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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. SiO2 nanoparticles were 

added to the precursors ҆s solution to achieve barrier property of coating, while Ce(NO3)3 

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(NO3)3 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 AA7075-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. 
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Povzetek 

Poudarek moje doktorske disertacije je na protikorozijski zaščiti aluminijevih zlitin. 

Prvi del raziskave je posvečen študiji vpliva različnih pred-priprav površine aluminijevih 

zlitin 7075-T6 in 2024-T3 na njihove površinske lastnosti. Testirala sem dve mehanski pred-

pripravi, brušenje na vodni osnovi in poliranje na ne-vodni osnovi, ter kemijski čiščenji na 

osnovi nekomercialnega čistila NaOH in na osnovi komercialnega čistila SurTec. Obema 

kemijskima čiščenjema je sledilo dodatno čiščenje z dušikovo kislino. Ugotovila sem, da ima 

mehanska pred-priprava večji vpliv na aluminijevo zlitino 7075-T6 kot na zlitino 2024-T3, 

ter da obe kemijski čiščenji zmanjšata korozijo aluminijevih zlitin in naredita njuno 

površino hidrofilno.  

Nadalje, predpripravi površine aluminijevih zlitin sledi nanos protikorozijske prevleke, 

ki bi v čim večji 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 zaščita nanešene na aluminijevo zlitino 7075-T6. Za dosego bariernih 

lastnosti prevleke sem prekurzorjema dodala SiO2 nanodelce, za dosego aktivne korozijske 

zaščite pa korozijski inhibitor Ce(NO3)3. Optimizacijo sinteze solov sem določila na podlagi 

ATR-FTIR in UV-vis-NIR rezultatov. Potrdila sem tudi odprtje epoksi obročev v GPTMS 

ter dokončani hidrolizo in kondenzacijo. Ugotovila sem visoko stopnjo mreženja med 

prekurzorjema GPTMS in TEOS, in situ, med samo sintezo. Potrdila sem tudi vpliv načina 

toplotne obdelave prevleke na njihove lastnosti.  

Na aluminijevo zlitino 7075-T6 sem nanesla dvoplastno prevleko, kjer je prva plast 

vsebovala Ce(NO3)3, druga ne. Ugotovila sem, da ima dodatek Ce aktivno vlogo pri 

samoceljenju prevleke, le če je vgrajen v prvo plast dvoplastne prevleke. Lastnosti prevleke 

sem določila s potopitvenim testom ter z elektrokemijskimi meritvami. Učinek samoceljenja 

prevleke sem potrdila tako, da sem nepoškodovane ter poškodovane vzorce potopila v 

elektrolit NaCl ter s potopitvenim testom, elektrokemijsko impedančno spektroskopijo, 

rentgensko fotoelektronsko spektroskopijo ter vrstično elektronsko mikroskopijo s kemično 

analizo opazovala razvoj oziroma zaviranje korozije po površini raze. 

V moji doktorski nalogi je bila narejena sistematična študija vpliva mehanske in 

kemične predobdelave aluminijevih zlitin 7075-T6 in 2024-T3, čemur je sledil razvoj 

hibridne sol-gel prevleke, ki izkazuje učinkovito protikorozijsko zaščito aluminijeve zlitine 

7075-T6 v kloridnem mediju in tako predstavlja dobro osnovo kot možno nadomestilo 

kromatnim prevlekam. 
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Chapter 1 

1 Introduction 

1.1 Definition of the Problem 

Reduction of CO2 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] 

 

 oxidation of aluminum in water: 

Al → Al3+ + 3e−        (1) 

 

 reduction of H+ protons, which are derived by the dissociation of water: 

3H+ + 3e−  →  
3

2
 H2        (2) 

 

 reduction of oxygen which is dissolved in water: 
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if media is alkaline or neutral: 

O2 + 2H2O + 4e−  → 4OH−        (3) 

 

if media is acidic: 

O2 + 4H+ + 4e−  → 2H2O      (4) 

 

According to diagrams of electrochemical potential vs. pH (so called Pourbaix diagrams 

[8]), EH 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, Al3+ ions are formed, 

while in alkaline media AlO2
- ions are formed. Between pH 4 and 9 is a range of passivation, 

where natural oxide film Al2O3 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 [8]. 

 

 

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 

wrought alloy 

Description 

 

1xxx 

Unalloyed composition that consists 

mainly of pure aluminum, mostly used in 

chemical and electrical industries. 

 

2xxx 

Alloys based on alloying element 

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. 

 

5xxx 

Alloys based on alloying element 

magnesium, mostly used in marine 

industry. 

 

6xxx 

Alloys based on alloying elements 

magnesium and silicon, mostly used for 

architectural extrusion. 

 

7xxx 

Alloys based on alloying element zinc, 

mostly used in aircraft structural 

components. 

8xxx Alloys based on lithium, iron or tin. 

9xxx Alloys reserved for the future. 
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Table 1.2: Designation of cast aluminum 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]. 

Designation of cast alloy Description 

 

1xx.x 

Unalloyed composition that consists 

mainly of pure aluminum, mostly used for 

rotor manufacture. 

2xx.x Alloys based on alloying element 

copper. 

 

3xx.x 

Alloys based on alloying element 

silicon, also copper and magnesium can be 

observed. 

4xx.x Alloys based on alloying element 

silicon.  

5xx.x Alloys based on alloying element 

magnesium.  

6xx.x Unused alloys.  

7xx.x Alloys based on alloying element zinc.  

8xx.x Alloys based on alloying element tin. 

9xx.x Un-used alloys.  
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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 

(wt%) 

Mg 

(wt%) 

Cu 

(wt%) 

Fe 

(wt%) 

Si 

(wt%) 

Mn 

(wt%) 

Ti 

(wt%) 

Cr 

(wt%) 

Al 

(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 AA7075-T6 and AA2024-T3 can be divided into the following 

categories [12]–[15]: 

 

 Small (up to µm);  

e.g. MgZn2, Mg2Al3, Al2Cu, formed by nucleation and growth from supersaturated 

solution during natural or artificial aging,  

 

 Larger (1-10 µm);  

e.g. Al3Fe, Al7Cu2Fe, Al2CuMg (S-phase), irregularly shaped and formed during 

alloy solidification, 

 

 Very small (< 1 µm);  

e.g. Al3Ti, Al6Mg, 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 (Al2Cu, Al7Cu2Fe), while some of them have high 

dissolution rate and can sustain an anodic current (MgZn2). Moreover, some IMPs include 

a noble element component (S-phase Al2CuMg), 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 AA7075-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.  

1.4 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] 
 

 Modification of the surface; anodization and chemical conversion 

coatings, 

 Modification of the medium; the addition of inhibitors into the medium,  
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 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 Cr3+ oxidation state and also compounds 

with Cr6+ oxidation state. The Cr6+ 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 Cr6+ into an insoluble 

Cr3+ 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 Cr6+ 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.  
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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)4 and metal 

organic alkoxide (R-O)4-nMRn
*, where M represents a network-forming element, such as Si, 

Ti, Zr, Al, etc., R is an alkyl group (CxH2x+1), 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.   

 

 

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. 

 

 

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 Al2O3, which is 

naturally formed on the surface of aluminum alloys (Figure 1.6) [46]. 

 

 
 

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 AA7075-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 Ce3+ 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)3 precipitates at the cathodic 

sites and can be further oxidized into the Ce(OH)4 and insoluble CeO2 , 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 Ce3+ 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 SiO2 nanoparticles and corrosion inhibitor Ce(NO3)3. 

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 AA7075-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 AA7075-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 SiO2 nanoparticles to gain 

a barrier property of coating and with Ce(NO3)3 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. 

 The polymerization of the sol is carried out in situ, during the 

synthesis. 

 Hybrid sol-gel coatings based on GPTMS, TEOS and SiO2 

nanoparticles have a barrier corrosion protection. 

 The incorporation of Ce(NO3)3 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. Kovač, I. Milošev, "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 AA7075-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 AA7075-

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. Milošev, A. Durán, Y. Castro, " Hybrid sol–gel 

coatings based on GPTMS/TEOS containing colloidal SiO2 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 HNO3 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 
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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(NO3)3 

in scribed hybrid sol-gel coatings applied on AA7075-T6 

    

Published in: U. Tiringer, Y. Castro, A Durán, I. Milošev, "Self-healing effect of 

Ce(NO3)3 in hybrid sol-gel coatings based on GPTMS, TEOS and SiO2 

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: 

 

 Methods for sol characterization: Fourier transform infrared 

spectroscopy (FTIR), Ultraviolet-visible-near infrared spectroscopy (UV-vis-NIR), 

viscosimeter.  

 

 Methods for surface/coating analysis: X-ray photoelectron 

spectroscopy (XPS), Scanning electron spectroscopy (SEM) equipped with energy 

dispersive X-ray spectroscopy (EDS). 

 

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

elipsometer. 

 

 Methods for electrochemical measurements: potentiodynamic 

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

 

 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 AA7075-T6 and AA2024-T3. Chapter 3 

describes the synthesis, characterization and corrosion behavior of hybrid sol–gel coatings 

based on GPTMS/TEOS containing colloidal SiO2 and cerium nitrate applied on aluminum 

alloy AA7075-T6. Finally, Chapter 4 describes the self-healing effect of Ce(NO3)3 in scribed 

hybrid sol-gel coatings based on GPTMS, TEOS and SiO2 nanoparticles and applied on 

aluminum alloy AA7075-T6. 
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Chapter 2 

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. 
 



18Chapter 2. Effect of Mechanical and Chemical Pre-treatments on the Morphology and 

Composition on Surfaces of Aluminum Alloys 7075-T6 and 2024-T3  

 

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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Chapter 3 

3 Hybrid Sol-Gel Coatings Based on 

GPTMS/TEOS Containing Colloidal 

SiO2 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, SiO2 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(NO3)3 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 SiO2 nanoparticles with the active 

corrosion protection of Ce(NO3)3. 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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Figure 1.9: Graphical abstract of chapter 3. 

 

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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Chapter 4 

4 Self-Healing Effect of Hybrid Sol-

Gel Coatings Based on GPTMS, 

TEOS, SiO2 Nanoparticles and 

Ce(NO3)3 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), tetraethoxysilane (TEOS), SiO2 

nanoparticles and Ce(NO3)3 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(NO3)3 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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Chapter 5 

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 HNO3, 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 

HNO3, 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 HNO3, 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 SiO2 nanoparticles expressed the barrier effect of 

coating. Addition of SiO2 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(NO3)3 was added to a hybrid sol-gel solution in order 

to provide an active corrosion protection of AA7075-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 SiO2 particles and 

Ce(NO3)3 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 Si ̶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.  
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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, SiO2 

nanoparticles and Ce(NO3)3 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 3 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 (1H 

NMR), carbon-13 (13C NMR) and silicon-29 nuclear magnetic resonance spectroscopy (29Si 

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. 
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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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