gel Coatings Based on GPTMS,
TEOS, SiO: Nanoparticles and
Ce(INO3)s; Applied on Aluminum
Alloy 7075-T6

In the present chapter hybrid sol-gel coatings from Chapter 3, based on silane precursors
(3-glycidyloxypropyl) trimethoxysilane (GPTMS), tetraecthoxysilane (TEOS), SiO,
nanoparticles and Ce(NQOs); as corrosion inhibitor, were improved by developing a multi-
layer system. A bi-layer system of two sols was applied on aluminum alloy 7075-T6, where
the first layer was doped with Ce(NOj3); and the second was un-doped. It was confirmed
that the addition of cerium has a role in self-healing only if it is locked within the first
layer of multilayer coating. Self-healing effect was confirmed by immersion of un-scribed
and scribed coating in a sodium chloride solution by using several techniques. Based on
the high efficiency of such bilayer coating it can be stated that it represents an alternative

to chromate conversion coating.
In Figure 1.10 a graphical abstract.
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Figure 10: Graphical abstract of Chapter 4.

This chapter addresses thesis Objectives 4) and 5) from Chapter 1.6.

Regarding my contribution: I made a literature overview of the topic, co-formulated the

basic idea for the object of the investigation, co-planned, co-designed and performed the
experiments and jointly prepared the manuscript with co-authors.
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sol-gel solution. Inhibition and a self-healing effect were achieved by doping Ce(NO3)3 in the coating. A multi-layer system was
applied on the substrate composed of a first layer doped with Ce(NO3); and the second, undoped sol-gel layer. The addition of cerium
increases the lifespan of hybrid sol-gel coating and has a role in self-healing if it is locked within the first layer of the multilayer
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Due to increasing demand for light-weight metals to reduce
fuel consumption and, consequently, CO» emission, aluminum alloy
AAT075-T6 is very attractive in automotive and aircraft industries. In
addition to its low density, its advantages are high strength-to-weight
ratio and good mechanical properties.' However, due to the presence
of zinc and copper intermetallic particles, AA7075-T6 readily under-
goes localized corrosion, which limits its use in more aggressive en-
vironments. Chromate conversion coatings (CCCs), which were used
for decades as providing the most effective corrosion protection of
aluminum alloys, are limited, in the European Union.* Many surface
treatments have been proposed to replace CCCs, the sol-gel process
being one of the most promising and environmentally friendly.>!* In
hybrid sol-gel coatings, which combine inorganic and organic com-
pounds, the inorganic compound provides mechanical support, while
the organic compound adds to flexibility and decreases treatment
temperature.®'>> Hybrid sol-gel coatings achieve protection of un-
derlying substrate by acting as barrier coatings. Addition of silica
nanoparticles (Si0,) into sol-gel coating has been reported to addi-
tionally increase the barrier effect by increasing the coating thickness,
density and reinforcement.'®2* Still, if these coatings do not contain
corrosion inhibitors they lack the ability to inhibit the corrosion pro-
cess once it commences, i.e. they do not show active inhibition ability
resulting in a self-healing of the coating.

To obtain an active corrosion protection, corrosion inhibitors can
be incorporated into sol-gel coating. According to Hinton et al.,>*%
many salts of rare earth ions such as Ce*t, Y3, La**, Pr*t and Nd**,
are successful corrosion inhibitors for aluminum alloys, Ce** being
the most efficient. When added directly to corrosive solution, e.g.
chloride solution, earth salts hydrolyse and can then precipitate at the
metal surface once the conditions for precipitation are established;
in the case of Ce, cerium (TIT) hydroxide Ce(QH); precipitates at the
cathodic sites at the surface where the pH increases due to formation
of OH™ ions during the reduction of oxygen.?**’ Ce(OH)s formed
can be further oxidized to Ce(OH),; and insoluble CeQ5, which acts
as a protective barrier to oxygen and lowers the cathodic activity
by hindering the transfer of electrons from the anodic to cathodic
sites.”** The addition of corrosion inhibitors, including cerium, to

*Electrochemical Society Member.
ZE-mail: ingrid. milosev@ijs.si

the formulation based on precursors, such as tetramethylorthosil-
icate (TMOS), tetracthoxysilane (TEOS), methyltrimethoxysilane
(MTMS), 3-glycidoxypropyltrimethoxysilane (GPTMS), etc.® has
been shown to provide self-healing properties when these coatings
are applied on aluminum alloys.2!?*#1=* Thus, when the coating is
mechanically damaged or local defects are present, the inhibitor is
released and act in such a way to repair the damage or retard the cor-
rosion process. The most probable self-healing mechanism involves
the formation of Ce(OH),** ions which can migrate to the damaged
sites where are converted into highly insoluble Ce(OH),/CeQ, 25338
Another possibility to express self-healing ability in silane hybrid sol-
gel coating was pre-treatment of aluminum alloy in a 1.107% mol/L
Ce(NO3); solution.”

The possible drawback of direct incorporation of cerium ions into
the hybrid coating is the generation of high porosity and consequently
fast release of inhibitor into the solution which prevents the long-term
self-healing ability.®*' Further, the increased roughness of cerium
containing coatings was noticed and aseribed to a superficial agglom-
eration/precipitation of cerium containing nanoparticles.*? This im-
plicates that there exist an optimal content of Ce which would not
deteriorate the coating stability but yet provide a self-healing abil-
ity for a reasenably long period of time upon exposure to chloride
solution. This task is difficult to achieve, as shown in our previous
study.***! When using monolayer sol-gel coating doped with cerium
to obtain barrier and active protection, the long-term coating stability
can be jeopardized.'5***? Namely, the inhibition effect was observed,
but a fast deterioration of the barrier properties of the coating occurred
after 24 hours in 0.35 wt% NaCl.'® A multi-layer sol-gel hybrid coat-
ing, based on TEOS, methacryloxypropyl trimethoxysilane (MPS),
ethylene glycol dimethacrylate (EGDMA) and glycidy]l methacrylate
(GMA) containing an intermediate cerium doped layer was shown
1o greatly improve the corrosion properties of AA2024.3? It was fur-
ther showed that the barrier and active protection of coatings were
improved in multi-layer coating, based on TEOS, GPTMS and Si0;
nanoparticles, where cerium was in the top layer, but the self-healing
ability of such coatings applied on carbon steel was not confirmed.'®

In the present work three types of multi-layer hybrid sol-gel coat-
ings were developed based on the inorganic precursor TEOS, or-
ganic precursor GPTMS, SiO» nanoparticles and corrosion inhibitor
Ce(NOs3)s. The aim was to develop a coating system that would pre-
vent the leaching of cerium ions from the coating. Thus, a multilayer
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system of two different coatings was used: the first layer was doped
with cerium, while the second was undoped to increase the stabil-
ity of cerium in the underlying layer. This multi-layer system was
expected to enable self-healing through migration of cerium ions to
damaged sites and the recovery of damaged sites (i.e. self-healing) in
the course of prolonged immersion in chloride containing electrolyte.
We planned the experiments in such a manner as to prove the self-
healing effect particularly on scribed coatings. A further novelty of
the present work is the type of aluminum alloy used, i.e. AAT075-T6
which is difficult to protect due to its high susceptibility for localized
corrosion in chloride environment.

Experimental

Metal substrate preparation.—Aluminum alloy AAT7075-T6 (Zn
5.81 wt%, Mg 2.55 wi%, Cu 1.67 wit%, Fe 0.21 wt%, Si 0.08 wi%,
the remaining Al) with dimensions of 30 mm x 65 mm x 2 mm,
supplied by Kaiser Aluminum, was subjected to a three-step cleaning
procedure including alkaline cleaning (Metaclean T2001 — Chemie
Vertrieb Hannover GmbH & Co KG), an alkaline etching (Turco
Liguid Aluminetch Nr.2 — Turco Chemie GmbH) and a final step of
acid desmutting (Turco Liquid Smutgo NC — Turco Chemie GmbH).
After each step samples were rinsed with deionized water.

Synthesis of hybrid sols and coatings deposition.—The schematic
presentation of sol synthesis and coating deposition and curing are
presented in Figs, 1 and 2a. Two hybrid sols were prepared, one
undoped and the other doped with cerium (Fig. 1). The first sol was
prepared at room temperature by mixing tetracthoxysilane (TEOS,
Aldrich, 99%) and 3-(glycidyloxypropyl)trimethoxy silane (GPTMS,
ABCR, 98%) with a colloidal silica (5i0;) suspension (Ludox-4S,
Aldrich, aqueous suspension 40 wt%, particle size 20 nm, pH 9).
After 30 minutes of stirring, 0.6 mL of concentrated nitric acid HNO,
(VWR, 65%) was added to 100 mL of solution as a catalyst. Finally,
absolute ethanol (EtOH, Panreac, 99.8%) was added as a dissolvent.
The final silica concentration was 120 g/L, with 64 g/L of colloidal
particles, labelled as 120 (64). The molar ratio of the first hybrid sol
was TEQS/GPTMS/5i0, = 0.4/0.46/0.14 and it was denoted as GTS.

The second sol was prepared following the same process, but in-
corporating cerium as a corrosion inhibitor. Cerium nitrate (Ce(NOs);
.6 H,0, Aldrich, 98%), dissolved in EtOH, was added before addi-
tion of the catalyst (HNO;). The molar ratio of the second sol was
TEOS/GPTMS/Si02/Ce = 0.39/0.44/0,12/0.05, denoted as GTS-Ce.

After synthesis, sols were immediately deposited on AAT075-T6
substrate by dip-coating at a withdrawal rate of 30 cim/min. Three dif-
ferent coatings were prepared (Fig. 2a). The first coating was prepared
by the deposition of two layers of GTS sols (denoted as GTS), and the
second by the deposition of two layers of GTS-Ce sols {denoted as
GTS-Ce). Before depositing the second layer the first layer was dried
using a hot air gun at 100°C for 3 minutes. The third coating was the
combination of GTS-Ce and GTS sols (denoted as GTS-Ce+GTS).
Each sol was deposited as a single layer, with intermediate curing
using a hot air gun at 100°C for 3 minutes.

Finally, the coatings were cured as follows: using a ramp of
5°C/min from room temperature up to the curing temperature of
120°C, cured for 1 h, and then cooled down with the same rate 5°C/min
to reach room temperature (Fig. 2a).

Coating characterization.—The coating thickness was measured
on coated glass-slides by Spectroscopic Ellipsometer (J.A. Woollam
Co., Inc, EC-400, M-2000 U Software: WVASE32). The spectral band
was recorded from 250 nm to 900 nm at incident angles between 50°
and 60°. The data were fitted using the WVASE32 software with a
Cauchy model. Three measurements were performed for each sample
at different sites and the mean value was deduced for each coating,

The morphology and composition of coatings were analyzed using
a field emission scanning electron microscope (FE-SEM, JEOL JSM-
7600F) equipped with energy dispersive X-ray spectrometer (EDS,
Oxford Instruments INCA). The diameter of the analyzed area was a
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Figure 1. Schematic presentation of synthesis of hybrid sols GTS and
GTS-Ce.

few micrometres and the analyzed depth around 1 pm. Prior to anal-
ysis, samples were coated with a carbon layer to reduce the charging
effect. Images were recorded in a compositional mode using an energy
of 15 kV. EDS mapping was performed with a resolution of 512 lines.

Ultraviolet-visible (UV-vis) spectra (Perkin with Elmer Lambda
950 spectrophotometer) were acquired between 200 and 700 nm for
coatings deposited on SiO; substrates. Spectrum for the uncoated SiO;
substrate was recorded for reference.

X-ray photoelectron spectroscopy (XPS) was carried out using a
PHI-TFA XPS spectrometer (Physical Electronic Inc.). The vacuum
during the XPS analysis was in the range of 10~? mbar. The analyzed
area was 0.4 mm in diameter and the depth about 3-5 nm. X-rays
were provided from a monochromatic Al source at photon energy of
1486.6 eV. XPS spectra were analyzed by Multipak software, version
8.0 (Physical Electronics Inc.). The elemental composition was deter-
mined from survey spectra. An Art ion beam, with an energy of 4 keV
and a raster of 3 mm x 3 mm, was used for etching. The sputtering
rate was 2 nm/min, as determined on a Ni/Cr multilayer structure of
known thickness.
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Corrosion behavior of coatings.—The corrosion performance of
uncoated and coated AAT075-T6 substrates was tested using elec-
trochemical impedance spectroscopy (EIS) in a 0.1 mol/L. NaCl
aqueous solution at room temperature. An AUTOLAB PGSTAT
12 potentiostat/galvanostat, controlled by NOVA 1.11 software, was
used for measurements made in a three-electrode standard corrosion
cell (PAR Flat cell K0235, volume 250 mL}. An Ag/AgCl/saturated
KCl electrode was the reference electrode (0.192 V versus standard
hydrogen electrode), the platinum mesh was a counter electrode and
the tested material embedded in a Teflon holder was a working elec-
trode. The area exposed to the corrosion medium was 1 em?®, All
potentials in the text are given with respect to an Ag/AgCl electrode.
The EIS were performed at open circuit potential with an ac excita-
tion voltage of 10 mV in the range from 102 Hz to 10° Hz. Corrosion
resistunce was assessed by determining the modulus of impedance,
Z, from the Bode plot (Z vs. frequency) at a frequency of 1072 Hz.
Experiments were repeated at least three times and the most highly
representative measurement was chosen for plotting.

The development of corresion process on unceated and coated
substrates were also monitored by an immersion test carried out in
0.1 mol/L NaCl at room temperature, Samples were placed in a DU-
RAN glass flask containing 300 mL NaCl solution. The area of sample
exposed to electrolyte was 1450 mm?, giving a ratio of 0.207, thus in
accordance with the “Standard guide for laboratory immersion cor-
rosion testing of metals” (NACE TMO 169/631). Immersed samples
were monitored for 80 days.

Evaluation of the self-healing effect on scribed coatings.—To
evaluate the self-healing property of coatings, the samples were
scribed and the course of self-healing process was followed using dif-
ferent methods. Two types of scribe were created: (i) a cross shaped
scribe, with a depth of over 7 um, made with a diamond tip; the depth
of the scribe was larger than the coating depth and reached the un-
derlying substrate, and (ii) cross shaped indents, with a depth around
2-4 pm, made using a Vickers diamond indenter within the coating
depth. The indents were made using a Fisherscope H100C tester at
the indentation load 2 N. The depth of the scribe was determined by
the profilometer (model Bruker DektakXT). The radius of the sty-
lus was 2 wm; it was used at a force of 30 mN. Map resolution was
10 pm/trace, scanned at a spotsize of 1 mm x 1 mm, The vertical anal-
ysis range was 65.5 pm and the vertical resolution 0.167 pm/point.
Data was processed using Bruker Vision 64 and TalyMap Gold 6.2
software. Three measurements were performed at different sites of the
scribe and the mean value was determined.

Figure 2. (a) Schematic presentation of the coatings GTS, GTS-
Ce and GTS-Ce+GTS and drying and curing treatments. SEM
images of AAT075-T6 coated with (b) GTS, (¢) GTS-Ce and (d)
GTS-Ce+GTS coatings. The numbers 1-9 denote locations where
EDS analysis was carried out (Table T). Note that all coatings are
bilayer coatings.

Scribed GTS, GTS-Ce and GTS-Ce+GTS coatings were exposed
to the 0.1 mol/L, NaCl solution for varicus immersion times to follow
the self-healing. EIS spectra were recorded during the course of im-
mersion. The morphological changes at the scribe were monitored as
a function of immersion time using an optical microscope (Olympus
BX51). The magnification and light were controlled and kept con-
stant throughout the experiment. At the end of the immersion test,
SEMV/EDS and XPS analyses were carried out.

Results and Discussion

The morphology, composition and corrosion properties of the un-
coated and coated AAT075-T6 samples were analyzed. The study
was divided into three parts: (i) characterization of as-prepared coat-
ings, (ii) corrosion behavior of unscribed coatings and (iii) corrosion
behavior of scribed coatings.

Coating characterization.—Ellipsometry—The thickness of
GTS, GTS-Ce and GTS-Ce+GTS coatings deposited on glass-slides
was measured by ellipsometry. The total thickness of GTS coating
was 5.3 & 0.4 pm, of GTS-Ce was 7.0 £ 0.7 pm and of GTS-Ce +
GTS coating was 6.0 + 0.6 pm. The GTS-Ce coating was thicker as
a result of the presence of cerium, which was ascribed to increased
porosity, i.e. free volumes in the hybrid network, as will be described
below.

SEM/EDS analysis.—The morphology and composition of differ-
ent coatings applied on AA7075-T6 were investigated by SEM/EDS
analysis (Fig. 2, Table I). The surface of the GTS coating applied on
AAT075-T6 was shown by SEM/EDS analysis to be homogeneous
(Fig. 2b). EDS analysis shows Si and O as only elements of the coat-
ings; Al and alloying elements were not detected, since the coating
thickness was greater than 5 p.m.** The concentrations of Si and O at
locations 1, 2 and 3 were similar, indicating homogeneous composi-
tion over the surface. At the surface of GTS-Ce coating in addition to
Si and O, a small concentration of Ce (up to 1 at.%) was identified at
all three locations 4, 5 and 6 (Fig. 2¢, Table I). Although the coating
was homogeneous as GTS, some underlying structure in the form of
grains is evident (Fig. 2¢). This may be caused by the incorporation
of cerium, It has been shown that the addition of cerium affects the
structure of the hybrid sols in several ways: Ce promotes inorganic
and organic polymerization of the network and the process of opening
of the epoxy ring.*® The degree of this effect is, however, dependent
on Ce concentration in the sol. When Ce is present at low concen-
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Table L. Concentrations of clements obtained by EDS analysis
at various locations on the AA7075-T6 alloy coated with GTS
(locations 1-3), GTS-Ce (locations 4-6) and GTS-Ce+GTS
(locations 7-9) coatings. Locations are denoted on SEM images
in Fig. 2.

Location Si [at.%] O [at.%] Ce [at.%]
1 37.7 62.3 !

2 34.7 653 /

3 333 66.7 /

4 353 63.8 0.9

5 353 64.0 0.7

6 36.9 62.5 0.6

7 351 64.9 /

8 374 62.6 /

9 3338 66.2 /

tration, the condensation and polymerization of both inorganic and
organic networks are favored. When present at higher concentrations
(> 0.01 mol/L), the polymerization of incrganic network is favored
and may lead to destabilization of the Si—O—Si structure and possible
creation of free volumes (pores) in the hybrid.*® Atomic radius of Ce is
larger than that of Si (185 and 110 pm, respectively) which is another
factor which can cause internal stress. The Ce concentration used
herein is 0.05 mol/L, which may already be in the range when desta-
bilization of the network may occur leading to the structure observed
in Fig, 2c, However, this higher Ce concentration may be beneficial
for the self-healing effect, as will be shown below. The surface of the
GTS-Ce+GTS coating was hemogeneous and similar to that of GTS,
as confirmed by EDS analysis (Fig. 2d). The absence of cerium at the
surface of the GTS-Ce+GTS coating confirms that the deposition of
the second layer (GTS) completely covered the underlying GTS-Ce
layer. No structure similar to that in GTS-Ce (Fig. 2c) was observed
indicating that the outer GTS layer does not destabilize the coating
structure and that incorporated cerium was locked in the inner layer,
closer to metal surface,

EDS analysis confirmed the presence of cerium but it could not
differentiate between two oxidation states Ce®* and Ce*t. UV-vis
analysis is explored for that purpose. UV-vis spectra recorded on un-
coated Si0; substrate and substrates coated with GTS-Ce and with
GTS-Ce+GTS coatings are presented in Fig. 3. The GTS-Ce coating
absorbs some visible light in the range from 300 to 500 nm. Since
Ce** ions are colorless and Ce** are yellow, this coating contains at
least some amount of cerium ions in Ce** oxidation state. Although
Ce is added in the sol in the form of Ce**, during the sol-gel synthesis

2.0 ¢

— 5i0, glass
. GTS-Ce
==+ GTS-Ce+GTS

300 350 400 450 500
A [nm]

Figure 3. UV-vis-NIR spectra of uncoated Si0; and S$i0; coated with GTS-
Ce and GTS-Ce+GTS in the range from 300 to 700 nm. Coatings were cured
from a room temperature, with a ramp of 5°C/min, up to the 120°C and cured
for 1 hour at 120°C.
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and especially during curing process at 120°C it can be partially oxi-
dized to Ce™*, as evident by slightly yellow coloration of the coating.
In contrast, UV-vis spectrum for the GTS-Ce+GTS coating shows
only a slightly different curve compared to substrate, i.e. no evidence
of Ce(1V). After curing at 120°C, the coating remained colorless and
not yellow as GTS-Ce coating. Although both coatings (GTS-Ce and
GTS-Ce+GTS) contain GTS-Ce as an inner layer (Fig. 2a), the ditter-
ence between two coatings arises from the curing procedure. Namely,
whilst GTS-Ce coating was finally cured for 1 h at 120°C where ox-
idation of Ce™* to Ce** can take place, in the case of GTS-Ce+GTS
coating the final curing does not affect the underlying GTS-Ce layer
and Ce remained mainly as colorless Ce’t. Intermediate drying for
3 min at 100°C was not sufficient to produce significant amount of
Ce*t species.

Corrosion behavior of unscribed coatings in nacl solution.—
Electrochemical impedance analysis.—EIS as a non-destructive
method was used to in situ follow the electrochemical properties of
the uncoated and coated substrates. The magnitudes of the impedance,
|Z|, and the phase angle, ¢, as a function of the frequency, f, (Bode
plots) for uncoated and variously coated AAT075-T6 substrates are
presented for different immersion time up to 25 days (Fig. 4). The
uncoated AA7075-T6 sample shows an EIS spectrum (Figs. 4a, 4b)
typical of pitting corrosion, as described by Mansfeld and Wang,*’
i.e, transmission line type impedance and a minimum in the phase
angle at lower frequencies. The plot of [Z] vs. f shows transmission at
frequencies of 10 to 10°, depending on the immersion time (Fig. 4a).
With prolonged immersion the transition shifted to lower frequencies
and the impedance increased within one order of magnitude. This may
be related to the gradual formation of an oxide layer during the course
of immersion which offers a certain degree of protection. In conse-
quence, the maximum of the ¢ vs. f plot shifted to lower frequencies
(Fig. 4b) and the phase angle at the lowest frequencies increased.

Coated substrates showed different Bode plots from those of un-
coated substrate. The results are interpreted qualitatively in accor-
dance with the modelling of physicochemical processes reported for
aluminum alloys coated with hybrid sol-gel coatings incorporating
Ce(NQ;); 214850 In general, in Bode plots of |Z| vs. f three distinct
regions are evident: high frequency range related to the outer part
of the coating at the coating/electrolyte interface, intermediate fre-
quency range related to the inner part of the coating and intermediate
oxide-based layer formed between Al substrate and sol-gel coating
(natural aluminum oxide layer Al-O—Al and Al—O—Si bonds®' at
the substrate/coating interface), and low frequency range related to
corrosion process at the inner metal/sol-gel coating interface. During
immersion, the pore resistance of the coating as well as the resis-
tance of the intermediate oxide layer are important for compactness
of the interface between the substrate and sol-gel coating. Stable and
dense interface prevents the formation of conductive pathways and
electrolyte ingress to the substrate. This process then leads to the lo-
cal corrosion process expressed by the double layer capacitance and
charge transfer resistance at the low frequency side.

On the immersion, two time constants are present in Bode plots
for the GTS coating, at high frequency of 10° Hz and intermediate
frequency of 1 Hz (Figs. 4¢, 4d), related to the sol-gel coating and in-
termediate oxide layer. Coatings shows some barrier effect evidenced
by increased Z in the low frequency range. After 2 days of immersion,
a low frequency resistive part appeared, as reflected in the progres-
sive decrease in impedance, probably related to the cracks formed in
the intermediate oxide layer that allow ingress of electrolyte. In the
¢ vs. f plot, signs of corrosion at the inner substrate/coating inter-
face (low frequency) were visible at the same time (Fig. 4d). On the
high frequency side, reflecting the coating capacitance, the value of ¢
also decreased, indicating deterioration of the coating that progressed
further at longer immersion times.

Similar to GTS, the GTS-Ce coating (Figs. 4e, 4f) also shows
barrier protection. However, at the low frequency part (inner interface
substrate/coating) the resistive part was smaller, and the ¢ vs. f plot
showed that the ¢ values were initially much lower, indicating lower
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Figure 4. Bode plots of magnitude of impedance and phase angle recorded after various immersion times in 0.1 mol/L NaCl (from 1 h to 25 days) for (a, b}
uncoated AA7075-T6, and for AATO73-T6 coated with (c, d) GTS, (e, f) GTS-Ce, and (g, h) GTS-Ce+GTS coatings.
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stability of this coating. This may be related to the incorporation of
Ce which may destabilize the structure of the coating® and/or to
progressive release of cerium from the coating which, at the same
time, leaves the porous structure underseath susceptible to corrosion.

Finally, the GTS-Ce+GTS coating exhibited behavior that can be
attributed to barrier effect and self-healing. Namely, on immersion
and up to the following 3 days, trend in the |Z| vs. f plot (Fig. 4g)
was similar to that for the GTS coating, i.e. progressive appearance
of resistive behavior at low and intermediate frequencies. However,
the values of ¢ were high, around —80°, in both high and low fre-
quency regions, indicating stability of the coating (Fig. 4h). After 4
days, the impedance at low frequencies started to increase again, and
the values of ¢ at the maximum were high and remained so at low
frequencies, which may be ascribed to high charge transfer resistance
of Ce-containing multilayer coating.”® Only after 25 days were signs
of corrosion noted — Z at low frequency decreased (Fig. 4g) and ¢
values formed a peak with low values on both low and high frequency
sides (Fig. 4h).#54

The impedance value determined at 0.01 Hz in the Bode plot
of modulus of impedance vs. frequency was chosen as the parame-
ter representing the corrosion resistance of the coating.’> Values of
Zyo1 1, as a function of immersion time are presented for uncoated
and coated samples (Fig. 5). The Zyg; 1, value of uncoated sample
AA7075-T6 gradually increased with time over the first 14 days for
approximately one order of magnitude, reaching 2-10* © cm”. The
uncoated AA7075-T6 surface is in direct contact with the electrolyte
solution and becomes covered by an oxide that gradually forms and
acts protectively for a certain period of time.* On immersion, the
Zy01 1, value of the GTS coated substrate was larger, by more than
two orders of magnitude (Zoo 1, = 4-10° Q cm?), than that of the
uncoated sample, confirming the barrier protective properties of the
coating. After 3 days of immersion the Zy; 11, values decreased grad-
ually, which may be the result of the porous nature of the coating and
the diffusion of the chloride anions into the coating where they interact
with the substrate. Z values of the GTS-Ce coated sample were, at the
beginning of immersion, similar to those of the GTS coating (1.5-10°
Q cm?). After 1 day of immersion, however, the value of Z; g, de-
creased, indicating that the almost all cerium was released from the
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Figure 5. Values of Zg; 11, (impedance at 0.01 Hz determined from Bode
plots, Fig. 4) for uncoated and variously coated AA7075-T6 as a function of
immersion time in 0.1 mol/L NaCl.

coating. At immersion times longer than 14 days, uncoated and GTS
and GTS-Ce coated samples deteriorated but the latter coating still
showed higher impedance indicating beneficial effect of Ce addition.

The trend of the Zy g 11, value of the GTS-Ce+GTS coating, how-
ever, was different. At the beginning of immersion the value of Z was
large, similar to that for the GTS coating (4-10° Q cm?). After 3 days
of immersion it was reduced to 10° Q cm?, After 4 days of immer-
sion, however, it again increased, almost to its initial value of 2-10°
© cm? and remained stable for up to 21 days of immersion. After 25
days of immersion, the value of Zo | u, decreased to 2:10°  cm? but
remained larger compared to other two coatings.

Immersion testing.—The lifespan of differently coated AA7075-
T6 samples was followed using the NACE TMO 169/631 immersion
test in 0.1 mol/L. NaCl for up to 80 days (Fig. 6). Pitting and galvanic
corrosion of an uncoated sample was visible after 1 day of immer-
sion. Corrosion of a GTS coating was visible on the borders after

Oh 1day 2days 7days 14days 21 days 31days 40 davs 50 days 60 days 70 days 80 days

6.5cm

AA7075

o I.II I. I ;'
o I i' I I II l
AA7075_GTS-Ce+GTS

Figure 6. Images of uncoated AA7075-T6 and AA7075-T6 with GTS, GTS-Ce and GTS-Ce+GTS coatings during an immersion test in 0.1 mol/L NaCl at room
temperature. Images were taken after different times of immersion up to 80 days (NACE TMO 169/631 immersion test).
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Figure 7. SEM image of AA7075-T6 coated with GTS-Ce+GTS after 4 days
of immersion in 0.1 mol/L NaCl. The numbers 1, 2 and 3 on the SEM image
denote locations where EDS analysis was carried out (given in Supplement
materials as Fig. §1). The SEM image was taken in compositional mode.

7 days and was spread throughout the surface after 21 days. The cor-
rosion resistance of the GTS coating is the result of its good barrier
properties.* The GTS-Ce coating remained undamaged for 40 days
of immersion, which may the result of the active corrosion inhibition
caused by cerium. The longest period of resistance to corrosion was
observed for samples coated with a GTS-Ce+GTS coating which re-
mained virtually undamaged up to 70 days of immersion, at which
point corrosion was observed on the borders. Based on EIS results
{Figs. 4, 5) and immersion test (Fig. 6), an efficient protection is ob-
served to GTS-Ce+GTS coating. Thus, even when some pits were
formed during 70 days of immersion, they were healed by the action
of cerium ions.

SEM/EDS analyses.—To study the role of cerium in the self-
healing effect in more detail, AA7075-T6 prepared with a GTS-
Ce+GTS coating was immersed for 4 days in 0.1 mol/L NaCl. Sam-
ples were then inspected using SEM/EDS (Fig. 7 and Fig. 51). After
immersion, numerous bright deposits were shown (o be present at
the surface. Since images were recorded in compositional mode, the
brightness is related to atomic mass. These bright deposits (Fig. 7)
contained cerium and oxygen (Fig. S1, spectra at locations 1 and 2),
indicating the formation of cerium hydroxide or oxide. In addition
to Ce and O, Si was detected as a major element of the surrounding
coating. It is known that the deposition of Ce-oxides proceeds at the
cathodic sites at the surface which are, in the case of AA7075-T6,
Cu-containing intermetallic particles (IMPs).>*>* The fact that no Cu
could be identified at the intermetallic particles proves that the de-
posits of Ce hydroxide/oxide are thicker than is the EDS analysis
depth, i.e. several micrometers. At the surrounding surface, where no
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Figure 9. Bode plots of the magnitude of (a) impedance and (b) phase angle
for a scribed GTS-Ce+GTS coating deposited on AA7(75-T6 after various
immersion times in 0.1 mol/L. NaCl.

bright deposits were formed, no Ce was detected (or the deposits were
too thin to be detected by EDS) but only Si and O (Fig. S1, location
3). The presence of Ce in the deposits indicates that it was concen-
trated at particular sites at the surface, presumably at IMPs which
are sites where cathodic reduction of oxygen proceeds and leads to
release of hydroxyl iens and consequent increase in pH; a local pH
inecrease to about 8.5 enables the precipitation of cerium oxide and for
hydroxide 22736

4 day 14 day 21 day
o

Figure 8, Optical microscope images of the cross shaped scribe on AA7075-T6 coated with (a) GTS, GTS-Ce and (c) GT3-Ce+GTS coatings after various
immersion times in 0.1 mol/L NaCl. The depth of the scribe (~7 jum) was larger than the coating depth. The scale 200 jwm (a, 0 day) is the same for all presented

images.
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Figure 10. The impedance at 0.01 Hz, determined from Bode plots, of the
magnitude of impedance vs. frequency recorded for a scribed GTS-Ce+GTS
coating deposited on AA7075-T6 after various immersion times in 0.1 mol/L
NaCl

Corrosion behavior of scribed coatings in nacl solution.—The
self-healing property of the coatings was addressed directly, using a
cross-shaped scribe made at the surface. Scribe simulates the damage
on/inside the coating, First, set of experiments was performed on GTS,
GTS-Ce and GTS-Ce+GTS coatings scribed throughout the coating
with a depth of 7.5 + 0.4 pm, as determined by the profilometer.
Self-healing ability was evaluated following immersion in 0.1 mol/L
NaCl for up to 21 days. The propagation of the corrosion damage and
self-healing process was monitored using optical microscope images
of the scribe (Fig. 8). Secondly, EIS, SEM/EDS and XPS analyses
were carried out at the scribed GTS-Ce+GTS coating (Figs. 9-17).

Immersion testing.—Corrosion on GTS and GTS-Ce at the scribe
started after 4 days of immersion and spread over the surface (Figs.
8a, 8b). The width of the scribe on the GTS-Ce+GTS coating in-
creased over 3 days of immersion and some corrosion products were
observed (Fig. 8c). However, after 4 days of immersion the width
of the scribe was diminished, indicating self-healing of the damage
zone. Corrosion of the GTS-Ce+GTS coating was visible only after

Si Ko

500pm

500um
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Figure 11. SEM/EDS analysis of the cross-shaped scribe on coating GTS-
Ce+GTS, applied on AA7075-T6, alter 4 days of immersion in 0.1 mol/L
NaCl. The numbers 1-4 denote locations where EDS was carried out (Table II).
The depth of the scribe (~7 um) was larger than the coating depth.

21 days of immersion. Based on the obtained results, further study of
the self-healing effect was concentrated on the GTS-Ce+GTS coating
as GTS and GTS-Ce coatings did not show evidence of self-healing
ability.

Electrochemical impedance analysis.—The corrosion properties
of scribed GTS-Ce+GTS coatings were followed in situ during 21
days immersion in 0.1 mol/L. NaCl using EIS. The dependence of
the magnitude of impedance and phase angle on the frequency (Bode
plots) after different immersion times is shown in Fig. 9. The corro-
sion resistance is represented by the values of the magnitude of the
impedance determined at 0.01 Hz as a function of immersion time
(Fig. 10). The shape of EIS spectra changed with increasing time of
immersion. The most significant changes took place within 1 day of
immersion, confirming improved corrosion resistance and an increase
in Zy o) . value by more than one order of magnitude. With increasing
immersion time up to 4 days the impedance plot changed to a more
capacitive shape, with a pronounced linear range at the intermediate
frequencies (Fig. 9a). At the same time the phase angle plot changed
from that centered at intermediate frequencies to a plateau at the low
frequencies (Fig. 9b). After 4 days immersion, a broad plateau extend-
ing up to 1 Hz is formed (Fig. 9a), reaching a phase angle of —70°

Zn Lo1_2

Ce Ma

500um

Figure 12. EDS mapping of cross-shaped scribed on GTS-Ce+GTS coating deposited on AA7075-T6 after 4 days of immersion in 0.1 mol/L NaCl (SEM image

on Fig. 11). The depth of the scribe (~7 wm) was larger than the coating depth.
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Figure 13. SEM images of cross-shaped Vicker’s indents on a GTS-Ce+GTS
coating deposited on AA7075-T6: (a) as-prepared, and (b) alter being exposed
10 0.1 mol/L. NaCl for 4 days. The numbers 1-3 denote locations where EDS
spectra were recorded (given in Supplement material as Fig. 52). The depth of
the scribe (~2-4 pm) was smaller than the coating depth but the indentations
induced cracks.

(Fig. 9b). Spectra remained similar up to 14 days but, at longer immer-
sion times, the beginning of dissolution is observed as a progressive
reduction of |Z] and ¢ at the low frequency side.

The value of Zyg . of the scribed GTS-Ce+GTS coating in-
creased gradually from 2.10° £ ¢cm® to 10° € cm® in the first 2

2200
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days (Fig. 10). After 3 days, a small drop in the value of Zy n, was
observed (6-10* € em?), indicating that the corrosion process had
commenced. After 4 days, however, the Z g 11, value regained its pre-
vious value (10° £ cm?) and then remained stable up to 14 days of
immersion, confirming the healing of the scribed damage. After 21
days of immersion it again dropped to a smaller value (9-10° 2 cm?),
indicating that the corrosion process proceeded gradually.

SEM/EDS and XPS§ analyses.—SEM analysis of the scribed zone
after 4 days of immersion in 0.1 mol/L NaCl is presented in Fig. 11
accompanied by EDS analysis at locations 1-4 (Table IT). Cerium
was deposited on the surface at locations 1 and 2 and also within the
scribe, at locations 3 and 4. Therefore, self-healing of the damage site
observed during immersion is related to the deposition of cerium.

The presence of Ce was additionally corroborated using EDS map-
ping of the cross-shaped scribe (Fig. 12). Silicon and oxygen, the
main components of the coatings, were detected only outside the
scribe, since the coating was removed at the scribe, Aluminum and
the alloying elements zinc and magnesium were identified within the
scribe. Oxygen is also detected in the scribe associated with Al and Ce
oxide/hydroxides formed during immersion. Finally, cerium was ob-
served outside and inside the scribe, although in higher concentration
in the latter site. This results evidences that the migration of Ce from
the interior layer of the coating occurred and results in the deposition
of Ce compound, not only on the surface, but also on the damaged
area.

Secand set of experiments was carried out on GTS-Ce+GTS sam-
ple scribe damaged within the coating, i.e. at indentations 2 to 4 pum
deep, without reaching the underlying substrate. However, the inden-
tation procedure itself damaged the coating and induced cracks (Fig.
13a) although the depth of indents did not reach the substrate, as ev-
ident by EDS spectrum (Fig. 52, spectrum 1) showing only Si. No
such cracks were observed when using diamond blade (Fig. 11). The
sample was then again immersed in 0.1 mol/L NaCl for 4 days and
analyzed by SEM (Fig. 13b) and EDS at labelled positions (Fig. S2,
spectra 2 and 3). Cerium was deposited mainly within the scribed
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Figure 17. Non-normalized high resolution XPS Ce 3d spectra recorded
within a cross-shaped scribe on a GTS-Ce+GTS coating on AAT075-T6,
before, after 4 and 14 days of immersion in 0.1 mol/L NaCl. After 14 days
immersion the layer was etched using Art to reveal cerium deposits buried
under aluminum oxide layer.

area (label 3), while it was not detected out of the indents (label 2).
Cerium had obviously migrated from the underlying coating and was
deposited at damage sites after 4 days of immersion.

Therefore, in both cases — when scribed through the coating depth
to reach the underlying substrate, or within the coating depth, the
GTS-Ce+GTS coating was able to recover at damage site by the de-
position of Ce-containing compound. However, the cracks induced
by indentation propagate further during long-term immersion in NaCl
(Fig. 13b) resulting in the observed cracking pattern. Thercfore, in-
dentation technique may be used as a complementary technique but
that it may be more appropriate to use scribing procedure which does
not induce damage (e.g. diamond blade).

In order to complement the EDS results and to study the oxidation
state of Ce and elements of underlying substrate, XPS analysis was
explored. The XPS spectra were recorded prior the immersion, and
after 4 and 14 days of immersion in NaCl (Figs. 14-17). The diameter
of XPS analysis is approximately 400 pm, i.e. similar to the diameter
of the scribe. Therefore, the analysis identifies the elements coming
from substrate (i.e. within the scribe) and the coating remnants (after
being removed by diamond tip). The following elements were identi-
fied: Al and Zn originating from the substrate, O originating from the
substrate and coating, and 5i, C, and Ce related to the coating. Al 2p
and O 1 s spectra were curve fitted, whilst 8i 2p, Zn 2p, C 1 s and Ce
3d were described only qualitatively.

First, composition of surface prior immersion in NaCl will be
discussed. Aluminum can originate from metal (71.0-71.5 eV) and
aluminum oxide (74.6-74.8 eV) (Table 11I). A separate peak denoting
the bonding between Al and Si, A1—0—8i, related to covalent silane-
metal bonding®' (73,2-73.6 eV) was not taken into account herein as
we are concentrated on the processes within the scribe. Upon removal

Table II. Concentrations of elements obtained by EDS analysis at
different locations on the cross shaped scribe on GTS-Ce+GTS
coating deposited on AA7075-T6 after 4 days of immersion in
0.1 mol/L. NaCl (locations 1-4) (SEM images in Fig, 11},

Al 0 Si Zn Cu Ce
Laocation [at.%] [at.%] [at.%] [at.%] [at.%] [at.%]
1 70.9 23.8 79 1.9 / 0.1
2 60.3 34.8 30 4.2 1.7 0.1
3 70.4 21,7 1.7 5.2 1.0 0.3
4 62.4 25.6 2.8 6.7 22 0.2

of sol-gel coating within the scribe, Al oxide forms spontaneously.
Therefore, prior immersion, only Al oxide is identified within the
scribe (Fig. 14a, Table I1T). A small amount of zinc is also detected
originating from the AA7075-T6 substrate (Fig. 15a). The center of
the Zn 2psp peak is located at 1022.5 eV. XPS Zn 2p spectrum cannot
allow an exact differentiation between Zn metal and ZnO due to small
chemical shift of only 0.9 eV.%" Instead, Zn LMM spectra should be
used for this purpose but due to a small amount of Zn such analysis
would be ambiguous. Silicon originates from the coating. The Si 2p
peak is centered at 103.7 eV (Fig. 15b). This peak could be comprised
of several component peaks: $i—OH, Si—0—Si and Si—0—AL?'
Carbon Cls peak is centered at 284.8 eV and relates to adventitious
carbon and aliphatic carbon (C—C) present in the coating (Fig. 15¢).
However, the peak is quite broad which may be related to the presence
of ({C—0) bonds at 286.5 eV in the coating structure, as proposed also
based on FTIR spectra.** More detailed analysis of Si 2pand C 1 s
peaks is beyond the scope of this study and requires NMR analysis.

The O 1 s spectra can be separated into three component peaks:
oxide, 07—, at approx. 530 eV, hydroxide, OH, at approx. 531 &V,
and water, H,O, at approx. 533 eV (Fig. 16a)."%¢' Deconvolution of
the peak shows that the native layer is composed mostly of hydroxide
(Table II).

Prior immersion, four main peaks were observed in the Ce 3d
spectrum, at 882.6, 886.6, 901.8 and 905.1 eV (Fig. 17). The XPS
3d spectra of cerium compounds show a complex satellite structures
derived mainly from ligand to metal charge transfer transitions, i.e.
O 2p — 4f transitions.”? The Ce spectrum of Ce(III) compound is
composed of four peaks corresponding to two spin-orbit features at
880.9, 883.5, 899.1 and 903.4 ¢V.%? The spectrum of Ce(IV) com-
pound is composed of six peaks corresponding to three spin-orbit
features at 882.7, 886.6, 898.3, 901.3, 907.3 and 916.7 eV. It appears
that prior immersion cerium is present primarily in the Ce(III) oxi-
dation state, although some peaks may indicate the presence of small
amount Ce(I'V) state (i.e. at Ey, higher than 903 eV). It should be noted
that the concentration of Ce in sols GTS-Ce+GTS coating is very
low (0.05 mol/L). Consequently, the concentration in the coating is
also low, as evidenced by weak signal which is poorly defined. After
4 days of immersion the metal Al peak appears in the spectra (Fig.
14b), indicating that in the course of immersion Al oxide may be
dissolved exposing Al metal. The intensities of Zn and C peaks de-
creased, and the Si peak disappeared, probably due to the coverage by
deposited Ce-based layer. (Fig. 15). The O 1 s spectrum is still mainly
compaosed of hydroxide contribution (Fig. 16b, Table IIT). The pres-
ence of tetravalent cerium may be indicated by the peak at 916.7 eV
which distinguishes Ce(III) and Ce(IV) compounds (Fig. 17).5% Tak-
ing into account that two types of oxide/hydroxide are formed (Al-
and Ce-based), oxygen peak could be curve fitted by additional OH~
and/or O?~ component, as proposed previously.’*® Further study us-
ing well prepared standards would be required to corroborate further
differentiation between two components,

After 14 days of immersion, however, cerium was not identified
within the scribe (Fig. 17). This may be the consequence of progressive
formation of an aluminum oxide film within the scribe in the course
of prolonged immersion in 0.1 mol/L. NaCl (Fig. 14¢, Table IIT). At
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the same time, Zn signal disappeared, and that of C 1 significantly
increased which may be related to precipitation of coating remnants
within the scribe (Fig. 15¢). As the analysis diameter is similar to
scribe diameter it is difficult to differentiate the origin of the signal
(i.c. from seribe or surrounding coating remnants). It seems certain,
however, that formation of Al oxide covered the underlying cerium
oxide deposits. This was proved using Ar* etching which removed
approximately 26 nm of Aloxide layer (Fig. 17). After etching, cerium
was again detected within the scribe showing the characteristic peak
of Ce(IV) at 916.7 eV thus proving that Ce(III) is oxidized to Ce(IV)
species. The AlpO; peak disappeared and that of Al and Zn metals
increased (Figs. 14d, 15a).

Proposed mechanism of cerium inhibition and self-healing in
GTS-Ce+GTS coafings.—The proposed self-healing mechanism and
the role of Ce ions in the self-healing effect in the GTS-Ce+GTS coat-
ing can be summarized as follows. During immersion in aerated NaCl,
Ce** ions from the underlying GTS-Ce coating can oxidize to Ce**
through different pathways, assisted by O, or H,0,.'%?® SEM/EDS
and XPS analyses have confirmed that deposition of cerium within the
cross-shaped scribe increased after 4 days® immersion. The oxidation
state of cerium changes from mainly Ce(III) to Ce(IV). This process
takes place at the substrate/electrolyte interface, i.e. within the coat-
ing. As the self-healing experiments were carried out at the scribe
exposed to electrolyte, during the course of immersion the formation
of aluminum oxide takes place as well which then covers the cerium
oxide deposits underneath,

The self-healing ability may be achieved by the migration of
Ce(OH),™ to local damaged regions where these ions precipitate
as Ce(OH), and CeQ,, which are highly insoluble.'%** According
to thermodynamic calculations by Yasakau et al., Ce(OH),** are sta-
ble only at pH below 3, thus their presence at neutral and slightly
alkaline pH may be questionable.’® However, results obtained in the
present study show that the migration of Ce ions takes place as the
healing of corrosion damage site is noticed. The exact speciation of
migrating species could not be confirmed despite using different an-
alytical techniques (XPS, EDS). In the literature the exact nature of
migrating species has not been yet proven; this issue remains to be
investigated further. The self-healing cycle can be repeated as long as
Ce** are present in the coating.™ It was proposed that the Ce¥*+/Ce**
redox reaction is dynamic, and proceeds readily in both directions.™
According to results obtained using SEM/EDS, XPS and EIS, the self-
healing effect of the GTS-Ce+GTS coating is operative, even after 14
days of immersion in NaCl solution, because of the presence of Ce**
ions in the coating. Under these conditions the repetitive cycle of (i}
Ce* to Ce** oxidation, (i) Ce(OH),>* migration to damaged site, and
(iii) transformation Ce(OH)»2* to Ce(OH), can continue.™ The final
step in the mechanism is the formation of insoluble CeQ, at cathodic
sites, providing additional hindering of the corrosion process.

Atalongerimmersion time (21 days), the magnitude of impedance
decreased, indicating diminished self-healing ability. However, the
overall coating stability was still much higher than that of the coating
without cerium (GTS), or in the case of GTS-Ce (Fig. 5).

Conclusions

1. Three types of sol-gel coatings prepared based on TEOS,
GPTMS, S5i0; and Ce(NO;); and applied on AAT7075-T6 sub-
strates. This was done in order to produce a coating which would
exhibit a self-healing ability in chloride environment. Although
all three coatings (GTS, GTS-Ce and GTS-Ce+GTS) improved
the corrosion resistance of the substrate during 80 days immer-
sion in NaCl, only the GTS-Ce+GTS coating containing cerium
in the inner layer showed the self-healing properties. The GTS
coating provides only barrier protection. GTS-Ce coating may be
destabilized either due to the modified structure of the coatings
due to incorporation of Ce, or due to progressive outward leaching
of cerium which limits its role in the self-heling activity. Locking
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of Ce in the inner layer inhibits the destabilization of the coating
and prolong its activity in the self-healing process,

2. Active role of cerium in the inhibition process was proved by
long-term EIS measurements and immersion test on unscribed
and scribed coatings. Self-healing of the GTS-Ce+GTS coating
starts after 4 days of immersion in 0.1 mol/L NaCl. After an initial
decrease, the impedance at low frequency increased by more than
one order of magnitude proving the self-healing process, It is thus
demonstrated that the migration of cerium ions occurred. Cerium
is deposited on the alloy surface and within the cross-shaped
scribe, in the form of hydroxide. The latter insoluble compound
reduces the kinetics of the cathodic reaction and contributes to
self-healing of the coating.

3. Although gradually transformed into Ce(IV) hydroxide, both ox-
idation states (Ce(IIT) and Ce(TV)) were identified, even after 14
days of immersion, indicating that the self-healing process was
still operative.

4. All systems in the present work were found to have promising
applications and could be regarded as potential replacements for
hazardous chromate conversion coatings.

5. Future study will focus on the compatibility of these coatings with
organic top coatings, ¢.g. adhesion and the corrosion performance
of such full systems.
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Chapter 5

Conclusions and Future Outlook

This chapter summarizes all the experimental results and thesis objectives. The effect
of different pre-treatments on properties of aluminum alloys AA7075-T6 and AA2024-T3
were successfully studied and discussed. Moreover, hybrid sol-gel coatings for chromate
conversion coatings replacement were developed.

The main conclusions are listed and discussed under each stated objective.

1) To gain a systematic approach of mechanical and chemical pre-
treatment of aluminum alloys AA7075-T6 and AA2024-T3.

According to the results obtained in Chapter 2, both studied pre-treatments, mechanical
and chemical pre-treatments, improve corrosion resistance of aluminum alloys AA7075-T6
and AA2024-T3. It was found out that the surface of AA7075-T6 after polished under non-
aqueous liquid contains a higher amount of Mg compared to the surface of AA7075-T6
ground under water. Consequently, the corrosion potential of polished surface is more
negative and corrosion behavior is improved. The effect of mechanical pre-treatment is less
pronounced on the surface of AA2024-T3.

According to the XPS analysis, chemical treatment of AA7075-T6, based on NaOH
solution and followed by desmutting in HNOsj, resulted in Cu enrichment and Mg
dissolution. Cu deposits did not increase the current density in the cathodic range. Based
on the literature, we concluded that Cu deposits are electrically isolated from the matrix
and / or passivated due to the oxide formation, thus they do not affect the corrosion
properties of AA7075-T6. On the other hand, chemical treatment, based on NaOH and
HNO;, of AA2024-T3 completely removed intermetallic particles from the surface and
produced a rough layer at the surface.

After the treatment with a commercial cleaner, based on SurTec cleaning agent and
followed by desmutting in HNOj;, the surface of AA7075-T6 was morphologically more
similar to underwater ground surface of AA7075-T6. The effect of the commercial cleaner
on the morphology of AA2024-T3 was lower compared to AA7075-T6. Furthermore,
chemical treatments caused hydrophilicity of the surface of AA7075-T6 and AA2024-T3.
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To conclude, pre-treatments are complex and specific for each alloy. A further in situ
study, such as Scanning Vibrating Electrode Technique (SVET), is needed to completely
understand all processes which take place on the surface during pre-treatments.

The objective was achieved in Chapter 2.

2) To gain a barrier and active corrosion protection of hybrid sol-gel
coatings, based on GPTMS and TEOS.

According to the potentiodynamic and EIS results obtained in Chapter 3, hybrid sol-
gel coating based on GPTMS, TEOS and SiO, nanoparticles expressed the barrier effect of
coating. Addition of SiO, particles into the sol-gel coating has been reported to increase
the barrier effect by increasing the coating thickness, density and reinforcement [66]-[72].
Furthermore, corrosion inhibitor Ce(NOs)s was added to a hybrid sol-gel solution in order
to provide an active corrosion protection of AAT075-T6 by the slow release of Ce inhibitor
from the coating. The potentiodynamic polarization curves recorded in 0.1 M NaCl showed
that coating containing cerium improved corrosion properties of sol-gel coating, evidenced
by a decrease in current density. However, upon prolonged immersion a slow continuous
current density increase was noticed which may be related to a progressive release of cerium
from the coating leaving behind a porous structure, more susceptible to electrolyte ingress.
Moreover, a long-term EIS measurements confirmed that the presence of cerium retards
the degradation of coating. and increases its stability in 0.1 M NaCl. To conclude, hybrid
sol-gel coatings, based on GPTMS and TEOS precursors and containing SiO, particles and
Ce(NOs); provide a barrier and active corrosion protection of aluminum alloy AA7075.

The objective was achieved in Chapter 3.

3) To induce the in situ polymerization of the sol and to optimize
the synthesis and curing of hybrid sol-gel coatings.

According to the results obtained from ATR-FTIR and UV-vis-NIR spectroscopy, the
epoxy rings of GPTMS were opened and the reactions of hydrolysis and condensation were
completed. Based on the acidic reactions, the epoxy ring of GPTMS in the present work
was opened in accordance with the scheme in Figure 1.7B, leading to the product diol [64].
Consequently, the high degree of cross-linking of S+O-Si network structure and high density
was achieved in situ, during the synthesis of sol. Moreover, the effect of the curing
procedure on coating properties was confirmed. Ramp-heated samples demonstrated a
better corrosion behavior. The smaller current density and more positive corrosion
potential of ramp-heated coating might be the result of denser coating, which was
previously confirmed by the lower thickness and roughness and higher water angle as a
result of more uniform evaporation of solvents during the ramp heating.

The objective was achieved in Chapter 3.



65

4) To obtain a self-healing effect of scribed hybrid sol-gel coating.

Three types of bi-layer coatings were prepared, based on TEOS, GPTMS, SiO,
nanoparticles and Ce(NO;); and were applied on aluminum alloys AA7075-T6. Although
all three coatings (in Chapter 4 denoted as GTS, GTS-Ce and GTS-Ce+GTS) improved
the corrosion resistance of the substrate, only the GTS-Ce+GTS coating, containing cerium
in the inner layer, showed the self-healing properties. The undoped GTS coating provides
only barrier protection, whereas the GTS-Ce coating may be destabilized either due to the
modified structure of the coating due to incorporation of Ce, or due to progressive outward
leaching of cerium which limits its role in self-healing activity. Thus, locking of Ce in the
inner layer decreases the destabilization of the coating and prolongs its activity in the self-
healing process. The self-healing effect was confirmed by the long term EIS measurement,
when after 4 days of immersion the impedance value after the initial decrease started to
increase again confirming the self-healing. After 4 days of immersion, the scribe was
partially healed. Although most of cerium was transformed into Ce(IV) hydroxide, Ce(III)
was identified, even after 14 days of immersion, confirming that the self-healing process
was still possible due to progressive deposition of Ce-based deposits.

The objective was achieved in Chapter 4.

5) To develop hybrid sol-gel coating as a replacement for chromate
conversion coatings.

In accordance with the literature, developed coatings GTS, GTS-Ce and GTS-Ce+GTS,
from Chapter 3 and 4, are a promising replacement for toxic chromate conversion coatings.
Figure 1.11 represents potentiodynamic polarization measurements of uncoated AA7075-
T6 and AA7075-T6 coated with GTS, GTS-Ce, GTS-Ce+GTS coatings, and with chromate
conversion coating (CCC). It is noteworthy that the current density of coatings developed
herein is smaller compared to CCC coating. In addition to the smaller current density, the
advantage of herein developed coatings in comparison to CCC is in their color. CCC used
in this work is yellow, whereas the developed coatings are transparent. However, the
passivation range of CCC is greater compared to GTS, GTS-Ce and GTS-Ce+GTS
coatings. Furthermore, due to their hydrophilicity, coatings developed herein could be used
as primers for the deposition of water-based top coat/paints, which would additionally
expand their passivation range. However, additional experiments, such as salt spray
chamber testing and EIS measurements need to be carried out in order to provide all
requirements [84]-[86].
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Figure 1.11: Potentiodynamic polarization curves recorded in 0.1 M NaCl, after 1
hour of stabilization for uncoated AA7075-T6 and coated by GTS, GTS-Ce and GTS-
Ce+GTS and by green chromate primer-CCC.

The objective was achieved in Chapter 8 and Chapter 4.
Future work

In the present work, the exact reaction mechanism of the synthesis of hybrid sol-gel
coatings in the present work is missing, thus our first future objective is to use proton (*H
NMR), carbon-13 (*C NMR) and silicon-29 nuclear magnetic resonance spectroscopy (*Si
NMR), to facilitate the understanding of hybrid sol-gel coatings formation and the
mechanism of the epoxy rings opening.

The effect of chemical pre-treatments of aluminum alloys on deposition and corrosion
performance of conversion coatings has been extensively studied [25], [28], [31], [87]-[98],
but there is still a lack in the literature about the effect of different chemical pre-treatments
on deposition and on corrosion properties of deposited sol-gel coatings. Thus, one of our
future objectives is to study the effect of different chemical pre-treatments of aluminum
alloys on the deposition and corrosion performance of hybrid sol-gel coatings, to successfully
transfer and implement the sol-gel process to the industry.

Hybrid sol-gel coatings based on GPTMS and TEOS are replacement for primers in
industrial coating’s applications, which require a top coat/paint on it. Top coat/paint is
usually based on epoxy binders and can be applied to the primer with spray or dip coating
technique. One of the most important requirements for industrial application is excellent
adhesion between primer and top coat [99]. Thus, our future objective is to test the
adhesion between hybrid sol-gel coatings and organic paints (based on epoxy binders), as
well as the resistance of such a coating system against filiform corrosion, in salt chamber,
in order to test how these coatings, satisfy the most demanding industrial requirements.



67

One of the promising corrosion inhibitors for aluminum alloys are also lithium based
salts. They became of interest as potential corrosion inhibitors after reports of passivity of
aluminum when it is exposed to alkaline lithium salt solution [100]-[102]. Moreover, it was
found out that lithium-ions are able to leach from the organic coating and generate a
protective layer in the damaged area, establishing a self-healing effect [103]-[105]. Thus,
our future objective is to incorporate both, cerium and lithium inhibitors to the hybrid sol-
gel coating, to improve barrier properties, active corrosion protection and self-healing of
coating. We expect that such coatings will boost the performance of our hybrid sol-gel
coatings to the level of CCCs or even better.
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