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“If you know then it is a disaster, and if you don’t know  

then it is a greater disaster.” 

Baha El-Din Al-Ikhmaymi. 
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1. INTRODUCTION 
Aluminum is a light, silvery-white metal and mostly the third most abundant metal in the Earth’s crust.  

It is also one of the most common elements in use today, but it has not always been the case. 

Etymologically, alumina (and by extension aluminum) comes from the Latin word “alumen”, term used 

to designate potassium alum KAl(SO4)2.12H2O during the Roman times.  

In 1821, Pierre Berthier discovered aluminum ore, called bauxite because he found it near the village of 

Les-Beaux-de-Provence in southern France. It was not only in 1854 that pure aluminum was 

successfully extracted by a French chemist, Henri Saint-Claire Deville who saw the potential and the 

future impact of this metal in our daily life.   

Alumina is considered to be one of the most stable oxides and its reduction to produce pure aluminum 

(Al) is very difficult (∆𝐺  = -1582 kJ mol-1). Throughout much of the 19th century, aluminum was 

considered as a very precious metal, as pure aluminum metal was harder to extract from nature than 

gold or silver. The first kilogram of aluminum manufactured in 1856 was more expensive than silver. 

As indication of its value, the Emperor Napoleon III had a special aluminum set for his important guests 

and in 1858, his infant was offered a rattle made of aluminum.  

Following the development of cost effective production processes, in less than a century aluminum 

became one of the most popular structural materials in the world. Today it is used in diverse range of 

applications in the automobile, construction and packaging industries. In the recent decades, aluminum 

alloys such as AA2024-T3 (Al-Cu-Mg) have been used in aerospace application for their excellent 

strength-to-weight ratio. The recent emphasis on developing lighter structures suggest that Al use will 

increase in the future.  

The difficulty with Al is the optimization of mechanical properties with corrosion resistance. It is well-

known that the alloying elements control the microstructure, and enhance remarkably the mechanical 

properties. However, they also lead to a highly heterogeneous surface chemistry leading to a decrease 

in corrosion resistance. One way to overcome this problem is to protect the aluminum alloy surface by 

coatings; the most efficient ones are CrVI based coatings. However, CrVI based formulations for surface 

treatments are CMR (carcinogenic, mutagenic, reprotoxic) and they have to be progressively removed 

from the market. Consequently, the focus of research has shifted to finding different alternatives to 

supersede CrVI. To date, no suitable candidates has been found.  

Surface treatments were extensively studied through a large variety of ex situ characterization methods, 

in view of developing and studying new processes and formulations. The literature describes the use of 

various techniques such as the scanning electron microscopy, X-ray photoelectron spectroscopy, weight 

loss measurements or ICP (Inductively coupled plasma) analysis of electrolyte baths to routinely 

monitor and assess the effectiveness of the surface treatment. It is commonly accepted that parameters 

such as surface topography, chemical distribution of the alloy, selective dissolution or dissolution rate 

(“etch rate”) determine the efficacy of the surface treatment. Obviously, the ultimate goal of these 
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characterization techniques is to be able to determine accurately the reactivity of very complex 

microstructure during the course of the surface treatment. Ideally, this knowledge should help tailoring 

new CrVI free formulations that will ensure excellent corrosion protection. In this context, the AESEC 

(atomic emission spectroelectrochemistry) would correspond to the ideal analytical tool for the in situ 

analysis of Al alloys reactivity in nearly industrial conditions. This method can give access to 

quantitative analysis of elemental dissolution rates at open circuit conditions. In addition, it can provide 

accurate measurement of etch rate, dissolution kinetics for about 30 elements or follow selective 

dissolution and enrichment mechanisms in real time. This is one of the specific interests of AESEC 

compared to the ex situ techniques mentioned above. Furthermore, AESEC contribution could be 

extended to the study of new formulations or alloys and give significant insights pertaining to the 

mechanisms involved during these surface treatments processes. 

The first part of this research was focused on the development of this methodology for our specific 

application. The AA2024 alloy has been extensively studied in a similar context and it therefore seemed 

to be the best reference for the optimization and the validation of our methodology, along with the 

modifications of our analytic procedure. The use of this combination provided answers about the 

reactivity of the alloy during an industrial pretreatment sequence. It furthermore enabled the 

determination of dissolution kinetic, the specific observation of the detachment of intermetallic particles 

and the selective dissolution mechanism in real time. This methodology could be used on a daily basis 

as a powerful characterization tool. In the long term, this would help to tailor formulations as a function 

of the substrate and accelerate the development of more environmental friendly coatings. 

In a second part, this study was expanded to include the new Aluminum – Copper – Lithium alloy 

AA2050. Lithium addition proved to be beneficial, as it improves weight reduction and enhances the 

mechanical properties. However, because it is very light, Li is very difficult to analyze with most of the 

usual characterization techniques. As a result, unlike the AA2024, no information exists about Li 

reactivity during surface treatment or about the underlying mechanims. This methodology appears to be 

the only one that can provide information about the behavior of Li during a complete surface treatment 

sequence. 

This PhD dissertation is organized into 5 chapters: 

 Chapter I gives a literature review of Al alloys: their manufacture, corrosion susceptibility, 

general microstructure, with a specific focus on the 2XXX series, AA2024 and AA2050 which 

are the two alloys studied within the scope of this research project. 

Chapter II to V will cover in details the results of the dissertation, and each chapter will be presented as 

a standalone paper, as the majority is or will be published individually.  

 Chapter II will present the main methodology used during this PhD and its development, the 

experimental procedure and the materials studied. 
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 Chapter III will be devoted to the presentation of the results on the AA2024-T3 alloy, allowing 

us to optimize and validate our approach. 

 Chapter IV will focus on the new Al-Li AA2050-T3 alloy and present the results dealing with 

the in situ analysis of the corrosion product 

 Chapter V will be devoted to the surface characterization of the AA2050-T3 after pretreatment 

and potentiodynamic polarization, in order to provide new data in terms of corrosion product 

formation mechanisms and its structure. 

 The preliminary studies and conclusion part will summarize the different results and give the 

perspectives of this thesis. In addition, some preliminary results on the reactivity of single 

phases illustrated by the S-phase, and an introduction to the use of statistics applied to the 

particle detachment during the pretreatment will be given.  
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2. STATE OF THE ART 

2.1. Generalities on Aluminum  

Aluminum consumption has constantly increased since the 19th century and has become the second most 

used metal just behind steel. It is widely used for automotive, aerospace, packaging but also building 

and construction applications. The main benefits of using Al are its low volumetric mass density (2.7 g 

cm-3), low thermal conductivity (equivalent to 60 % of copper thermal conductivity), and its good 

corrosion resistance [1]. Moreover, Al is easily recyclable which is a very important factor in the context 

of recycle friendly politics.  

The Pourbaix diagram of Al in water at 25°C is given in Fig. 1.  [2] This diagram gives an overview of 

the thermodynamic stability of Al as a function of potential and pH. This diagram shows that the 

corrosion of Al is pH - dependent as in acidic and alkaline media (below pH 4 and above 8), a general 

dissolution of Al will occur to form Al(III) species and generate hydrogen during the reaction: 

 

𝐴𝑙 + 3𝐻+ →  𝐴𝑙3+ + 3
2⁄  𝐻2    (Acid)  (1) 

 

𝐴𝑙 +  𝐻2𝑂 + 𝑂𝐻− → 𝐴𝑙𝑂2
_ +  3 2⁄ 𝐻2    (Alkaline) (2) 

 

Between these two ranges, Al appears to be kinetically stable by forming a thin film of Al2O3.nH2O 

approximately 1 nm thick which protects the metal by forming a barrier between it and the environment. 

The immunity however is not accessible at potentials below 9, as at this domain, water is no longer 

stable. The nature of the protective oxide film varies according to the temperature, pH of the electrolyte 

and immersion time. When Al is exposed to nearly boiling water, relatively thick and amorphous barrier 

oxide layer, called boehmite can form (Al2O3.H2O 𝛾). At lower temperature however, the bayerite form 

is predominant aluminum trihydroxide (Al(OH)3) but other forms of Al oxides can form such as gibbsite 

Al(OH)3 or hydrargilite (Al2O3.3H2O) during the aging of boehmite [2]. 
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Figure 1: Pourbaix diagram of Aluminum in water at 25°C [2]. 

 

However, pure Al does not meet the mechanical properties requirements of the market (transport, civil 

engineering, heat exchangers…[1]), and has to be alloyed with different elements such as copper, 

magnesium, zinc, lithium or manganese. An International Alloying Designation System was introduced 

in the 1970s allowing the distinction between alloy series to facilitate their identification between the 

countries. This designation provides to each alloy a four number series, as the first number refers to the 

main alloying element present. They have been divided from the AA1XXX series to the AA8XXX 

series. Table 1 gives the specifications of the different series relative to Aluminum alloys [3][4]. 

 

Table 1: Specifications of the different Aluminum Alloy series reported in the literature. 

Series Main alloying elements present in the alloy 

1XXX Pure Al (99.9%) Al 

2XXX Al-Cu, Al-Cu-Mg and Al-Cu-Li alloys 

3XXX Al-Mn and Al-Mn-Mg alloys 

4XXX Al-Si alloys 

5XXX Al-Mg alloys 

6XXX Al-Mg-Si alloys 

7XXX Al-Zn-Mg and Al-Zn-Mg-Cu alloys 

8XXX Other(s) 
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2.2. Age hardening and thermal treatment. 

The age hardening takes a fundamental place in the alloy processing as it defines the microstructure and 

influence the mechanical and corrosion properties of the alloy. Of all the wrought alloys presented 

above, only the 2XXX, 6XXX and 7XXX series are heat treatable [5]. These alloys are designed by a 

letter T and a number which corresponds to specific heat treatment conditions. This designation follows 

the 4 number series attributed to each alloy. On the other hand, 1XXX, 3XXX, 4XXX and 5XXX are 

non-heat treatable and their mechanical properties are associated with strain hardening. They are usually 

alloyed with zinc, iron, chromium or magnesium whereas heat treatable alloys contain higher 

concentration of copper. Their mechanical properties increase with phase precipitation during the heat 

treatment. Generally, the age hardening is defined by three steps [6]: 

- The solution treatment, generally at 460 - 565°C, where the soluble alloying elements are 

dissolved in the Aluminum solution. 

- The quenching, where the solution is rapidly cooled -usually at room temperature- to obtain a 

supersaturated solid solution (SSSS) of the alloying element in the Aluminum matrix. 

- An age hardening to form from the SSSS the fine precipitates in the Aluminum matrix. The 

aging parameters (time and temperature) will have an impact on the precipitates size and 

distribution. Usually the aging temperature is between 115-195°C. 

 

The mechanical properties of the 2XXX series Al alloys are determined by the thermomechanical 

treatment. Usually, the alloying elements form clusters coherent with the matrix, called Guinier-Preston 

(GP) zones. These zones are ordered, and they are only one or two atoms planes in thickness. As they 

grow with temperature and time in the 𝛼(Al) solid solution phase, they become incoherent with the 

lattice. In the case of the Al-Cu phase diagram, the formation of the 𝜃 phase (Al2Cu) follows this 

precipitation sequence: 

𝛼𝑆𝑆𝑆𝑆 → 𝐺𝑃 𝑧𝑜𝑛𝑒 → 𝜃′′ → 𝜃′ → 𝜃(𝐴𝑙2𝐶𝑢)    (3) 

 

On the other hand, the nucleation of Al-Cu-Mg precipitates is determined by the Al-Cu-Mg ternary 

diagram: 

𝛼𝑆𝑆𝑆𝑆 → 𝐺𝑃(𝐶𝑢, 𝑀𝑔) 𝑧𝑜𝑛𝑒 → 𝑆′′ → 𝑆′ → 𝑆(𝐴𝑙2𝐶𝑢𝑀𝑔)   (4) 

 

The copper in solid solution will segregate as clusters and then precipitate as GP zones to form very 

rapidly as rods along the < 100 >𝛼  direction. This is followed by the formation of the S’ precipitates 

as laths in {210}𝛼  planes along < 001 >𝛼  direction. They are semi-coherent and nucleated at 

dislocations. Fig. 2 represents a section of the ternary Al-Cu-Mg phase diagram at 460°C and 190°C 

[6]. 
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Figure 2: Section of ternary Al-Cu-Mg phase diagram at 460°C and 190°C (estimated). 𝜽= Al2Cu, S= 

Al2CuMg, T= Al6CuMg4 

 

2.3. Aluminum 2024-T3: microstructure 

In the past few years, alloy development has been continuously progressing to meet the requirements of 

the aircraft industry. Al-Cu alloys also referred as the 2000 series aluminum alloys are widely used as 

they provide an excellent strength to weight ratio, high damage tolerance and fatigue resistance.  In the 

case of the AA2024-T3, an aluminum-copper-magnesium alloy, the addition of Cu and Mg considerably 

increases the mechanical properties. The enhanced mechanical properties are the consequence of the 

alloying elements addition with the effect of a heat treatment which allows the control of the alloy 

features without affecting its weight. Table 2 gives the general composition of the AA2024-T3 used for 

this study. 

 

Table 2: Chemical composition of AA2024-T3 used during this PhD (wt %) 

 

The heat treatment takes a fundamental place during the alloy manufacture, as the mechanical properties 

improve with the precipitation of the alloying elements into intermetallic compounds [5]. Recently, Boa 

et al. reported that these intermetallic particles represent approximately 2.83 % of the total surface [7]. 

The literature refers to three categories of intermetallic particles which exhibit specific characteristics. 

Hardening precipitates start by clustering in the matrix and the grain boundaries from the solid solution 

as a called Guinier-Preston zone and they grow by segregation as a function of the temperature and 

aging time. Their sizes usually vary between 50 nm and few microns and they participate to the 

2024-T3  

wt % 

Al Cu Mg Mn Fe Si Zn Ti Cr Ni Zr 

bal 4.21 1.38 0.48 0.13 0.066 0.12 0.023 0.0051 0.0059 0.0138 
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mechanical properties. In the case of the 2000 series Aluminum alloys, the S phase-Al2CuMg- or the 𝜃 

phase- Al2Cu- are examples of hardening precipitates, furthermore as needles or rods [8]. 

 

Dispersoids are the finest intermetallic particles as their sizes do not exceed 500 nm. They form during 

the homogenization of the ingot by solid state precipitation. Their main role is to prevent the 

recrystallization process and to control grain growth. They are highly insoluble, as once formed, they 

are not affected by age hardening and they are usually associated with Titanium, Zirconium, Manganese 

or Chromium. For example, Al12Mn3Si, Al3Zr, Al3Ti or Al20Cu2Mn3 typical dispersoids are found in Al-

alloys [3,6]. 

 

Constituent particles (also called coarse intermetallic compounds) are the largest intermetallic particles 

and they generally do not affect the mechanical properties. One group, usually formed from impurities, 

is present in the solid solution during the solidification of the initial ingot and they generally do not 

respond to the heat treatment process. Common constituent particles reported in the literature of this 

group are Al7Cu2Fe, Al6(Fe,Mn) or Al12(Fe,Mn)3Si [6,7]. The second group however, also called soluble 

constituent particles, are composed of the main alloying elements and Al2Cu, Al2CuMg or Mg2Si are 

typical examples and can be dissolved during the ingot homogenization [6]. The Al-Cu-Fe-Mn-(Si) 

particles are irregularly shaped [9], they possess a high hardness [10] and their average size is between 

1 to 20 µm. However, their size is considerably reduced (0.5 to 10 µm) during the fabrication of cast 

ingot where they are fractured and become aligned. Table 3 gives a list of most of the intermetallic 

particles and their characteristics in 2000 series Al alloys. 

 

Table 3: List of the intermetallic particles found in 2XXX series Al alloys reported in the literature. 

Name and stoichiometry Size Characteristics and role 

S-phase Al2CuMg 
50 nm to 5 µm 

spherical [9] 

Hardening precipitate 

or Constituent particle 

𝜃 phase Al2Cu ~ 1 µm Hardening precipitate 

Al7Cu2Fe 

Al3Fe 

Al-Cu-Mn-Fe-Si 

Al6Mn 

ß phase Mg2Si 

~5-20 µm 

Large and irregularly shaped [9] 

 

Constituent particle 

Do not participate to the 

mechanical properties 

Detrimental effect on the 

corrosion resistance [6]. 

Al3Zr 0.05 to 0.5 µm Dispersoid 

Control grain growth 

Retard recrystallization [6] Al20Mn3Cu2 Rod shape, ~ 100 nm [3,8] 
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2.4. Alloy processing and effect of rolling on the surface microstructure 

During alloy processing, the final step consists in a mechanical shaping of the alloy to achieve a semi-

fabricated form [6]. The ingot passes through two sets of steel or copper rolls that rotate in opposite 

directions. As a consequence, the slab undergoes a severe deformation reducing its thickness to usually 

16-20 mm and up to 1800 mm in width [6,11]. This process, causes a considerable modification to 

surface and generates a new surface layer, induced by the breakdown of the intermetallic particles, their 

coverage by an aluminum oxide layer and their redistribution on the surface. This phenomenon has been 

mentioned in the 1980s and is increasingly studied in the context of corrosion susceptibility and surface 

treatment of Aluminum alloys. The rolling process will create a new surface layer approximately 3 to 5 

µm thick, characterized by a high porosity, fine grain structure [12] and incorporated oxides including 

𝛾-Al2O3 and MgO [13] (Fig. 3). The mechanism of the surface modification reported by Fishkis et al. 

[13] involves three steps: 

- Formations of surface depressions by plowing, adhesive wear, delamination wear or transverse 

surface cracking, 

- Filling of the cavities with wear debris which include oxide, metal and lubricants, 

- Coverage of the cavities with a thin metal layer during the rolling process creating a “shingled” 

surface appearance. 

 

Figure 3: Schematic of the modified structure called Grain Refined Surface Layer (GRSL) resulting 

from mechanical processing. This zone is characterized by the presence of oxide particulates and a 

recrystallized structure [14]. 

 

This modified surface layer was defined by Leth-Olsen as the Grain Refine Surface Layer (GRSL); its 

composition depends on the alloy [15].  

Previous studies mentioned an alteration on the particles distribution and reported an increase of the 

intermetallic particles (Al-Cu and Al-Cu-Mn-Fe) density on the alloy surface after the rolling process 

[7], accompanied with decrease of their sizes by approximately one third. Moreover, Lunder and 
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Nisancioglu [16] reported that after rolling, the constituent particles were covered by the Aluminum 

matrix.  

However, alloying elements enrichment can also be explained by other theories. Indeed, it has been 

shown by Textor and Amstutz that elements such as magnesium, lithium or silicon segregate readily to 

the alloy surface [17]. This surface enrichment was determined by two major mechanisms: a) bulk 

diffusion which can occur during the heat treatment process and b) grain boundary segregation process 

[17]. 

In summary, the complexity of the Al alloy surface and its singular microstructure reveal that parameters 

such as mechanical processing, storage environment or alloy composition need to be controlled and 

must be taken into account when considering the application of a surface treatment to the alloy. 

 

2.5. The corrosion behavior of AA2024-T3 

The electrochemical reactivity of AA2024-T3 is controlled by the highly heterogeneous microstructure, 

and more precisely by the second phase particles as they exhibit a different electrochemical behavior 

regarding the aluminum matrix [18–24]. It has been shown that Cu as well as the impurities are the main 

cause of corrosion failure as they create local sites where a micro-galvanic coupling between the particle 

and the matrix occurs [8,9,25–28]. Over the years, the reactivity of AA2024-T3 has been extensively 

studied to understand the mechanisms and determine the factors involved during the corrosion process. 

In this chapter, only the most common corrosion mechanisms along with the contribution of different 

intermetallic particles will be presented. 

 

2.5.1. The pitting corrosion of Aluminum 

Pitting is considered to be the most common mechanism of corrosion propagation for pure aluminum 

and high strength Al-alloys. The different steps involved during the pitting process were extensively 

studied and reported in the literature [29–34] (Fig. 4.): a) the film breakdown b) metastable pitting c) 

pit growth and d) pit stifling or death. The pit initiation - propagation is also facilitated by the presence 

of halides such as chloride ions in solution. These ions are very-well known to be aggressive to 

aluminum oxide as they will adsorb at the surface of the oxide film. Then adsorption of Cl- on the oxide 

occurs, preferentially localized on the irregularities of the film. 

Secondly, the Cl- ions migrate through the film, creating a defect which exposes the bare metal to the 

solution. This will induce a pit propagation through the metal, nevertheless, a majority of the pits will 

not propagate and rapidly passivate. Those pits which initiate and grow only for a limited period before 

being passivated are called metastable pits. Indeed, the growth and propagation of pit requires very 

specific conditions such as local acidification and a high chloride concentration which is not always the 

case. At the bottom, the pit initiation is determined by the Aluminum oxidation and water hydrolysis: 
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𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−     (5) 

 

𝐴𝑙3+ +  𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)2+ + 𝐻+    (6) 

 

followed by chloride hydrolysis: 

𝐴𝑙(𝑂𝐻)2+ + 𝐶𝑙− →  𝐴𝑙(𝑂𝐻)𝐶𝑙+     (7) 

 

𝐴𝑙(𝑂𝐻)𝐶𝑙+ + 𝐻2𝑂 →  𝐴𝑙(𝑂𝐻)2𝐶𝑙 +  𝐻+   (8) 

 

where this reaction will generate a net gain of H+ ion, involving a pH decrease. 

On the other hand, on the surface, the cathodic reactions will take place with the oxygen and water 

reduction reactions. As a consequence, a decrease of the pH will occur leading to the dissolution of the 

Al matrix: 

𝐻2𝑂 +  𝑒−  → 𝑂𝐻− +  1 2⁄  𝐻2      (9) 

𝑂2 + 2𝐻2𝑂 +  4𝑒− →  4𝑂𝐻−     (10) 

 

Figure 4: Autocatalytic process occurring during the propagation of a pit in aerated NaCl solution. 

The metal M undergoes active dissolution at the bottom of the pit, while oxygen reduction takes place 

at the surface [35].  

 

Several studies focused on the effect of the intermetallic particles on the pitting corrosion behavior of 

Al-Cu alloys. For example, Buchheit and more recently Birbilis and Buchheit collected the 

electrochemical potential of various intermetallic particles in chloride containing solutions [18,19,36] 
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(Table 4) as an attempt to predict their electrochemical behavior regarding to the matrix. Depending on 

the intermetallic composition, the particle can act anodically or cathodically with respect to the matrix 

and affect the pit initiation or morphology [37]. For example, particles such as Al2Cu, Al7Cu2Fe or Al3Fe 

act as cathodic site and promote the pit initiation at the periphery of the particle [9,38–41]. In such case, 

the attack is mainly localized on the matrix leaving the particle non attacked as reported by several 

researchers [42,43]. However, if the particle is active, this may cause selective dissolution, also reported 

as a dealloying effect. In this case, the pits are found to be in the particle and are in this case usually 

deeper.  

Table 4 : Corrosion potential of various intermetallic phases reported in the literature. 

Phase E SCE (V) Environment Aeration 

Al2Cu 
-0.7 

-0.695 

0.5 M NaCl 

0.6M NaCl 

Air [19] 

Not stated [18] 

Al7Cu2Fe -0.654 0.6 M NaCl Not stated [18] 

Al3Fe 
-0.910 

-0.566 

0.5 M NaCl 

0.6 M NaCl 

N2 [19] 

Not stated [18] 

Al2CuMg 
-0.920 

-1.061 

0.5 M NaCl 

0.6 M NaCl 

Ar [19] 

Not stated [18] 

Al3Zr 
-0.625 

-0.801 

0.5 M NaCl 

0.5 M NaCl 

N2 [19] 

Not stated [18] 

Al6Mn -0.913 0.6 M NaCl Not stated [18] 

Al2CuLi -1.096 0.6 M NaCl Air [19] 

Al20Cu2Mn3 -0.617 0.6 M NaCl Not stated [18] 

 

2.5.2. Intergranular corrosion  

The intergranular corrosion propagates along the grain boundaries and can rapidly propagate into the 

bulk material. As a consequence, the mechanical properties can be seriously affected by the formation 

of cracks that could, in long term, cause the breakdown of the material. The intergranular corrosion 

behavior is systematically related to the distribution of Cu in the solid solution. This is usually caused 

by the heat treatment, which promotes the precipitation of Cu-rich phases such as Al2Cu along the grain 

boundaries, subsequently creating a favorable environment for a galvanic coupling between the matrix 

and the grain boundary. Several studies highlighted the link between pitting corrosion and intergranular 

corrosion: Zhang and Frankel [44] showed for AA2024-T3 during potentiodynamic polarization, the 

presence of two breakdown potentials corresponding respectively to the S-phase dissolution and the 

initiation/propagation of intergranular corrosion. These two breakdown potentials were previously 

reported by Galvele et Micheli and Guillaumin and Mankowski [8] for high Al-Cu alloys. Galvele and 

Micheli [45] attributed the first breakdown to the dissolution of Cu-depleted zone and the second to the 
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pitting of grain bodies shown in Fig. 5 (this mechanism will be described in details later). On the other 

hand, Guillaumin and Mankowski suggested that the first breakdown was caused by the dissolution of 

the anodic S phase and the second to the precipitate free zone around the particles. 

 

 

Figure 5: Representation of a grain boundary zone where the 𝜽 phase is found  at the grain 

boundaries, surrounded by a Cu-depleted zone and the 𝜶-Al matrix [45]. 

 

2.5.3. The effect of the S-phase particle (Al2CuMg) 

The S phase is a particle specific to Al-Cu-Mg containing alloy and they represent approximately 60 % 

of the intermetallic surface area [46]. This particle exhibits a significantly less noble potential regarding 

the aluminum matrix and undergoes active dissolution [23,24,46]. Most of the time, pits initiate at the 

periphery and on the particle. Many tried to understand the corrosion mechanisms involved with the S-

phase and its effect on the corrosion of surface finishing. Several theories were discussed in the 

literature, for example, Buchheit suggested a corrosion process through dealloying (Fig. 6). First, 

Buchheit, Guillaumin and Mankowski detailed that the magnesium contained in the particle will 

dissolve, leaving a typical sponge-like shape on the surface [8,47]. The Cu left on the surface will lead 

to an increase of the particle potential. This Cu rich sponge will then act as a cathode and generate the 

dissolution of the surrounding matrix showed by characteristic trenches around the particles. 

Contrastingly, other studies observed the presence of Copper deposits at the periphery of the particles 

and presented a different mechanism. Buchheit et al. suggested that during the dealloying of the S-phase 

particle, some Cu-rich clusters will be transported in the solution through a non-faradaic process [47–

50]. The metallic copper, which is no longer in electrical contact with the matrix, will be oxidized by 

the oxygen present in solution and precipitate as copper oxide. In summary, the major difference 

between these two theories is that one dissolution mechanism is only driven by a galvanic coupling 

switch between the particle and the matrix, and the second however, involves a particle 

detachment/redeposition process. The role and the importance of the S-phase in the Cu enrichment and 

redistribution process has been also highlighted by the work of Vukmirovic et al. [51], who 
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demonstrated a significant increase of Cu by comparing a commercial AA2024 and a synthetic AA2024 

after 0.5 M NaCl exposure. 

 

 

Figure 6: Dealloying process of a S-phase particle. Al and Mg dissolve and form a hydrous gel 

around the particle. As a result, Cu clusters detach from the intermetallic and are oxidized. They 

may be redeposited at the periphery of the particle [47]. 

 

On the contrary, Zhu et Van Ooij [52]  presented a mechanism involving a pH increase at the periphery 

of the S-phase as a result of the oxygen reduction reaction. When the S-phase is exposed to the solution, 

the selective dissolution of the magnesium and aluminum contained in the particle will occur. As the 

particle undergoes dealloying, the copper content will increase, leading to an increase of the cathodic 

surface area which promotes the formation of a significant amount of hydroxyl ions, generated by 

oxygen and water reductions. Once the pH of the environment surrounding the particle reaches a value 

above 9, the aluminum in contact with the particle may dissolve. Consequently, in the opposite to the 

other mechanism, the dissolution of the matrix is not a result of the galvanic switch occurring between 

the particle and the matrix but is induced by a local alkalization caused by oxygen and water reduction 

(Fig. 7). 
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Figure 7: Dealloying phenomena of a S-phase particle. Al and Mg dissolve and leave Cu remnant on 

the surface which increase the cathode area and oxygen reduction. The formation of OH- induce a 

local alkalization and the dissolution of the 𝜶-Al matrix [52]. 

 

Additional results have been proposed by Jorcin et al. [27] corroborating the idea of a matrix dissolution 

driven by a local pH increase. They demonstrated, by using a pH indicator (bromothymol blue), that the 

Al/Cu interface sustains high ORR (oxygen reduction reaction) reactions. 

 

2.5.4. The effect of the 𝜽 phase (Al2Cu) 

The corrosion process involved with the Al2Cu has also been extensively studied, mainly in chloride 

containing environment, and is determined to be driven by a dealloying process. It has been found that 

this particle acts as a local cathode as its corrosion potential is more noble than the aluminum matrix 

(corrosion potential). Lebouil et al. demonstrated by AESEC the Cu build-up on the surface of the 

particle during anodic polarization [53]. Nevertheless, the current densities supported by the Al-Cu 

intermetallic particles were shown by Lacroix et al. to be 10 times lower than the Al-Cu-Mg intermetallic 

particles [28].  Moreover, Buchheit et al. also noted the generation of copper ions when the particle is 

cathodically polarized demonstrating its major role during the corrosion process of Al alloys [47]. 

 

2.5.5. The effect of Al7Cu2Fe and Al-Cu-Fe-Mn particles 

The Al-Cu-Fe-Mn containing phases represent roughly 40 % of the constituent particles found in the 

AA2024-T3 alloy. The effect of Fe-containing intermetallic particles such as Al7Cu2Fe on the corrosion 

behavior of Al alloys was for a long time not well documented. Fe usually comes from impurities and 

form the coarse precipitates known also as constituent particles which usually act as cathodic site 

[23,24,54]. The particles are irregularly shaped, sometimes break into pieces during the rolling process 

and the particles parts align along the rolling direction. Although the presence of this particle has been 

noted in AA2024, the electrochemical behavior and the role of Al7Cu2Fe have only been investigated 

recently by Ilebevare et al. [55] and further by Birbilis et al. [56].  For example, Birbilis showed that 

Al7Cu2Fe supports ORR (oxygen reduction reaction) at high current densities over a different range of 

Cl- concentration and pH (between 20 µA cm-2 and 2 mA cm-2) and the rates were sometimes about 3 
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times higher than Al2Cu [56]. Moreover, in 0.1 M NaCl solution, they observed matrix dissolution at 

the edges and peripheral pitting by FIB (focused ion beam). Similar results were reported by Chen et 

al.,[42] and Liao et al. [10] in their study of the role of constituent particles in the corrosion of AA2024-

T3 alloy.  They reported that Al-Cu-Mn-Fe particles act as local cathodes in 0.5 NaCl and were 

associated to pitting corrosion and the breakdown of the oxide was found at the periphery of the particle.  

 

2.6. Aluminum-Lithium alloys: microstructure 

The addition of Li in Al alloys started in the 1920s as the interest of Lithium addition is because of its 

high solubility in aluminum (maximum solubility of Li in Al is 4.67 % at 596 °C), and its most effective 

addition to reduce weight, which made it a good candidate for alloying [1] [57]. However, it is only in 

the 1950s that the effect of Lithium addition was documented. Indeed, Al-Li alloys raised interest in the 

aeronautic industry as for each percent of lithium added, an increase of the Young modulus 

(approximately 6 %) was observed as well as a noticeable weight reduction (3 %) [3,58].  

The first Al-Li generation was introduced in the 1950s and produced by Alcoa as the 2020 alloy. That 

time, they noticed an increase of the mechanical features such as the elastic modulus. However, this 

alloy suffered from several mechanical failures caused by the high amount of impurities such as iron 

and silicon. During the thermomechanical processing, these impurities would precipitate as constituent 

particles (Al7Cu2Fe or Al12(FeMn)3Si), causing crack initiation as well as ductility issues. Moreover, the 

Mn addition was revealed to have a detrimental effect on the ductility as it can form coarse intermetallic 

particles (Al12(FeMn)3Si) instead of forming dispersoids (Al20Cu2Mn3) which control the grain structure. 

The second Al-Li generation took over in 1970s, in order to suppress the mechanical failures 

encountered with the previous generation. Thus, the Li concentration was reduced but was still more 

than 2%, the copper content increased (2% or more) and the decrease of impurities concentration was 

conducted in order to increase the ductility and the toughness. In addition, manganese was replaced by 

zirconium to control grain structure. These alloys were used in secondary structures on aircraft such as 

C17 cargo transport of the A340. Although some improvement was noted, this alloy generation still 

exhibited ductility issues, fracture toughness and delamination during the manufacturing process. 

Finally, when the third Al-Li generation was developed in the late 1980s, the lithium content was 

reduced to less than 2 %. In order to improve the corrosion resistance, zinc was added in solid solution 

to decrease the potential difference between the grain boundary and the matrix [59–62]. In addition, 

silver and magnesium were added to accelerate phase nucleation of the hardening precipitate T1 

(Al2CuLi)[61]. The alloy could reach a strength of 700 MPa with a uniform distribution of T1 on the 

matrix. This last generation is currently used and AA2050-T3 belong to this category. Table 5 gives the 

chemical composition of the alloy 2050-T3 also used in this dissertation. 
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Table 5: Chemical composition of the AA2050 used during this PhD (in wt %) 

 

The microstructure of aluminum-lithium alloys displays a large number of precipitates which can also 

be separated into three categories: hardening precipitates, dispersoids and the constituent particles.  

Amongst the various types of intermetallic particles, which can form during the precipitation, the 

hardening precipitates are known to play a major role on the alloy strength. For example, Li and Cu can 

form two different strengthening precipitates: The Al2Cu phase (θ’) or the Al2CuLi phase (T1). The θ’ 

phase was preferentially found in Al alloys with low Li content (> 0.6 wt%), as T1 is usually the major 

phase in alloys with a Li content between 1.4 and 1.5 wt%. The T1 formation is also promoted by the 

addition of small amounts of Mg and Ag as they accelerate its precipitation [63]. Several studies reported 

the preferential nucleation of this phase at the grain boundaries [60,64]. In addition, Li can be associated 

with Al to form the coherent phase Al3Li (∂’). This hardening precipitate is found in high Li containing 

alloys (>1.4-1.5 wt %); however, its contribution in hardness is less important than T1 phase and also 

can have a detrimental effect on toughness. Interestingly, Crookes and Starke [65] reported that the 

addition of small amount of Mg (0.5 – 1.0 wt %) also stops the formation of the ∂’ phase to promote the 

nucleation of the S’ phase (Al2CuMg). The beneficial effect of Mg on the corrosion resistance was also 

reported by Niskanen et al. in their study where they noted an inhibition of ∂’ phase nucleation in the 

case of Al-Li alloys. The latter induced an improvement of the corrosion resistance caused by the 

formation of the Al2MgLi phase [66].  On one hand, numerous studies investigated the complex 

relationship between the precipitation reactions in Al-Cu-Mg alloys and Cu:Mg ratio. Three equilibria 

have been determined: In high Cu content alloys ∂’ forms preferentially; when the Cu:Mg ratio is less 

than 3:1, S’ was found to be the major phase; and finally when Cu:Mg ratio was higher than 3:1, the 

formation of T1 phase seemed to be favored. Table 6 reports the effect of the alloying elements on the 

corrosion and mechanical properties of Al-Cu-Li alloys. 

 

Table 6: Effect of the alloying elements on the mechanical and corrosion properties of Al-Cu-Li 

alloys. 

Element Effect 

Li 
Increases lightness 

Increases Young’s modulus 

Cu 

Decreases Li solubility and promotes Li phases precipitation 

Enhances the mechanical properties by the formation of hardening precipitates 

Increases the corrosion susceptibility 

Zn 
Improves the corrosion resistance by decreasing the potential difference between grain 

boundary and matrix. 

AA2050  

wt % 

Al Cu Li Mg Mn Fe Si Zn Ag Cr   Ni Ti Zr Sr 

bal 3.30 0.77 0.32 0.39 0.06 0.1 0.02 0.17 >0.01 0.03 0.08 <0.001 
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Ar Accelerates phase precipitation of T1 phase. 

Mn 

Improves corrosion resistance 

Controls texture 

Plays a role in grain size control and retard recristallization 

Mg 

Promotes T1 formation by decreasing Li solubility 

Increases lightness 

Stops the formation of ∂’ phase and promotes the nucleation of the S’ phase. 

Decreases corrosion susceptibility by the formation of the Al2MgLi phase. 

Zr 

Controls grain structure by forming Al3Zr 

Prevents recrystallization 

Enables homogenization and improves the mechanical properties. 

Has a beneficial effect on toughness and stress corrosion cracking resistance. 

Fe, Si 

Reduces fracture toughness 

Increases corrosion susceptibility 

Reduces the amount of alloying elements available for hardening precipitates. 

 

 

On the other hand, Zr addition was shown to be effective in controlling grain structure by forming the 

coherent Al3Zr phase [67]. Besides preventing recrystallization, this phase offers sites for the nucleation 

of the ∂’ phase and enables homogenization which improves mechanical properties. Zr has also a 

beneficial effect on the toughness and enhances the resistance to stress corrosion cracking [68]. One 

other typical dispersoid found in AA2050 is the Al20Cu2Mn3. 

 

Constituent particles are mainly formed from insoluble impurities such as Fe or Si. They reduce fracture 

toughness and increase the corrosion susceptibility of Al-Li alloys [69]. Moreover, Cu-rich constituent 

particles reduce the amount of alloying elements available for the hardening precipitates. Table 7 gives 

a list of the intermetallic particles found in AA2050 and reported in the literature [60] and Fig. 8 

illustrates the distribution of the intermetallic particles within a grain boundary in second and third 

generation of Al-Li alloys.. 
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Table 7: List of the intermetallic particles reported in the literature, found in Al-Cu-Li alloys. 

Name and 

stoichiometry 
Size and shape role 

S’ Al2CuMg 
Needles, laths, incoherent phase: 

0.1-0.2 µm. 

Hardening precipitate, found in 

alloys with Li> 1.3 % [60] 

𝛿′ Al3Li 
Coherent with the matrix. Spherical, 

> 300 nm. 

Found in alloys with Li > 1.3% 

Metastable precipitate 

T1  Al2CuLi Rod, plate: 0.05-0.2 µm 
Significant effect on strength. 

Major phase in alloy with 

medium Li content (<1.4-

1.5%)[59,64]. 

[60] 

T2  Al6CuLi3 Plate, between 0.1-0.2 µm 

ß  Al3Zr 
Spherical, ~ 100 nm 

Dispersoid, prevent 

recrystallization [64,70]. Al20Cu2Mn3 

𝜃 Al2Cu plate 
Precipitate, found in alloys with 

low Li content. 

 

 

Figure 8: Schematic of the microstructure and intermetallic distribution within a grain boundary in 

the second (A) and the third (B) generation Al-Li alloys [59].  

 

 

 

2.7. The corrosion behavior of AA2050-T3 
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The development of new light weight Al alloy with improved mechanical properties and corrosion 

performances gained a considerable interest. However, Al-Li alloys also suffer from localized corrosion 

and particularly from intergranular corrosion (IGC) and stress corrosion cracking (SCC). Interestingly, 

unlike 7XXX series Al alloys, the intergranular corrosion and stress corrosion cracking susceptibility of 

Al-Cu-Li was decreasing in the peak aged conditions. The studies realized on corrosion susceptibility 

of Al-Li alloys agreed on the fact that the microstructure affects the electrochemical behavior of the 

alloy [66]. In this section, the relationship between the alloy microstructure, IGC and SCC corrosion 

along with the mechanisms proposed in the literature will be presented. 

 

2.7.1. Intergranular corrosion (IGC) 

Intergranular corrosion is usually defined by a galvanic corrosion between the grain boundary and the 

adjacent matrix. In the case of Al-Cu-Li alloys, it was not well established how this phenomenon occurs, 

however, the literature lists three mechanisms:  

- The galvanic couple theory based on the dissolution of precipitates located at the grain boundary 

and the surrounding matrix 

- The precipitate free zone model taking into account the Cu depletion caused by the nucleation 

of precipitates at the grain boundary 

- The combination of both models suggesting the anodic dissolution of the precipitates at the 

grain boundary. 

The galvanic couple theory was based on the reactivity of T1 phase at the grain boundaries. This theory 

has been introduced in the context of Al-Li alloys by Rinker [71]. It has been suggested that these 

particles exhibit a less noble potential than the adjacent matrix, promoting the formation of a galvanic 

couple between the particle and the matrix. Buchheit et al. [72] studied the electrochemical behavior of 

a synthetic T1 phase in 0.6 M NaCl, and determined that the corrosion potential of these precipitates was 

more cathodic than the AA2090 matrix ( -1.10 V / ECS for T1 and -0.72 V / ECS for AA2090). These 

active phases which are known to nucleate preferentially at the grain boundaries, act as local anode 

causing their selective dissolution and subsequently, intergranular corrosion. Recently, Luo et al. [73] 

studied the localized corrosion of Al-Cu-Li alloys in NaCl solution and suggested that the pitting bottom, 

initiated by the coarse intermetallic particles fallout, acts as an opening for further dissolution. The pit 

will grow beneath the Al matrix and when grain boundaries are reaching T1, the Li contained in the 

phase will selectively dissolve. 

The precipitate free zone model (PFZ). This notion has been introduced by Galvele and Di Micheli [45] 

when the galvanic couple theory could not explain why the presence of Cl- ions was necessary to get 

intergranular corrosion in Al-Cu alloys. They supported that the intergranular corrosion was induced by 

a difference in breakdown potential of the different phases in the grain boundaries and not by a 

difference in potential between them. In their study, they synthesized three phases found in the grain 
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boundary area: Al-4% Cu, Al2Cu and Al-0.2% Cu representing respectively the matrix, the precipitate 

and the Cu depleted zone. They determined their electrochemical behavior by realizing a series of anodic 

polarization in NaCl solution. From the results, they concluded that the breakdown potential of the Cu-

rich phases was about 100 mV higher than the specimens with lower Cu content. Moreover, the pitting 

potential of the Al-4%Cu was found to be similar to the Al2Cu specimens. On the other hand, the Al-

0.2% Cu representing the Cu-depleted zone exhibited a similar pitting potential to high purity Al. In 

addition, they studied the effect of heat treatment and the nature of the environment and they were able 

to determine the following conditions in which intergranular corrosion will occur: 

- A Cu-depleted zone has to be present in the alloy, 

- The aggressive medium has to be able to break the passive film, 

- The breakdown potential of the depleted zone needs to be lower than the matrix 

- The corrosion potential needs to be above the breakdown potential of the depleted zone and 

lower than the matrix breakdown potential. 

Later, Kumai et al. [74] investigated the role of the PFZ and the Cu distribution on the IGC of 2090 Al-

Cu-Li alloys. To this end, they prepared two different alloys, one with a similar composition to the 2090 

(Al-2.37%Li - 2.49% - 0.13%Zr called B) and a second with the same Li and Zr concentrations but not 

Cu (called A). The alloy A exhibited a fairly uniform distribution of 𝛿’ throughout the grain except at 

the periphery of the high angle grain boundaries where a PFZ was found. On the other hand, the 

microstructure of alloy B revealed a heterogeneous dispersion of Cu containing phases. A copper 

depleted zone and a PFZ were found along the high angle grain boundaries. In addition, Cu containing 

phases, presumably T1 or 𝜃 were found on the sub-grain boundary, but also intragranularly leading to a 

Cu-depleted zone along the sub-grain boundary. They demonstrated that the Cu containing alloy, 

experienced intergranular corrosion whereas the Cu free Al-Li alloys did not show intergranular 

corrosion. Although both alloys had PFZ along the grain boundaries, they highlighted the importance 

of the nature of the precipitate around PFZ in the intergranular corrosion of this alloy (Fig. 9). 
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Figure 9: Schematic illustration of the phase changes occurring within Alloys A and B as a result of 

SHT (solution heat treated) and aging at 200°C [74]. 

 

In order to evaluate the theory suggested by Kumai et al, Buchheit et al. [72] studied the effect of the T1 

phase in the corrosion of AA2090. To that end, they prepared an artificial T1 phase to represent the grain 

boundary, a Cu-depleted specimen (they used pure Al) and used a AA2090 to simulate the matrix. They 

realized corrosion potential (Ecorr) and anodic polarization measurements in 0.6 M NaCl and determined 

that T1 was the most active phase - with a very high dissolution rate (10-4 A cm-2 at Ecorr) - followed by 

the Cu-depleted zone and then the 𝛼-Al matrix (> 10-6 A cm-2 at Ecorr). Moreover, they determined that 

subgrain boundary attack was controlled by the selective dissolution of T1, which is not in agreement 

with Kumai theory. Indeed, unlike the other 2XXX series Al alloys, Buchheit et al. suggested that the 

potential difference between the PFZ and the grain boundary in Al-Cu-Li (which is T1 rich [60]) leads 

to the preferential attack of T1. Moreover, they explained this as resulting from the creation of a locally 

acidified environment leading to a continuous attack of the 𝛼-Al matrix, exposing more T1 phase which 

make the process repeat itself. 

 On the basis of the precipitate free zone model and the galvanic couple theory, Li et al. [75] investigated 

the mechanism of IGC in the Al-Li alloy 2195 in 4% NaCl solution. The methodology was identical to 

Buchheit’s research as T1, θ′ phases and the 𝛼- Al matrix were manufactured to simulate subgrain, grain 

boundaries and PFZ respectively. Their electrochemical behavior was characterized individually by 

potentiodynamic testing. The specimens were then coupled and immersed in NaCl during 10 days and 

potentiodynamic testing was carried out. The results demonstrated that at the beginning of the immersion 

test, the T1 phase is more active than θ′ and 𝛼- Al matrix which corroborates with Buchheit’s results. 

On the contrary, the θ′ phase was found to act as a cathode in the alloy. However, they noticed a change 
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of T1 potential towards more positive values due to the dealloying of Li from T1, leaving Cu on the 

surface. As a result, the - Al matrix becomes anodic leading to the dissolution of the PFZ. 

Consequently, Li et al. suggested a mechanism which involves first the dissolution of the Li contained 

in the T1 phase which results in a Cu enrichment at the surface. The potential of the dealloyed particle 

will progressively become more noble than the PFZ, causing the dissolution of the PFZ. The dissolution 

of this PFZ will expose more T1 phases that dissolve continuing the process Fig.10.  

 
Figure 10: Potentiodynamic polarization curves of different phases T1,  and the -Al matrix in 

NaCl A) after direct immersion B) after 10 days of immersion [75]. 
 

In summary, in spite of the controversy surrounding the mechanism involved in the intergranular 

corrosion in Al-Cu-Li alloys, it is commonly accepted that the T1 phase as well as the PFZ play a major 

role in the intergranular corrosion susceptibility of Al-Cu-Li alloys. 

 

2.7.2. Stress corrosion cracking (SCC) 
The mechanisms involved in SCC are controversial. Two theories were developed in the literature:  the 

first theory explains that SCC is driven by the anodic dissolution of T1, T2 and ’phases on the grain 

boundaries [76], or is activated by the Cu depleted zones along the grain boundaries [60,69,76]. The 

second theory however considers the possibility of hybrid generation promoted by Li, causing hydrogen 

fracture in the alloy. As a matter of fact, several studies suggested that the cathodic pre-charging of Al-

Li-Cu-Mg alloys with hydrogen induces the loss of mechanical properties [77]. The experimental data 

suggest that the crack initiation and the propagation could be triggered by two different processes. The 

anodic dissolution process seems to stimulate the crack initiation and the propagation could also be 

induced by a hydrogen related process.  

 

2.7.3. The effect of age hardening on the corrosion properties 
Several studies demonstrated a net correlation between the heat treatment and the corrosion morphology 

of Al-Cu-Li alloys. Three different aging conditions are deployed in industry: under-aged, peak-aged, 
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over-aged. Singularly, the Al-Cu-Li alloys exhibit a maximum IGC/IGSCC resistance in the peak-aged 

conditions [71][78]. 

In the underaged condition, it was suggested that this intergranular corrosion was generally attributed 

to the distribution of T1 and Al-Cu-Mn intermetallic particles, regularly found in Al-Cu-Li alloys. 

Moreover, Henon and Rouault [79] reported a “desensitization” in the peak aged conditions explained 

by the effect of the aging temperature and time on the distribution of T1 precipitates at the grain which 

significantly decreases the potential difference between the grain boundaries and the matrix, and reduces 

the selective dissolution of grain boundary precipitates. This desensitization window has been 

mentioned by Connolly et al., for AA2096 and AA2090 alloys and they determined an increased SCCC 

susceptibility in the underaged and overaged conditions [80]. In contrast, in the overaged conditions, it 

was reported that the aging time would promote the formation of larger T1 at the grain boundaries and 

favor the development of strains. Moreover, the aging time also favors the precipitation of θ’ or S’ on 

the grain boundaries creating what is called precipitate free zone (PFZ). These phenomena will 

accentuate the potential difference between the grain boundary and the matrix and favor micro-galvanic 

coupling leading to intergranular corrosion. 
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3. THE SURFACE TREATMENT OF AL-ALLOYS  

The corrosion of Aluminum has to be controlled before they are introduced in service. It is commonly 

accepted that surface conditioning is extremely critical to maintain an optimum corrosion resistance of 

coated aluminum alloys [81,82]. The surface conditioning of aluminum alloys usually involves: 

- Surface pretreatment  

- Chemical coating  

- Anodizing and sealing 

- Painting.  

The surface, as mentioned previously, suffers from surface defects caused during the manufacturing 

process. The rolling, the storage environment, the natural oxide or other contaminations need to be 

removed before the coating application. The particularity of the surface microstructure in terms of 

elemental composition and distribution has been described previously. It has been pointed out that the 

surface microstructure has an impact on the corrosion properties of the alloy but also can have a 

detrimental effect on the subsequent chemical coating [81,83–85]. The purpose of the pretreatment is to 

provide an electrochemically homogeneous surface to prevent localized corrosion induced by the micro-

galvanic coupling between the intermetallic particles and the matrix. Numerous studies also highlighted 

the impact of surface conditioning on the quality of the coating [81,86]. These observations lead to the 

establishment of specific requirements for every metal finishing process to meet aerospace standards for 

corrosion resistance. 

 

3.1. Solvent cleaning 

 Solvent cleaning has been used to eliminate oils and greases applied on the surface during the transport. 

However, this step is progressively removed from the surface finishing processes. Trichloroethane, 

trichloromethane or trichloroethylene are examples of degreasers used in industry. In contrast, the 

majority of the research laboratory use ethanol or acetone which shows the significant opposition 

between the metal finishing industry and the research laboratories in the choice of cleaning procedures 

or operating parameters. For example, the effect of acetone on the surface of AA2024 after polishing 

has been studied by Chidambaram and Halada [87], who reported the presence of carboxyl groups on 

the surface. They suggested that this carboxyl group may form acetic acid on the surface and support 

the formation of copper-chloro complexes which stimulate corrosion [88]. In addition, several issues 

have been pointed out when using trichloroethane in vapor degreasing. For example, it has been reported 

that HCl could be formed and attack the Al matrix [82]. Further investigations using XPS conducted by 

Hughes et al. [89] showed the presence of surface chlorine within the Al oxide confirming the theory of 

a corrosion process triggered by HCl.  
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3.2. Alkaline cleaning 

Alkaline cleaners are regularly used in industry to dissolve the natural oxide film, the Al matrix, as well 

as oils and greases found on the surface. Usually, two types of alkaline cleaners are used in industry: 

- The carbonate based cleaners 

- The sodium hydroxide based cleaners 

The effect of alkaline cleaners, particularly on the quality of the subsequent conversion coatings and 

anodizing, has been extensively studied [90,91]. Numerous studies evidenced an enrichment in alloying 

element as a results of the dissolution of the Al. Indeed, during the NaOH immersion, the selective 

dissolution of Al occurs and the insoluble alloying element such as Cu, Fe [54], Mn, Mg or Si remain 

on the surface as a film [92]. For example, Hughes et al. [89] observed an increase of Cu, Fe and Mn 

after alkaline degreasing, demonstrating the film build up on the surface. The mechanism of Cu buildup 

and nanoparticles generation during alkaline etching in Al alloys have been studied in details by Liu et 

al. [93] in a simulated θ phase (Al-30% at Cu alloy). They monitored the formation of the Cu enriched 

film by RBS (Rutherford backscattering), XPS (X-ray photoelectron spectroscopy) and TEM 

(transmission electron microscopy) and suggested that Cu enrichment occurs beneath the Al oxide film, 

then clustering of copper atoms, followed by their occlusion caused by the formation of hydrated 

alumina around [94]. On the other hand, Lunder and Nisancioglu studied the behavior of Al-Cu-Mn-Fe 

constituent particles during the etching in alkaline solution [16] and found selective dissolution of Al 

within the particle and the enrichment of Fe and Mn. Moreover, they determined an increase of the 

corrosion susceptibility for different alloys. Additional results concerning the dealloying of S-phase 

particle in alkaline media were reported by Dimitrov et al. [95]. Nevertheless, with the apparition of 

new Ce-based conversion coating, NaOH based cleaners appeared to cause defects and corrosion failure 

in the coating [96] and carbonate base cleaners were shown to enhance the quality of the coating. The 

silicate and carbonate based cleaners exhibit a lower etch rate, however several researchers observed a 

Mg, Zn and Si enrichment at the surface after immersion in a silicate based alkaline cleaner [89,97,98]. 

 

3.3. Acid deoxidizer (acid pickling) 

Subsequently, the acid deoxidizer is used to dissolve the intermetallic particles and the Aluminum oxide 

left after the alkaline cleaning.  More generally, the deoxidation has been described as a three step 

process [98–100]: 

- Stage 1: Upon immersion, a preferential dissolution of component of the oxide left after alkaline 

cleaning. These elements include Mg, Zn oxides and Si-containing phases. The majority of 

deoxidizers with a low etch rate do not go beyond stage 1. 

- Stage 2: The oxide left after alkaline cleaning is dissolved and begins the attack of the 

underlying matrix. This process involves the dissolution of a large variety of alloying elements 
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and each of them must reach an equilibrium between accumulation and dissolution. Thus, in 

this intermediate stage the dissolution of Al leaves behind an enrichment of alloying elements. 

- Stage 3: The alloying element dissolution process reaches an equilibrium between dissolution 

and accumulation. However, the equilibrium between surface oxide formation and dissolution 

appears to move towards dissolution while a thin oxide layer remains on the surface. 

 The use of Cr-based formulations appeared to remove successfully the S-phase particles and the Al-

Cu-Fe-Mn containing particles. Several formulations were developed and are currently used in industry 

such as Chromium and sulfuric acid based deoxidizing agents. The HF/Cr/HNO3 deoxidizer has also 

been effective for the S-phase and Al-Cu-Mn-Fe particles removal. However, over the past few years, 

considerable efforts have been made to use environmental friendly formulations.  

In this context, the development of Cr-free chemical pretreatment formulations gained through the years 

a considerable interest. Depending on the requirements, the composition can contain HF to increase the 

etching rate. In the case of Al alloys with high Cu content, the use of HNO3  base deoxidizer is 

recommended, sometimes with HF addition [101,102]. Nevertheless, Nelson et al. [99] demonstrated a 

decline of the corrosion resistance of the subsequent chemical coating when a simple HNO3/HF 

deoxidizer was used. The results evidenced the enrichment of certain alloying elements such as copper 

on the surface. In addition, Hughes et al. studied the effect of various deoxidizing agents, like nitric acid 

(HNO3), sulfuric acid (H2SO4), phosphoric acid (H3PO4) or hydrofluoric acid (HF) using ex situ surface 

characterization – scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-

ray photoelectron spectroscopy (XPS) and Rutherford back scattering (RBS) - and concluded that only 

the HNO3 treatment combinations produced a surface free of copper-rich smut [103]. However, Liu et 

al. [104] observed copper enrichment after HNO3 immersion via RBS and TEM analysis, similar to the 

extent obtained from NaOH immersion. Using XPS, Moffit et al. [97] measured a thin residual copper 

layer beneath an Al oxide film after pretreatment in a nitric acid based oxidizer. Other Cr-free 

deoxidizers have been studied in the literature including HNO3/BrO3
- [86] and HNO3/HF with the 

addition of oxidants such as Fe3+ [98,105,106]. Hughes et al. reported that ferric ion based deoxidizers 

exhibited a lower etch rate compared to Cr-based deoxidizers, however, an effective removal of the S-

phase and a severe attack of Al-Cu-Fe-Mn coarse particles was seen [106]. 

Recently, rare earth - based deoxidizers have been considered as an alternative to Cr [84,98,107]. For 

example, Hughes et al. studied the effect of a HF/Ce based deoxidizer for a AA2024-T3 alloy and 

noticed the dissolution of S-phase and partial removal of the Al-Cu-Fe-Mn particles with the addition 

of fluoride ions. However, a thin copper film of approximately 200 nm in size was found on the surface 

after the treatment [108] but was effectively removed by the addition of oxidants such as H2O2 and 

K2S2O8 [109]. Recently, Gordovskaya et al. [84] investigated the effect of  CeCl3 and CeCl3/H2O2 

deoxidizers on the intermetallic particles removal and their impact on the anodizing behavior and the 

corrosion resistance. Their results demonstrated a significant impact of CeCl3 containing deoxidizer on 

the S, 𝜃  and Al-Cu-Fe-Mn-(Si) particles, and the improvement of the corrosion resistance of the 
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anodized alloy has been noted. It appears that the final chemistry of the alloy is dominated by the 

deoxidizing step which leaves a more or less protective oxide film on the surface [89]. 
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4. MOTIVATION AND OBJECTIVES OF THE 

THESIS 

Although considerable advances have been made towards a better understanding of Al alloys reactivity 

during a surface treatment process, the main difficulty encountered in research and development is the 

significant contrast between the metal finishing industry and the research lab work. As an example, the 

different procedures routinely used in a “corrosion lab” usually involve immersion tests, polarization 

measurements, corrosion current analysis or surface analysis such as optical microscopy or scanning 

electron microscopy. The major limitation of these tools, if we consider the case of the surface treatment 

process at OCP, are a) they do not provide information on the dissolution kinetics and corrosion rates, 

b) cannot distinguish the reactivity of multiple elements c) cannot identify in real time selective 

dissolution processes. However, these data would be very valuable for research formulation, particularly 

because the necessity of the replacing Cr VI becomes imperative.  

To date, the data reported in the literature regarding the effect of the pretreatment concern only the 

reactivity of Al-Cu or Al-Zn alloys. In addition, the information is provided by post mortem analysis 

which does not enlighten their surface reactivity during the metal finishing process. Although the 

synergetic effect of Li and the alloy temper on the corrosion of Al-Cu-Li alloys has been extensively 

documented, the reactivity of Al-Cu-Li alloys during a pretreatment is not thoroughly reported. 

Particularly, we would like to understand how the relationship between the Li distribution, the 

microstructure and the elemental reactivity affects the quality of the pretreatment. This knowledge 

should be considered essential as the 2024 or 7075 Al alloys are progressively replaced by this new 

generation which at this time undergoes the same surface treatment process. 

To achieve this objective, this work was separated into three parts: 

- The first part consists of the development of the AESEC methodology to provide a quantitative 

analysis of elementary dissolution kinetics in near industrial conditions. This implies high 

electrolyte temperatures, high dissolution rates and the use of aggressive solutions, much more 

extreme conditions than have been previously used with the AESEC technique, as well as the 

rapid change of electrolytes. This methodology will be based on the AESEC technique with 

several experimental modifications to optimize the results. 

- The second part concerns the validation of this methodology using the well-known AA2024-

T3. The results will be compared to the data provided in the literature and to conventional ex 

situ techniques (scanning electron microscopy, optical profilometry). 

- The final part is devoted to the application of the methodology on the Al-Cu-Li-Mg alloy 

AA2050 to characterize the surface composition and morphology of the AA2050 after 

pretreatment. The goal is to highlight the role of Li during the surface treatment and isolate its 
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impact on the corrosion properties and eventually predict the durability of pretreated or coated 

AA2050.
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CHAPTER II: MATERIALS & METHODS 

 

 

 

 

 

 

 

 

 

 

 

“La simplicité est la réussite absolue. Après avoir joué une grande quantité de notes, 

toujours plus de notes, c’est la simplicité qui émerge, comme une récompense venant 

couronner l’art. ” 

  

“Simplicity is the final achievement. After one has played a vast quantity of notes and more 

notes, it is simplicity that emerges as the crowning reward of art.” 

Frédéric Chopin.  
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1. INTRODUCTION 
The measurement of corrosion rates under laboratory conditions is a necessary but challenging 

endeavor. Conventional electrochemical methods are widely used as tools to study corrosion 

mechanisms, metal dissolution, kinetics and corrosion inhibition [110–112]. However, their application 

to complex reaction processes such as the dissolution of multi-element and multiphase alloys is fraught 

with difficulty. It is easy to measure electron transfer, have a high degree of precision and dynamic 

range, however it is much more difficult to know precisely how the electrons are being distributed 

amongst a variety of possible chemical reactions. Therefore, it has been of considerable interest to 

couple the electrochemical technique with other forms of analysis that yield insight into the chemical 

transformations that occur during electron transfer. Common techniques include UV-Visible, infrared 

or Raman "spectroelectrochemistry" and coupling with a quartz micro balance [113].  A "classical" 

example of such a coupled technique is the rotating disk electrode (RDE) or flow jet-cell, designed to 

investigate the reactions involving the formation of products [114]. With these methods, it is possible 

to detect electroactive species formed at the working disk electrode downstream at the ring electrode. 

In this way, the rate of production may be quantified. The major difficulty with this technique is that 

only a limited number of ions may be detected "downstream" at the ring depending on their 

electrochemical properties. During the last decades, several experimental techniques have been 

developed involving the coupling of electrochemical flow cells with different downstream spectroscopic 

tools such as the inductively coupled plasma atomic emission spectrometer (ICP-AES), also referred as 

the atomic emission spectroelectrochemistry (AESEC) [111,115–120], inductively coupled plasma 

mass spectrometer (ICP-MS) [121,122].  

The AESEC is a methodological tool used in a similar manner as the RDE or flow jet cell. With AESEC, 

we replace the downstream electrochemical detection with ICP-AES so as to yield a quantitative 

elementally sensitive analysis of dissolution on an element by element basis. This yields a direct 

measurement of the elemental dissolution rate during the reaction of material with an electrolyte [111] 

as shown in Fig. 11. The main idea of this technique is to understand how a surface behaves in terms of 

elementary dissolution reactions during any electrochemical test or even at open circuit conditions.  

This chapter will focus on the AESEC technique, the data calculations and the different set-up 

modifications. Furthermore, surface analytical techniques will be described, used to give deeper insights 

to the chemical and microstructural changes that occurred during the corrosion processes. For example, 

surface topography, and chemical distribution of the alloy were determined by scanning electron 

microscopy coupled with EDS analysis. Different vibrational spectroscopy methods such as infrared 

and Raman spectroscopies were utilized and combined with X-ray diffraction (XRD), to investigate the 

chemical nature of corrosion products.  Moreover, when in-depth resolution was required, glow 

discharged optical emission spectroscopy (GDOES) or X-ray photoelectron spectroscopy (XPS) were 
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used to have access to the surface and bulk composition. These methods will be explained in more detail 

hereafter.  

 
Figure 11 : Schematic of the AESEC method  referring to the coupling of an electrochemical flow cell 

and the ICP-OES [111]. 
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2. MATERIALS & METHODS 
The AESEC method was the main experimental technique used during this PhD thesis. However, the 

difficulties encountered during some preliminary experiments led to several modifications of the general 

set-up shown in Fig. 11. As such, and for more clarity, the AESEC instrumentation and its modifications 

were separated into three different parts: the first part will describe the electrochemical flow cell and the 

different functionalities of the flow injection valve.  The second part will give more details on the ICP-

AES and finally, in the third part, the data treatment and element quantification will be explained. 

 

Figure 12 : Schematic of the final experimental set-up showing: the electrochemical flow cell, two 

pumps with their electrolyte reservoir a) and b), a flow injection valve c) connected to the 

electrochemical flow cell. The ICP-AES collects the electrolyte to measure the dissolution rates and 

the potentiostat follows the electrochemical data. b) Injects, after the flow cell, 2.8 M HNO3 with 15 

ppm Y at 1 mL min -1. d) represents the nebulizer and aspiration chamber system which collects ~ 5 

% of the electrolyte to inject it in the plasma. The remaining 95 % were collected downstream. A 

recirculating temperature controlled water bath and a hollow copper block (not shown here) were 

used to maintain the electrolyte and the sample at a constant temperature (60 °C). 
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2.1. Part A: The flow cell and electrolyte transportation. 

2.1.1. The electrochemical flow cell 
The first part of the system is a three electrode electrochemical flow cell composed of two compartments 

separated with a cellulose membrane: the first one is in contact with the working electrode (WE) and 

has a geometric surface area of 0.51 cm2. The surface is defined by an O-ring and the sample is 

maintained at a constant pressure against the O-ring to ensure a reproducible exposed surface area. The 

second contains the reference electrode (RE: Ag/AgCl) and the counter electrode (CE: Pt sheet) filled 

with electrolyte (Fig. 13.). The cellulose membrane allows the current transfer between the working and 

counter electrode without bulk mixing the electrolytes between the two compartments (Fig. 14).  

 
Figure 13 : Detailed schematic of the electrochemical flow cell showing the compartment with the 
flowing electrolyte reacting with the WE, separated from the second compartment by a cellulose 

membrane where there is the RE and CE (not to scale). 
 

The electrolyte is transported at a constant flow (3 cm3 min-1) through the first compartment (0.20 cm3), 

reacts with the sample and flows continuously to the second system: the ICP-AES. The small volume 

of the compartment prevents any possible electrolyte accumulation during the experiment and gives a 

real time analysis of the reactions. The electrolyte input and output are respectively at the bottom and 

the top of the cell, in order to avoid bubble accumulation that may be generated during the course of the 

experiment. 
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Figure 14 : Picture showing the electrochemical flow cell with the compartment containing a) the 

reference electrode, b) a Teflon block (changed to a Copper block if working at high temperature is 

needed) maintaining the sample c) at a constant pressure, against the flow cell d) and e) the flow 

injection valve. 

 

A Gamry Reference 600™ potentiostat from Gamry Instrument is used for the electrochemical 

experiments. The analog potential and current signals are routed into the ICP-AES data acquisition 

circuit to guarantee an equivalent time scale between both measurements. 

2.1.2. Flow injection valve system 

For the calibration procedure and background measurement, the flowing electrolyte is directly 

introduced to the ICP-AES without going through the electrochemical flow cell. The flow injection 

valve has two positions: (1) as shown in the diagram, the electrolyte is transported through the cell to 

the ICP-AES or (2) the electrolyte bypasses the cell and is transported to the ICP-AES. A valve 

developed for flow injection analysis (FIA from FIALab) was made from Kel-F(CTFE)™ for the stator 

material and Valcon M™ for the rotor, materials chosen for their good chemical resistance to nitric acid 

(Fig.14).  

 

2.2.  Part B: The inductively coupled plasma atomic emission spectrometer (ICP-AES) 

The inductively coupled plasma atomic emission spectrometer is a well-known technique, regularly 

used in analytical chemistry and is sensitive to the majority of the elements in the periodic table. The 

ICP method relies on the excitation/ionization of atoms by a high source of energy- the plasma- to 

produce the emission of radiations at specific wavelengths for each atom.  

2.2.1. Electrolyte introduction system  

The electrolyte transport is realized by a peristaltic pump with Tygon™ capillaries. In this work, a 3 mL 

min-1 flow rate was used unless otherwise stated. The sample introduction in this system consists of a 

a) Reference electrode 

b) Teflon / Cu block 

c) Sample 

d) Flow cell 

e) Flow injection valve 
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pneumatic nebulizer and a cyclonic spray chamber as represented in Fig. 15. The pneumatic sample 

introduction is the most common method used to inject an analyte into the plasma. Through the end of 

the nebulizer, the argon gas flows at a high speed rate to create a fine aerosol. The small size of the 

nebulizer orifice ensures the good stability and reproducibility of the analysis. Nevertheless, the tip 

could sometimes be obstructed if the solution has more than 0.1% dissolved solids. Depending on the 

application and the electrolyte used, different nebulizers and spray chambers are provided. For this PhD 

thesis, a Meinhard® K3 concentric nebulizer was used, specifically designed for concentrated solutions 

having solid contents. Moreover, an argon humidifier was used during the experiments in order to 

prevent salt deposits in the introduction system by humidifying the argon before it enters in contact with 

the analyte.  

Once the aerosol is produced, the cyclonic spray chamber collects all the droplets and selects by inertia 

effect only the ones with a diameter less than 10 μm (approximately 5 %) to transport them to the torch. 

The remaining 95% is evacuated from the system by the peristaltic pump downstream. It is noteworthy 

to mention that the intensity of the signal generated is directly correlated to the quantity of elements 

analyzed by the ICP-AES.  Usually a surface treatment induces a high quantity of dissolved elements. 

However, if these amounts are higher than the linear dynamic range – LDR- (between 106 to 109 times 

the detection limit for each line [123]), the electronic signal cannot be correctly quantified and may lead 

to the saturation of the detector. In our experiments, it was important to reduce the amount of droplets 

injected to the plasma. Consequently, a specific cyclonic spray chamber with an internal glass tube was 

used, to significantly decrease the quantity of analyte introduced to the torch and improve the ICP-AES 

analysis.  

 
Figure 15 : Picture of the electrolyte introduction system involving a) the nebulizer and b) the 

cyclonic spray chamber. 
 

2.2.2. Internal standard and second peristaltic pump 
During a surface treatment process, the reactivity of a sample to an aggressive electrolyte can lead to 

massive dissolution. However, if the material has a complex microstructure –like the AA2024-T3- the 

surface may react differently depending on its composition. For example, in an alkaline environment, 

a) 

b) 
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the Al matrix is highly soluble [2] and the reaction produces hydrogen gas. However, a majority of the 

alloying elements included in the intermetallic particles are not soluble. Consequently, there will be 

particle detachment and release in the electrolyte. Moreover, the hydrogen evolution can interrupt the 

electrolyte flow and cause signal fluctuations.  

It is well known that some of the intermetallic particles found in the A2024-T3 have a size larger than 

10 µm [5,6]. Consequently, if one of these detaches from the surface and is released in the system, it 

has probably no chance of being injected into the plasma. (cf 3.2.1.). A second peristaltic pump, injecting 

a 2.8 M HNO3 solution was hence added to the system to dissolve, or at least significantly reduce, the 

size of those large insoluble products that could form during the alkaline exposure of the alloy. The 

introduction was realized by a “Y” connection after the output of the cell and before the electrolyte 

introduction to the nebulizer. The flow rate was fixed at 1 mL min-1 (a higher flow rate leads to signal 

perturbations into the introduction system) and the pH was controlled at the output of the spray chamber.  

Usually, during an ICP-AES analysis, an internal standard is added to the solution to correct signal 

perturbations caused by pump fluctuations, gas bubbles, or the presence of particles that could block the 

capillaries. The choice of the internal standard relies on two important conditions: the element has to be 

absent from the analyzed solution, and should not induce interferences with other elements. The Yttrium 

was, in our case, used to control the course of the experiment as it allowed the distinction between signal 

perturbations and fluctuations resulting from bubble formation. The latter was injected downstream the 

flow cell by the second pump in addition to the 2.8 M HNO3 solution. 

 

2.2.3. Plasma: excitation source of the ICP-AES 

The plasma is created by introducing Argon gas into a quartz torch and applying a radio frequency 

power (between 700 and 1500 Watts) at a frequency of 27 or 40 MHz. The magnetic field and the RF 

current will be created through two copper coils where in the middle is placed the end of the torch. The 

latter is composed of two quartz tubes, one injector in alumina and has three inlets (Fig.16):  

- One at the bottom where the analyte is introduced through the injector, 

- A second called “argon flow”, located in the outer channel, where the argon gas spirals 

tangentially around the chamber as it goes upwards at a rate of 7-15 L min-1. 

- A third inlet called “auxiliary flow”, where a gas is sent between the injector and the inner quartz 

tube to make the sample introduction in the plasma easier. The flow rate is usually about 1 mL 

min-1 
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Figure 16 : Picture and schematic of the plasma torch, adapted from [123]. 

 

When the plasma is initiated and the analyte is carried through the center of the torch, the high 

temperatures (6000 – 10000K) will desolvate, leaving microscopic salt particles. Follows the particle 

decomposition into gas molecules called vaporization and finally the atomization where the molecules 

are dissociated into individual atoms. 

Once all molecular bonds are broken, the excitation occurs. When an atom absorbs the electromagnetic 

radiation, one electron surrounding the nucleus will be promoted from its ground level to a higher energy 

state. Some elements will undergo ionization as well, the energy absorbed by the electron is sufficient 

so that the electron is ejected from the atom leaving behind a positively charged ion. Following the 

excitation process, the atom is not stable and will tend to go back to its ground level by emitting through 

this process a characteristic photon. The energy difference between the ground state and the higher 

energy level is directly correlated to the frequency of the radiation through Max Planck’s equation: 

 

      (3) 

 

where E is the difference between the two energy levels (E = E excited state – E ground state) represented in Fig. 

17, h the Max Planck’s constant (h = 3.336 x 10-11 s cm-1) and  the frequency of the radiations. The 

wavelength  is then easily determined by using the relationship with the speed of light [124,125]: 

 

      (4) 
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Figure 17 : Energy level diagram describing the energy transitions (related to E= Eexcited - Eground ) 

were a) and b) represent excitation, c) ionization, d) ionization/excitation, photon emission by e) ion 

and f) g) and h) atom [123]. 

 

The radiations, energy levels and wavelengths are characteristics to each element in the periodic table. 

Thus the intensity of each line is given by relation (5): 

𝐼 = 𝐸𝑛𝑃      (5) 

with P as the probability of the transitions per unit of time and n the initial population of electrons. On 

the other hand, the relationship between the initial population and the total population N of the 

considered ionization state is expressed by Boltzmann’s law: 

𝑛 =
𝑔𝑁𝑒−𝐸/𝑘𝑇

𝑍
⁄      (6) 

Z is the partition function, E the excitation energy, g the statistical weight of the considered level, k the 

Boltzmann’s constant (k= 1.38064852 x 10-23 J K -1) and T the temperature. The intensity can be 

expressed by the following equation (7): 

𝐼 =
ℎ𝑐P 𝑔N𝑒−𝐸/𝑘𝑇

𝜆𝑍
⁄       (7) 

Finally, it is possible to establish a relationship between the intensity of wavelength and the 

concentration by performing a calibration. Different solutions with known concentrations are analyzed 

and a linear equation is obtained. This allows the determination of the majority of the elements and 

makes this technique very useful for elemental quantification.  

2.2.4. Dispersive system 

The radiations are then collected by an optical system composed of one monochromator and one 

polychromator, where a set of phototubes collects the photons emitted by the atoms in the plasma. The 

purpose of these systems is to separate all individual wavelengths collected and allows the identification 

of the elements without any perturbations from other wavelengths. A Czerny - Turner monochromator 

collects the light at one wavelength if high spectral resolution is needed as the Paschen – Runge 

polychromator can collect up to 30 different wavelengths at the same time (Fig.18). The theoretical 

resolution of the polychromator is 0.025 nm in the first order and 0.015 nm in the second order covering 

a spectral range from 165 nm to 408 nm, and the monochromator has a practical resolution of 0.005 nm 
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in a spectral range of 120 to 320 nm and a resolution of 0.010 nm in a range of 320 to 800 nm. The 

emissions are converted into electronic signals and collected by a data acquisition system.  

 

Figure 18 : Schematic representing a Pashen-Runge polychromator composed of a set of 

photomultiplier tubes. They can collect up to 30 different wavelengths at the same time [124]. 

 

2.3.  Part C: Element quantification and AESEC data treatment 

2.3.1. Concentration, flow rate and convolution. 

The intensity of each emission is correlated to the concentration of the corresponding element, hence 

allowing their quantification through a standard calibration procedure. The concentration CM is then 

given by the relationship [125]: 

𝐶𝑀 = (𝐼𝜆𝑀
− 𝐼𝜆𝑀

° )/𝑘𝜆𝑀
      (8) 

 where 𝐼𝜆𝑀

°  and 𝑘𝜆𝑀
 are respectively the background intensity and the sensitivity factor for a given 

wavelength, 𝜆. This technique offers a large linear dynamic range (LDR, from µg L-1 to g L-1) and 

excellent detection limits for almost all the elements. 

Knowing the concentration of the released elements CM (ppm), the flow rate f (mL min-1) and the 

exposed surface area A (cm2), it is possible to calculate the corrosion rate 𝑣𝑀 (mg s-1 cm-2) of individual 

elements according to Equation (9): 

𝑣𝑀 = 𝑓𝐶𝑀/𝐴      (9) 

where it is assumed that M is not present in the initial electrolyte. The dissolution rate can also be 

converted into a current density, jM (mA cm-2), using Faraday’s law: 

𝑗𝑀 = 𝑧𝐹𝑣𝑀/𝑀𝑀     (10) 

with z the oxidation number, Faraday’s constant F= 96485 C mol-1, and the molar mass MM (g mol-1). 

In this work, a Horiba Jobin Yvon - Ultima 2C™ - ICP-AES was used to realize the electrolyte analysis 

downstream the flow cell. 

The total electrical current, je, analyzed by the potentiostat can be expressed as the sum of the anodic 

and cathodic currents, je, ja, and jc respectively: 

𝑗𝑒 =  𝑗𝑎 + 𝑗𝑐     (11) 
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The AESEC allows the measurement of the soluble species of the metal dissolution which corresponds 

to the anodic current. When the metal undergoes only active dissolution, this current, ja, may be 

expressed as: 

𝑗𝑎 =  ∑ 𝑗𝑀     (12) 

However, if the reaction involves dissolution and the formation of insoluble species, related to 𝑗𝑀
𝑖𝑛𝑠, then 

ja may be expressed as: 

𝑗𝑎 =  ∑ 𝑗𝑀 + ∑ 𝑗𝑀
𝑖𝑛𝑠     (13) 

The quantity ( 𝑄𝑀
𝑖𝑛𝑠 ) of insoluble species may be determined by relation (14): 

𝑄𝑀
𝑖𝑛𝑠 =  ∫ 𝑗𝑀

𝑖𝑛𝑠𝑡

0
𝑑𝑡 = ∫ ( 𝑗𝑒

𝑡

0
− 𝑗𝑀)𝑑𝑡     (14) 

when the signal collected from the potentiostat (je) and the data from the ICP-AES need to be compared, 

the ICP-AES signal (jM) needs to be processed as je and jM have very different time resolution: je is 

measured instantaneously by the potentiostat and jM is broadened by the hydrodynamic of the flow cell. 

This “correction” was realized by a numerical convolution of je, using a transfer function h(t) which 

corresponds to the output signal of jM after the application of je per unit of time. In the context of our 

AESEC experiments, the time resolution used was 1 s and h(t) can be approximated by a log-normal 

function according to Equation (15), in which the pre-exponential factor is a constant: 

h(t) ={
√

𝛽

𝜋𝜏2  𝑒
−

1

4𝛽 𝑒−𝛽𝑙𝑛²
𝑡

𝜏

0                  𝑖𝑓 𝑡 = 0

      𝑖𝑓 𝑡 > 0    (15) 

where 𝜏 corresponds to the peak maximum, as illustrated in Fig.19. The interest of the convolution was 

demonstrated in several publications [115,116,126], and corresponds to the numerical application of the 

convolution sum to je: 

𝑗𝑒
∗(𝑡) = ∑ 𝑗𝑒(𝜁)ℎ(𝑡 − 𝜁)𝑡

𝜁=0      (16) 

where 𝑗𝑒
∗(𝑡) represents the analyzed AESEC current, which is influenced by the cell hydrodynamics; je 

is the real current as measured by the potentiostat. With this mathematical formula, it is possible to 

eliminate the influence of the hydrodynamics and to accurately compare jM and je. 
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Figure 19 : a) Residence time distribution of the flow cell after applying 10 mA pulse to pure Cu in 

1.2 M H2SO4 and the Cu intensity was measured in response. t° is defined as the time between the 

initial pulse and the first at which the signal rises above the background (𝑰𝝀
° ) and 𝝉 is defined as the 

time between t° and the peak maximum and b) corresponds to the curves a) with a log-normal 

distribution fit of ICu (adapted from [116]). 

 

Nonetheless, this procedure takes into account the hydrodynamics of the flow cell, and not the 

electrochemical processes. Recently, the development of a deconvolution algorithm has been performed 

by Shkirskiy et al. [127] to minimize the error caused by the smoothing procedure during the convolution 

procedure. 

2.3.2. Hydrodynamics 

The concept of this work was to simulate the entire surface pretreatment process, which involves 

multiple steps. Therefore, unlike most previous AESEC investigations, it was necessary to change the 

electrolyte during the course of the experiment. The aim of this section is to report the rate of electrolyte 

change in the cell, when one electrolyte is substituted for another at the reservoir. 

The measurement is performed by filling the cell with a 1.25 M NaOH electrolyte containing 10 ppm 

Al, then switching the flow over to the bypass and rinsing the capillaries with water until the Al signal 

had decreased down to the background level. Then the electrolyte flow is switched back to the 

electrochemical flow cell and the Al concentration transient is monitored as a single volume of the cell 

as washed downstream by water. An overlay of two concentration transients thus obtained is given in 

Fig. 20 as well as the integral of the concentration transient, all shown as a function of log(t). 

The result reveals that the Al is rapidly removed from the cell, as 90 % of the Al is evacuated from the 

cell in approximately 25 ± 2 s. From the integration of the concentration peak, it was possible to calculate 

the volume of electrolyte measured in this experiment as follows: 

 𝑄𝐴𝑙 = 𝑓 ∫ 𝐶𝐴𝑙
𝑡

𝑡0
(𝑡) 𝑑𝑡 = (𝑉𝑐𝑒𝑙𝑙 + 𝑉𝑡𝑢𝑏𝑒) 𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑                                        (17) 

where Cstandard is the standard concentration used for the experiment in ppm (10 ppm of Al) and Vtube the 

volume of the two capillaries connecting the flow cell to the FIA valve.  Vcell + Vtube was found to be 

Vcell + Vtube = 0.26 ± 0.02 cm3 with Vtube = 0.07 cm3, so Vcell = 0.19 ± 0.02 cm3
.  

a) b) 
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The experimental data are represented by points in Fig. 20 The fit curve is a log-normal distribution fit 

to the experimental data: 

 h(t) = 18) 

β and τ are empirical parameters. For this work, those parameters were found to be β = 1.90 ± 0.03 and 

τ =7.02 ± 0.04 yielding an increased time resolution as compared to the galvanostatic pulse 

measurements reported previous work and illustrated in Fig. 21 [116]. 

 
Figure 20 : Experimental data and the curve fit used to determine the residence time distribution of 

an electrolyte between two pretreatment steps. The curve fit is presented as a log-normal distribution 
with these parameters: β = 1.90 ± 0.03 and τ =7.02 ± 0.04 [128]. 
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Figure 21 : Comparison of the experimental data between (in black) the galvanostatic pulse and (in 

blue) the hydrodynamic experiments used to determine the residence time distributions. 

 

2.4. Sample preparation 

Prior to AESEC experiments, the samples were ground with silicon-carbide (SiC) paper to a final finish 

of 4000 grit under ethanol, and then dried using nitrogen. Grinding the samples is not typical for surface 

treatment applications. In the case of our studies, we assumed that the surface exposed during the 

experiments was representative of the bulk alloy composition. However, numerous studies highlighted 

the complexity of the surface microstructure and its modification due to the rolling process. The latter 

creates a new surface layer-called grain refined surface layer (GRSL, mentioned in chapter I) [15] - with 

a different grain structure by breaking the intermetallic particles covered by an Al oxide. Thus, in order 

to be consistent, we tried to remove this GRSL from the surface and to be as close as possible to bulk 

composition. Some samples were mounted in cold epoxy resin for cross sectioning observations. 

 

2.5. Electrochemical characterization 

The electrochemical behavior of the surface is an extremely important feature when the performances 

of a pretreatment need to be checked. Different electrochemical methods were used during this PhD 

thesis and presented in the following sections.  

2.5.1. Potentiodynamic polarization curves 

Electrochemical reactions are the basis of metallic corrosion phenomena and can be studied to 

understand metal degradation.  A potentiodynamic polarization involves measuring the relationship 

between the electrochemical potential of the working electrode and its current response. Between the 
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reference electrode and the working electrode, the potential is varied and the current response circulating 

between the working electrode and the counter-electrode is recorded. In the context of this PhD thesis 

the idea was to electrochemically characterize the surface before and after pretreatment. The 

experiments were performed with the electrochemical flow cell in order to keep the same operating 

parameters and the same exposed surface area. The samples were exposed to a 0.5 M NaCl at pH = 6.5 

from -1.4 V to -0.3 V vs. Ag/AgCl at a scanning rate of 1 mV s-1 and at a 3 mL min-1 flow rate. 

 

2.6. Surface ex-situ characterization techniques 

2.6.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy is a widely used technique to study the surface morphology compositional 

distribution. The sample is introduced into an under vacuum chamber where a focused beam of electrons 

interacts with the sample. From these interactions various data can be collected: 

- Secondary electrons: they give information about the surface morphology and the distribution. 

- Backscattered electrons: this mode is used to obtain chemical contrast from an image. The 

elements with high atomic number Z will appear lighter than the elements with a low Z. 

- Photons: they are produced from the interaction of electrons with the sample and are from 

characteristic X-rays. They are collected, analyzed and can be used to realize a mapping of the 

surface composition but also perform more specific analysis (particle analysis for example). 

All SEM micrographs in the secondary and backscattered electron mode were taken at a 10 kV 

accelerating voltage and 10 mm working distance (WD) using a FEI Quanta 3D FEG 600 focused ion 

beam/scanning electron microscope (FIB/SEM) coupled with energy dispersive X-ray spectrometry 

(EDXS) realized at the Monash Center for Electron Microscopy (MCEM), Australia. 

2.6.2. Focused Ion Beam (FIB) 

The focused ion beam also known as FIB is a technique developed in the late 1980s, initially to perform 

sample preparation for transmission electron microscopy (TEM). The FIB microscope works along the 

same principle as the scanning electron microscope, as a focused electron beam interacts with a sample 

and from the scan a resulting image is obtained. Nevertheless, the FIB has also the ability to produce a 

high current density beam to realize in-situ cross sections with a size of a few micrometers. The choice 

of the liquid metal to generate the ion beam relies on these following requirements: 

- The metal needs to wet the tip of the needle without corroding it 

- It must have a low vapor pressure in the molten state 

For cross sectioning, a Ga+ ion beam is mainly used because of its low melting point which makes it a 

very convenient material to create a compact gun.  
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2.6.3. Glow discharge optical emission spectrometer (GDOES)  
The glow discharge optical emission spectrometry is a multi-element analysis technique used for surface 

and interface characterization. This method gives fast analysis and is easy to use as it does not require a 

specific sample preparation.  The sample is exposed to a plasma in a primary vacuum chamber, slowly 

sputtered by argon ions and neutral species accelerated into the plasma. The extracted elements are then 

excited by the plasma following the same principle described for the ICP-AES. From this technique it 

is possible to identify the nature of the material, perform quantification and determine the elemental 

depth distribution (Fig. 22).  

 
Figure 22 : Principle of Glow discharge optical emission spectroscopy. 

 

Elemental depth profile of the film was performed using a Horiba Jobin Yvon GD profiler 2™ glow 

discharge optical emission spectrometer (GD-OES). The data collection was realized at 0.007 s 

integration time per point. During the experiment, signal of approximately 30 elements were recorded 

on the polychromator. 

 

2.6.4. Profilometry 
During surface treatment processing, one of the key parameters is the roughness of the underlying metal. 

The latter plays a major role in coating adhesion and therefore, corrosion protection. Roughness 

measurement is regularly used in surface treatment industry to control the efficacy of the pretreatment, 

but also for pit measurement after corrosion tests [129]. 

There are two different profilometers: the optical and the stylus profilometer. Optical profilometer is a 

non-contact method, providing 2D and 3D images of a surface with high resolution (up to 0.2 nm for 

height resolution), also numerous roughness characteristics. A light beam is produced and projected to 

the sample surface. Through the interferometer, half of the incident beam will be reflected from a 

reference and the other half will be reflected from the sample. Then, they finally recombine to produce 

interference fringes and the system records the intensity of each point on the surface as the scanning 

goes downwards. 
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The stylus profilometer uses a tip to scan the surface, physically moving along the surface to measure 

its height. The changes in the z- position (in the direction normal to the surface) gives the surface profile, 

which can be given by the software. 

Surface topography (roughness, depth of attack) was characterized using a Veeco Wyco NT1100 Optical 

profilometer and a Veeco Dektak 150 stylus profilometer. In the context of this PhD thesis, the 

profilometry technique was performed as complementary test to check the etch rate determined by the 

AESEC calculations.  

 

2.6.5. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), is a characterization tool used for extreme surface analysis (5-

10 nm). It gives access to the composition of the sample as well as the oxidation state of the element 

present on the surface. The principle relies on the irradiation of the sample with a X-ray beam generated 

by an electron gun bombarding a metallic target. As a consequence of this photon irradiation, the atoms 

of the surface of the sample will ionize by a photoelectric effect. The excited atoms will emit 

photoelectrons during their relaxation and their kinetic energy Ek is measured. According to Einstein’s 

relation, the characteristic binding energy Eb can be calculated: 

𝐸𝑏 = ℎ𝜈 − (𝐸𝑘 +  𝜙)     (11) 

where ℎ𝜈 is the energy of the photon from the X-ray source and 𝜙 the energy required to extract the 

electron from vacuum which depends on the spectrometer (considered as negligible for the calculations). 

XPS is used to determine surface composition and the thickness, contamination level, or the chemical 

state of elements and their local bonding environment. 

 

Figure 23 : Principle of X-ray photoelectron spectroscopy. 

 

2.6.6. Vibrational spectroscopy 

Raman spectroscopy 

When a light interacts with a molecule, it can be either transmitted, absorbed, reflected or scattered. In 

Raman spectroscopy, the sample is irradiated with a monochromatic laser beam, the latter will interact 

with the molecules on the sample and produced a scattered light. The Raman effect represents 
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approximately 10-7 of the scattered light and its frequency is different from the incident laser beam 

(inelastic scattering). This change in wavelength is induced by the interaction of the light and molecular 

vibrations which provides chemical and structural information on the analyzed sample. Depending on 

the vibrational state of the molecule, the Raman shifted light can be either at a higher or lower energy 

state. Raman spectroscopy was used herein as a complementary tool to the X-ray diffraction (XRD), in 

order to identify the amorphous products. 

 

Figure 24 : Principle of Raman spectroscopy. 

 

Surface observation and film composition were investigated using a Renishaw Invia confocal Raman 

microscope with excitation by a Co diode Pumped Solid State (DPSS green laser 532 nm) and an edge 

filter focused on 1000 cm-1. The exposure time was 1s and 50 accumulations were realized for each 

spectrum.  

 

Infrared (IR) spectroscopy  

Infrared spectroscopy gives access to the chemical nature of the bonds present on a sample. A sample 

is irradiated with an infrared light source which is sent to a modulator that separates the light into 

numerous wavelengths. A detector then collects and determines the quantity of absorbed IR light by the 

sample. Finally, by data processing, a spectrum is obtained, which gives access to the vibrational 

frequencies of chemical bonds between two atoms. During their radiation, the molecules are prone to 

the change of their dipole moment. From their ground level state, their vibrational energy level is 

transferred to a higher level called excited state.  

Infrared spectra were obtained from the corrosion product using a Nicolet 6700 IR spectrometer 

equipped with an ATR (attenuated total reflectance) accessory including a diamond crystal. This latter 

was used to permit the analysis of thin layers on substrate without specific sample preparation. The 

spectrometer is equipped with a nitrogen-cooled MCT (mercury-cadmium-telluride) wide band detector. 

For each spectrum, 256 scans were recorded in the wavelength range from 600 to 2000 cm−1 with a 

nominal resolution of 2 cm-1. Moreover, the background was collected on the ATR accessory without 

any substrate pressed against the crystal. 

 

 



 

73 

 

2.6.7. X-ray diffraction (XRD) 

X-ray diffraction is a characterization methods used to determine the structural properties of crystalline 

materials. This technique allows the identification of crystalline structure, indexation and quantification 

of the crystalline phases present in the materials. Moreover, it gives access to specific features such as 

lattice refinement, grain size and their orientation or the deformation of the crystalline network could be 

also determined. The principle relies on the interaction of a monochromatic X-ray at a chosen 

wavelength on the surface of the sample and an incident angle 𝜃. The beam is reflected by reticular 

planes {h, k, l}, separated by an inter-reticular distance d, of the crystalline sample. The radiation will 

provoke the vibration of atoms at the same frequency of the X-ray radiation and spread them in all 

directions. Depending on their direction, the atoms arranged in the crystal may undergo constructive or 

destructive interferences. The constructive interferences or diffraction peaks are determined by Bragg’s 

law, as mentioned and illustrated in Fig. 25. 

 

Figure 25 : Principle of X-ray diffraction. 

 

Consequently, through the angular position, the intensity and the shape of the diffracted lines, it is 

possible to have access to: 

 The geometry of the crystal, the size and the shape of the lattice 

 The type of atoms involved and their arrangement in the lattice along with their crystallographic 

orientation, 

 The size of the particles and their deformation. 

During this PhD, the analysis was performed using a PANanalytical X’Pert PRO diffractometer 

operating with Cu K𝛼 radiation (𝜆=1.54050 Å), at 40 kV and 45 mA with a PIXcel detector. The data 

collection was carried out with an angular resolution of 0.02° and a scan rate of 0.3 s per point. 
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CHAPTER III: IN SITU MONITORING OF ALLOY 

DISSOLUTION AND RESIDUAL FILM 

FORMATION DURING THE PRETREATMENT 

OF AL-ALLOY 2024-T3. 
 

 

 

 

 

 

 

 

« Le trop d’expédients peut gâter une affaire ; 

On perd du temps au choix, on tente, on veut tout faire. 

N’en ayons qu’un, mais qu’il soit bon. » 

 

« Expedients may be too many ;  

consuming time to choose and try. 

On one, but that as good as any, 

It is best in danger to rely. » 

 

Jean de La Fontaine. Le Chat et le Renard. Livre IX, Fable 14. 
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In situ monitoring of alloy dissolution and residual film 

formation during the pretreatment of Al-alloy AA2024-T3. 

O. Gharbi1, N. Birbilis2, K. Ogle1, * 

1 Chimie-ParisTech, PSL Research University, CNRS - Institut de Recherche Chimie Paris 

Paris 75005, France 

2 Department of Materials Science and Engineering, Monash University, VIC 3800, Australia 

 

The dissolution of intermetallic phases in AA 2024-T3 aluminum alloy sheet was investigated 

during a coating pretreatment sequence. The atomic emission spectroelectrochemistry 

(AESEC) technique was used to quantitatively measure the dissolution rates of individual 

alloying elements during a complete pretreatment sequence. The results demonstrate the 

significant selective dissolution of Al in 1.25 M NaOH, leading to the enrichment of alloying 

elements such as Cu. Subsequent 2.8 M HNO3 treatment contributes towards dissolving the 

excess residual layer and passivates the alloy matrix, however the presence of a residual Cu 

layer at the alloy surface was evidenced. The real-time alloy dissolution profiles are presented 

herein, and discussed in the context of the surface morphology via microscopy. 
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1. INTRODUCTION  
The surface treatment of aluminum (Al) alloys is required prior to the application of corrosion 

protective coatings [130]. Protective coatings are essential in order to allow microstructurally 

complex alloys, which are nominally prone to localized corrosion [8,21,29,56,131,132], to be 

used in service; particularly in aerospace applications [5]. Coatings for Al-alloys are nominally 

multilayered coating ‘systems’, with the first coating being a chemical conversion coating. The 

surface treatment prior to this chemical conversion coating is as important as the coating itself, 

since it determines the efficacy of any conversion coating[82,130]. Such surface treatment, 

often termed pre-treatment, generally involves alkaline etching and acid pickling. Sodium 

hydroxide (NaOH) is often used to remove any organic residue and also to remove several 

micrometers of the alloy surface[81]. This is followed by acid pickling, usually performed in 

nitric acid (HNO3) to remove any residue, products, films, or particles remnant from – or caused 

by - the prior alkaline step. The purpose of surface pretreatment is to provide a chemically 

homogeneous surface chemistry prior to subsequent coating processes. The chemical 

heterogeneity of the Al-alloy surfaces is due to the many alloying elements present, such as 

copper (Cu), magnesium (Mg), iron (Fe) and manganese (Mn). Cu improves the mechanical 

properties of AA 2024-T3 [6] however decreases corrosion resistance due to stimulating 

various phases which serve as local electrochemical entities, in addition to raising the alloy 

potential to above the pitting potential of the matrix phase [2,19,21,47,133,134]. This element 

is considered to be a major contributor to the localized corrosion of Al [49,131,135] and its 

elimination is one of primary goals of aluminum alloy surface pretreatment. 

Knowledge of the elementary dissolution kinetics during the pretreatment sequence would be 

very useful for the development of surface treatment formulations, however, this information 

is often very difficult to obtain. In situ monitoring of the corrosion reactions during surface 

treatment is difficult as the corrosion reactions occur within a relatively short time with large 

reaction rates and may involve extensive precipitation of dissolution products and/or particle 

release.  

Chemical pretreatments and their effect on coating performance have been studied for various 

Al-alloys [16,83,90–92,99,136–138] and it has been noted that these pretreatments can lead to 

surface enrichment of certain alloying elements such as copper [49,93,94,104,139]. On the 

other hand, Hughes et al. studied the effect of various deoxidizing agents, like nitric acid 

(HNO3), sulfuric acid (H2SO4), phosphoric acid (H3PO4) or hydrofluoric acid (HF) using ex situ 

surface characterization – scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and Rutherford back scattering 

(RBS) - and concluded that only the HNO3 treatment combinations produced a surface free of 

copper-rich smut [103]. However, Liu et al. [104] observed copper enrichment after HNO3 
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immersion via RBS and TEM analysis, similar to the extent obtained from NaOH immersion. 

Using XPS, Moffit et al. [97] measured a thin residual copper layer beneath an Al oxide film 

after pretreatment in a nitric acid based oxidizer. Muster et al. [14] concluded that two main 

considerations should be taken into account in the point of view of surface enrichment of 

alloying elements: (i) the so-called etch rate of the metal finishing solution, and (ii) the 

solubility of the alloying elements in that solution. These considerations were suggested to be 

considerations for evaluating pretreatment performance.  

Nevertheless, despite all surface characterization performed after pretreatment to date, the 

kinetics of the metal / electrolyte reactions during the process need to be clarified. In order to 

do this, an in situ methodology is required, as methods to date involve analysis ex situ of the 

pretreatment electrolyte, and analysis subsequent to the pretreatment process. The aim of the 

present work is to demonstrate the utility of atomic emission spectroelectrochemistry (AESEC) 

to monitor the kinetics of Al alloy surface pretreatment (which is possible at open circuit using 

AESEC) in terms of alloy dissolution, residual film formation, and particle release[111]. 

AESEC analysis of surface treatment processes have been previously performed in the context 

of chromating, phosphating, degreasing or anodization [113,118,140–142]; however the works 

to date have involved only single step treatments and comparatively low dissolution rates. The 

novelty of the work herein as concerning AESEC is to combine two different steps with respect 

to electrolyte exposure, and to analyze a system experiencing significantly rapid dissolution 

rates.  In addition to this, AESEC is the only quantitative method capable of providing element-

by-element dissolution analysis (and real dissolution rates) under open circuit conditions. The 

study is focused on aluminum alloy AA2024-T3. 
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2. EXPERIMENTAL 
Materials  Commercial AA2024-T3 aluminum alloy sheet (2 mm thick) was supplied by 

Constellium . The corresponding elemental analysis is given in Table 8. Immediately prior to 

experiments, the samples were ground with silicon-carbide (SiC) paper to a final finish of 4000 

grit under ethanol, and then dried using nitrogen. The purpose of grinding is to two–fold: to 

produce a surface representative of the bulk alloy composition, assumed in later calculations, 

and to remove the grain refined surface layer (GRSL) [15] associated with the manufacturing 

process - such as rolling [143].   All chemicals used herein were reagent grade and solutions 

were prepared from 18.2 MΩ cm water purified with a Millipore™ system. 

 

Table 8: Elemental composition of AA2024-T3 

 

AESEC method    Fig. 26 illustrates the experimental set-up used for this work. The AESEC 

system is a combination of i) an electrochemical flow cell where the sample is exposed to the 

electrolyte, and a downstream ICP-AES spectrometer. The method has been described in detail 

previously [111] : the ICP-AES spectrometer is used to continuously analyze the elemental 

composition of the electrolyte exiting the flow cell. The alloy dissolution occurring as a result 

of exposing the sample to the electrolyte leads to the formation of dissolved species, which are 

carried to the ICP spectrometer. The concentrations of the released elements, CM, are monitored 

as a function of time to give the elemental dissolution rates (vM) of the alloy components:  

vM = CM f / A      (1) 

where f is the electrolyte flow rate passing through the cell and A is the exposed surface area 

of alloy. In some cases, it is convenient to express the dissolution rate as an equivalent current 

density assuming Faraday’s law as: 

jM= zF vM          (2) 

where z is the oxidation state of the dissolved species.  

A valve developed for flow injection analysis (FIA), was used to route the electrolyte either 

through the cell or through a bypass. The latter is used for standards during the calibration 

procedure. The FIA valve (from FIALab) was made from Kel-F(CTFE)™ for the stator 

material and Valcon M™ for the rotor, materials chosen for their good chemical resistance to 

nitric acid. The flow cell has a separate compartment for the reference and the counter electrode 

(Pt foil) separated from the main compartment by a porous membrane of natural cellulose. This 

AA2024T3 

composition 

wt % 

Al Cu Mg Mn Fe Si Zn Ti Cr Ni Zr 

bal 4.21 1.38 0.48 0.13 0.066 0.12 0.023 0.0051 0.0059 0.0138 
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was chosen for its good resistance to nitric acid at room temperature. In fact, no deterioration 

of any part of the cell was observed during the course of experiments herein. 

A second peristaltic pump was used to inject 2.8 M nitric acid containing 15 ppm Y as an 

internal standard into the electrolyte flow immediately after the flow cell at 1 mL min -1. Nitric 

acid was used to neutralize NaOH solution thereby making it easier to detect elements, which 

are otherwise insoluble in alkaline solution, such as Mg, and Cu. Fig. 26 also shows the 

electrolyte introduction system for the ICP which consists of a TR-30-K3™ Meinhard nebulizer 

especially used for high solid content electrolytes and a cyclonic aspiration chamber. The 

efficiency of nebulization is about 5 to 10% while the remainder of the electrolyte is removed 

by a third peristaltic pump and may be subjected to subsequent chemical analysis. 

The flow rate in the cell was precisely measured before each experiment and was 3.01 ± 0.02 

mL min-1. The exposed surface area was 0.87 ± 0.07 cm2 based on image analysis of the 

attacked surface. Further experimental details concerning the exchange rate of electrolytes in 

the flowcell and the surface topography of the attacked zone are given in the Appendix. The 

electrolyte in the reservoir was maintained at a constant temperature with a water bath and the 

temperature was also controlled at the backside of the sample by placing it in contact with a 

hollow copper block, not shown, which was connected to a recirculating temperature controlled 

water bath.  

 

Figure 26: Schematic of the experimental set-up showing: the electrochemical flow cell, two 

pumps with their electrolyte reservoir a) and b), a flow injection valve c) connected to the 

electrochemical flow cell. The ICP-AES collects the electrolyte to measure the dissolution 

rates and the potentiostat follows the electrochemical data. b) Injects 2.8 M HNO3 with 15 
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ppm Y after the flow cell at 1 mL min -1. d) represents the nebulizer and aspiration chamber 

system which collects ~ 5 % of the electrolyte to inject it in the plasma. The remaining 95 % 

were collected downstream. A recirculating temperature controlled water bath and a hollow 

copper block (not shown here) were used to maintain the electrolyte and the sample at a 

constant temperature (60 °C). 
 

Instrumentation    The ICP-OES spectrometer used was an Horiba Jobin Yvon Ultima 2C 

consisting of a 50 cm focal length Paschen-Runge type polychromator with an array of 

photomultiplier tube detectors at chosen wavelengths and a monochromator. The emission 

wavelengths for Al, Cu, Mg, Fe, Mn and Ti and their detection limits (C2) - defined as three 

times the standard deviation of the blank solution divided by the sensitivity factor - are reported 

in Table 9. Calibrations were performed for each electrolyte used. The electrochemical 

experiments (open circuit potential and polarization curves) were executed using a Gamry 

Reference 600™ potentiostat with an Ag/AgCl saturated reference electrode and a Pt wire 

counter electrode. 

 

Microscopy and Surface Topography   Surface topography (roughness, depth of attack) was 

characterized using a Veeco Wyco NT1100 Optical profilometer and a Veeco Dektak 150 

stylus profilometer. The surface of the alloy was characterized before and after the experiment 

using an FEI Quanta 3D FEG 600 focused ion beam/scanning electron microscope (FIB/SEM) 

coupled with energy dispersive X-ray spectrometry (EDXS). Some samples were crossed 

sectioned (using a focused Ga ion beam) for analysis of the surface profile via SEM.  

 

Table 9 : Detection limits (C2σ) of the different elements in all electrolytes. 

 

 

  

Element Wavelength, nm C2σ in NaOH, ppb C2σ in water, ppb C2σ in HNO3, ppb 

Al 396.152 7.3 9.1 9.3 

Mg 279.079 

Not soluble in 

NaOH, 

measurements 

realized in water 

2.1 1.3 

Cu 324.754 2.7 2.2 

Mn 257.610 2.4 2.7 

Fe 259.940 2.3 2.2 

Ti 337.280 2.3 2.2 
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3. RESULTS AND DISCUSSION 

3.1. In situ measurement of AA2024 pretreatment kinetics 

The entire pretreatment sequence including: (1) treatment in 1.25 M NaOH at 60 °C, (2) 

deionized water rinse, (3) treatment 2.8 M HNO3 at 25°C, and (4) deionized water rinse, was 

performed while monitoring the dissolution rate of the alloy components. Fig. 27 reveals the 

variation of the Al and Cu dissolution rates as a function of time during pretreatment process, 

as well as the open circuit potential. Note that the Cu signal has been multiplied by 500 during 

the NaOH treatment and water rinse periods of the experiment, demonstrating that Cu 

dissolution is relatively negligible during this period. Cu and Al dissolution occur at a similar 

order of magnitude during the HNO3 dissolution step and have been multiplied by 10 for clarity.  

 

Figure 27: AESEC dissolution profiles for Al and Cu and the electrochemical potential 

during the pretreatment sequence of AA2024 – T3.  Exposure to 1.25 M NaOH at 60 °C 

begins at t=0 indicated with a dashed vertical line. This was followed by water, and then 2.8 

M HNO3 both at ambient temperature (≈ 23 °C).  Note the indicated multiplicative factors 

for the two elements in the different regions of the curve.  Also the time axis is broken to give 

the dissolution rates obtained after a longer time period. 

 

During the first (NaOH) step, the Al dissolution rate rises rapidly to reach a steady state value 

of ~13.4 ± 1.6 μg s-1cm-2 in the Figure. The NaOH experiment was repeated three times and the 

average value was found to be 14.2 ± 0.7 μg s-1cm-2, demonstrating the good reproducibility of 

the experiment.  The open circuit potential drops to ~-1.7 V vs. Ag/AgCl and then rises rapidly 
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to obtain a steady state value around -1.4 V vs Ag/AgCl. The dissolution rate curve shows 

extensive oscillations, due to the evolution of hydrogen gas during the experiment (with water 

reduction to form hydrogen being the favored reduction reaction at the corresponding 

potentials). The high dissolution rate observed and the negative potential are consistent with Al 

in the active state [2,144]. 

In 1.25 M NaOH, the dissolution rates of Cu (and Mg, Fe, Ti, Mn, although not shown in Fig. 

27) were negligible compared to the dissolution rates expected for congruent dissolution of the 

alloying components relative to the bulk alloy composition. For example, the expected 

dissolution rate for Cu was 0.6 µg s-1 cm-2, 0.2 µg s-1 cm-2 for Mg and 68 ng s-1 cm2 for Mn. 

Therefore, it may be assumed that an appreciable proportion of the alloying elements remain 

on the surface as a residual film during the exposure of AA2024 to 1.25 M NaOH at 60°C.  

The transition from the NaOH solution at 60 °C and the deionized water at 23°C is marked by 

a slow increase in the open circuit potential rising to approximately -1.1 V vs. Ag/AgCl and a 

significant decrease of Al dissolution rate over the course of about 80 to 100 s. During the 

HNO3 pretreatment period we observe a peak of Al dissolution followed by a peak of Al and 

Cu dissolution, where the Cu dissolution rate is ~2 times higher than the Al dissolution rate. 

This suggests that Cu dissolution is favored during this period.  The other elements (Mg, Fe, 

Mn and Ti) are discussed later. Following this relatively short-lived transient, passivation of 

the alloy surface is indicated by the Al dissolution being reduced to 30 ng s-1cm-2 and Cu 

dissolution at 15 ng s-1cm-2. These values expressed as equivalent current densities, using 

Faraday’s law, would correspond to 320 and 45 μA.cm-2 respectively (assuming n=3 for Al and 

n=2 for Cu). 

The data in Fig. 27 may also be presented in integral format to determine the cumulative change 

in mass due to the dissolution of Al, QAl.  

    𝑄𝐴𝑙 =  − ∫ 𝑣𝐴𝑙
𝑡

0
𝑑𝑡     (3) 

 

This value is shown in Fig. 28 as a function of time. Assuming that the alloy composition is 

uniformly distributed in depth at t=0, the quantity of residual Cu, QCu, may be determined by a 

mass balance in Equation 5: 

𝑄𝐶𝑢 = −𝑥𝑄𝐴𝑙 −  ∫ 𝑣𝐶𝑢 𝑑𝑡
𝑡

0
    (4) 

where  𝑥 =  𝐶𝑢 𝑤%
𝐴𝑙 𝑤%⁄  = 0.045 the ratio determined from the bulk alloy composition 

given in Table 1. (This value was redetermined as 𝑥 = 0.042 in our laboratory by ICP-OES 

analysis).  QCu is also shown as a function of time in Fig. 28. A large Al mass loss occurs during 

the NaOH exposure, reaching a value of -4.89 mg cm-2 after only 5 min, corresponding to an 

enrichment of Cu of approximately 220 μg cm-2.  Assuming the standard density of Al and a 

uniform distribution of the reaction on the surface, the quantity of Al dissolved would 
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correspond to 18.2 μm in good agreement with the crater depth measured by profilometry of 

~19 µm (Appendix). Those values remain stable during the water rinse for both elements. 

However, on contact with the HNO3 electrolyte, the QCu decreases markedly to reach a steady 

state value after 1300 s, corresponding to an excess QCu of 70.0 μg cm-2. It is noted that the 

quantity of Al dissolved during the HNO3 treatment (- 57 µg cm-2) is very small compared to 

that dissolved during the NaOH treatment. This indicates that the majority of Al oxidation 

occurring during the NaOH treatment leads to soluble Al cations, with only a minor amount 

remaining on the surface as a film. 

Figure 28 : The formation and dissolution of the residual film: showing the evolution of the 

Al mass loss and the residual Cu calculated from mass balance - during the pretreatment 

sequence. The quantity of residual and final Cu, Mg, Fe, Mn, and Ti are given in Table 3. 

 

The total quantity of Cu dissolved in NaOH is only 2.5 µg cm-2 as compared with 150 µg cm-2 

in HNO3 Cu in NaOH may be theoretically underestimated if undetected Cu 

rich particles are too large to be measured efficiently by ICP-OES [117,145]. To determine this, 

the quantities of Al and Cu released during the NaOH exposure were measured by collecting 

the electrolyte downstream from the plasma (Fig. 26).  It was found that 4.28 mg cm-2 of Al 

was obtained as compared to 4.82 mg cm-2 determined from integration of the ICP-OES 

concentration transient, yielding a nebulization efficiency of 11.5%. The quantity of Cu was 

3.7 µg cm-2 as compared to 2.5 µg cm-2 by integration of the concentration transient. Accounting 

for the nebulization efficiency of 11%, it appears that 61% of the Cu was detected during the 

NaOH treatment. However, the rate of Cu dissolution is very low and even considering the 
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corrected dissolution rate, it remains negligible as compared to the 220 µg cm-2 formed by 

selective dissolution of Al as determined by mass balance. 

 

3.2. Microstructural analysis of pretreated surfaces 

Fig 29. gives a general overview of the AA2024-T3 at a relatively low magnification (1500x) 

to reveal the surface modifications at stages of the pretreatment. Fig 29a represents the general 

AA2024 surface morphology before the experiment, illustrating the presence of intermetallic 

particles at the surface and the chemical heterogeneity of AA2024-T3 at the length scale 

examined. The larger of the observed particles correspond to constituent particles, which are 

irregularly shaped, with size up to ~10 μm[11]. Such particles do not contribute to improved 

mechanical properties of the alloy[6]. The constituent particles do not metallurgically dissolve 

in response to heat treatment, and contain impurity elements such as Fe and Si, however some 

typical constituent particles in 2xxx series Al-alloys, where Cu is present, also include 

Al7Cu2Fe, Al12(Fe,Mn)3Si, Al6(Cu,Fe), Al2CuMg, Al2Cu[6]. The NaOH treatment significantly 

altered the surface leaving an attacked surface structure with surface cracks evident, and 

particles of different shape and size. (Fig. 29 b). Probably all of these cracks may have occurred 

during dehydration of surface products under vacuum, although when the cracks occurred is 

not really relevant on the basis that the surface morphology is that of extensive attack. The 

morphology of the attacked surface layer in Fig 4b, is however, significantly altered following 

the HNO3 treatment, presenting a rather severely etched surface with some remaining 

intermetallic particles (Fig. 29 c).    

Figure 29 : SEM of AA2204-T3 showing (A) initial surface, (B) after 1.25 M NaOH at 60 °C 

for five minutes, (C) after 2.8 M HNO3 for 15 minutes (backscattered electron images - FEI 

Quanta 3D FEG). 

 

After NaOH etching, EDXS and mapping were carried out on the surface, including some 

intermetallic particles in order to identify the surface distribution of elements. Fig. 30 illustrates 

a typical SEM micrograph represented in secondary (ii) and backscattered (i) electron mode 

with the corresponding mapping. These micrographs show the presence of two particles 
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protruding from the surface, labeled as iii) and iv). EDS spectra and mapping indicate that the 

phases conform to what may be S-phase (Al2CuMg) and Al7Cu2Fe. Al was selectively dissolved 

from the matrix when exposed to NaOH, but it was also shown that Al could selectively 

dissolve from the intermetallic particles themselves (namely Al7Cu2Fe). This was revealed from 

EDS mapping, in particular for the particle labeled iv). Similar results concerning selective 

dissolution have been reported by Lunder et al. [16]; whereby after NaOH exposure, most of 

the alloying elements, such as Fe and Mn, remained in the enriched layer, while Al was 

dissolved.  

 

Figure 30 : SEM micrographs of AA2024-T3 in (i) image in backscattered electron mode 

and (ii) secondary electron mode. The corresponding X-ray mapping and EDS spectra 

corresponding to the two particles which are labelled as iii) and iv) are shown, revealing 

Al2CuMg and Al7Cu2Fe after 1.25 M NaOH at 60 °C respectively. 

 

Some particles were completely removed from the surface during the NaOH treatment, 

departing the surface principally by undermining (from dissolution of the surrounding matrix). 

This particle detachment process has also been evidenced by ICP analysis, and was 

accompanied by the presence of a heavy residual layer composed most likely of hydrated 

aluminum oxy-hydroxides. 

An equivalent SEM analysis after HNO3 exposure (Fig. 31) reveals the presence of cavities on 

the surface, suggesting particle release during the pretreatment (top left). On the other hand, the 

top right image in Fig. 6 shows a remnant particle, which did not seem affected by the 

pretreatment. These particles were of the Fe-Mn-Cu rich type, and persisting upon the AA2024-

T3 surface. The average size of these particles (~5 µm) corresponds to what are constituent 
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particles [46]. These results are in good agreement with the wider literature and confirms that 

HNO3 is not completely efficient in removing all surface intermetallics [86]. Moreover, the 

surface composition after pretreatment was also estimated by EDX analysis and reveals an 

increase of the Cu content of approximately 1.7 wt % (4.2 before pretreatment to 5.9 % after 

pretreatment).  

 

Figure 31 : EDS maps performed on two locations after the exposure of AA2024-T3 to 1.25 

M NaOH at 60 °C for 5 minutes, followed by 2.8 M HNO3 for 15 minutes. I) represents the 

general surface showing the protruding particles and II) is a map on a remaining particle. 

 

Cross sections of the oxidized surface at three different times during the NaOH exposure (Fig. 

32) reveals that the residual film grows systematically with time. From these images – taken in 

backscattered electron mode - it is possible to see some particles (likely Cu containing particles) 

disassociating themselves from the matrix and remaining within the Al hydroxide / oxide film. 

The micrograph at 3 minutes shows what appears to be a uniform Cu film at the extreme surface 

probably due to residual Cu remaining after selective dissolution of Al from the bulk matrix. 

This structure is no longer visible after 5 minutes as the oxide film becomes more complicated. 

This dark grey structure could be a combination of intermetallic particles surrounded by an 

Al/Mg hydroxide thick film. However, it was not possible to determine the composition of the 

layer from this micrograph. A number of different particles are observed with very different 

compositions; Table 10 provides an overview of the EDS analysis observed for 3 different 

intermetallic particles and two surfaces, one after NaOH treatment and the other after HNO3 

treatment corresponding to Figure 5 and 6. 
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Figure 32 : SEM micrographs in cross section of the oxidized surface after 1, 3 and 5 

minutes of exposure to 1.2 M NaOH at 60°C. (Backscattered electron images) - LEO series 

1500 

 

Table 10 : Elemental composition of alloying elements and surface composition after NaOH 

and HNO3 exposures determined from EDS spectras and mapping (in wt% and at%). 

  Al Cu Mg Mn Fe Si O Total% 

i) Al2CuMg 
wt% 36.82 40.91 14.39 - - - 7.88 100 

At % 44.13 20.82 19.13 - - - 15.92 100 

ii) Al(7)Cu2Fe 
wt% 4.19 68.58 - - 23.89 - 3.36 100 

At % 8.29 57.64 - - 22.85 - 11.22 100 

iii) & iv) 

Surface after 

NaOH 

wt % 36.82 40.91 14.39 6.86 - - - 100 

At % 44.13 20.82 19.13 4.49 - - - 100 

I) Surface after 

NaOH + HNO3 

wt % 88.59 5.88 1.88 0.55 0.12 0.05 2.93 100 

At % 89.95 2.54 2.11 0.28 0.06 0.05 5.01 100 

II) Al-Fe-Cu-Mn 

wt % 49.25 29.12 - 6.86 10.89 2.43 1.45 100 

 

At % 

 

65.64 16.48 - 4.49 7.02 3.11 3.26 100 
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3.3. Kinetics of Cu rich Particle Release in NaOH 

As previously described, the dissolution rate of Cu is comparatively low during the NaOH 

treatment, and the alloy potential remains well below the reversible potential for Cu oxidation 

in this electrolyte; thus we may affirm that Cu released in NaOH is due to non-faradaic 

processes. Indeed, sharp spikes are revealed, representing the release of Cu rich particles that 

are transported to the plasma [117,145]. In previous work, we have demonstrated that solid 

particles entering the plasma will give rise to a peak of < 10 ms in duration. 

Therefore, to confirm the attribution of these peaks to Cu rich particle release, the experiment 

in Fig. 27 was repeated at a data collection rate of 10 points per second (100 ms duration) 

instead of the release of a single particle should give rise to a single data point peak. The results 

over a 15 s period are shown in Fig. 33.  

 

Figure 33 : Transient data for Cu, Mg, Fe, and Mn during the reaction of AA2024- T3 with 

1.25 M NaOH at 60°C obtained at 10 points per second. The sharp peaks (single points) 

correspond to particle release. Different types of particles are detected including those that 
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contain Cu and Mg (solid lines) and Cu Fe and Mn (dashed lines). Particles containing only 

Cu are indicated with a “*” and only Mg by a “+”. 

 

The upper curve (corresponding to Cu) in Fig. 33 reveals a series of peaks corresponding to a 

single point of 100 ms, corroborating with the notion that Cu rich particles are burst released, 

likely through a non-faradaic process. Interestingly the Cu peaks appear to correlate with either 

a similar transient in either the Mg signal or with the Fe signal. By contrast, Mg and Fe peaks 

are rarely seen together, suggesting a stoichiometry of Al2CuMg or Al7Cu2Fe consistent with 

the particles observed in Fig. 30.  

The measured Fe transients also correlate with Mn transients, somewhat complicating 

prescription to specific particles, however these signals may be attributed to the Al-Cu-Mn-Fe 

phase, which is noted as representing ~40 % of the constituent particle population for AA2024-

T3[46]. For some of the smaller transients observed in Fig. 33, only a single element peak was 

detected. Pure Cu peaks are indicated with a “*” and pure Mg peaks are indicated with a “+”.  

These results demonstrate that particle release may be observed in real time, however the 

quantification is difficult because only a fraction of the particles will be transported to the 

plasma. It is probable that the fraction of particles transmitted to the plasma will vary with the 

particle size [117]. 

 

3.4. Dissolution and passivation in HNO3 

The dissolution profile obtained when the water rinse is exchanged for HNO3 is given in Fig. 

34.  Shown as a function of time are the potential (Fig. 34a); the Al, Cu and the theoretical 

residence time distribution (Fig. 34b); and the Mn, Mg, Fe and Ti (Fig. 34c) dissolution rates. 

The HNO3 first enters the cell at the point indicated by the dashed line where the potential 

begins to increase. The dissolution of the Mg and Al begins approximately 20 s later, 

corresponding to about a 60 % changeover according to the electrolyte exchange study 

(appendix). Also shown in Fig. 34b is a theoretical residence time distribution curve, h(t), 

calculated for the conditions of this experiment [126].  
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Figure 34 : Dissolution profile for AA2024-T3 in 2.8 M HNO3, 23°C, following 1.25 M NaOH 

exposure at 60 °C, showing (A) the potential, (B) Al, Cu, the residence time distribution h(t) 

and (C), Mg, Mn, Fe (x15) and Ti (x100) as a function of time.  

 

Initially, there is a sharp peak of Al, Mg, Fe and Mn. These peaks are consistent with the 

residence time distribution of the cell and therefore corresponds to an instantaneous dissolution 

on the time scale of this experiment. On the other hand, Cu rises with the Al signal and reaches 

a steady state value of 2 µg s-1 cm-2 for  50 s. Meanwhile, Ti dissolution rate rises much more 

slowly, over a 50 s time period, and reaches a maximum extending for about 50 s. Such slow 

kinetics demonstrate that the dissolution rates of these elements are limited by the reaction with 

HNO3. The simple interpretation of this behavior is that the film consists of Al, Mg and Mn 

hydroxides that are immediately dissolved on contact with HNO3; and Cu, Fe and Ti containing 

intermetallics dissolve more slowly. An important point revealed by Fig. 34 is that the 
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dissolution reactions are essentially complete within 200 s from the initial contact with HNO3 

and the potential is relatively constant at ~0.05 V vs. Ag/AgCl. This demonstrates how fast 

HNO3 dissolves the residual oxide films and intermetallic particles from the surface while 

passivating the underlying substrate. Assuming that only the elements in the residual film 

contribute to the dissolution in 2.8 M HNO3, the quantities of Al, Cu, Mg, Fe, Mn and Ti in the 

residual film were calculated from the integral of the data in Fig. 34. The results are given in 

Table 11 and compared with EDS measurements in Table 10 for the surface after NaOH 

exposure, revealing a similar trend. Indeed, the quantities of Cu, Mg and Mn have similar 

values, however, the Al value is notably higher from the EDS analysis, more than likely 

accounted for by Al contained in the matrix as a result of the large x-ray interaction volume in 

EDS that extends beyond the size scale of surface film or particle size. Moreover, the low 

sensitivity of EDS analysis does not reveal any Fe or Ti in the residual film. 

 

Table 11 : Elemental composition and absolute quantity of the residual film (calculated from 

integral of fig 34.) and from the mass balance 

Element Al Mg Cu Mn Fe Ti 

Concentration  

μg cm-2  

(dissolved in HNO3) 

84.4 

(26.8 

%) 

57.4 

(18.2%) 

147.8 

(46.9%) 

20.7 

(6.6%) 

4.6 

(1.5%) 

0.6 

(0.2%) 

Concentration after 

HNO3 exposure 
- 14.9 70.0 3.2 1.8 0.2 

 

It was of interest to verify the assumption that only the residual film contributes to the 

dissolution profile of Fig. 34. Consequently, an AA2024-T3 sample was exposed to 2.8 M 

HNO3 for 15 min, without any prior exposure to NaOH.  Fig 35 illustrates the dissolution rates 

of Al, Mg and Cu as a function of time.  
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Figure 35 : Dissolution profile for AA2024 – T3 in 2.8 M HNO3, 23°C, without pretreatment 

showing Al, Cu, and Mg dissolution as a function of time (Mn, Fe and Ti were not detected). 

 

The electrolyte makes contact with the sample at t = 0, where the Al dissolution rate starts to 

rise continuously for approximately 300 s and reaches a steady state value of νAl = 34 ng s-1 cm-

2. However, the alloying elements (with the exception of Mn, Fe and Ti which were not 

detected) exhibit different kinetics of dissolution in this experiment. The Cu signal begins to 

increase ~150 s later than the Al signal. Nevertheless, the shape of the curve is similar to the 

Al curve as the signal stabilizes at νCu= 5 ng s-1 cm-2 until the conclusion of the experiment. The 

Mg signal was more difficult to detect, as the signal was very close to the background level. 

However, the Mg signal reaches a maximum of νMg = 1.5 ng s-1 cm-2 at 100 s and slowly goes 

to a steady state value of 0.5 ng s-1 cm-2. These values also highlight the selective dissolution 

of Cu during this experiment. Indeed, νCu / νAl = ~14 % which is higher than the 4.2 % in bulk 

AA2024-T3 if we assume congruent dissolution. However, Mg exhibits a different behavior as 

the steady state Mg/Al ratio (1.5%) has the same value as the bulk composition demonstrating 

the simultaneous dissolution of the two elements.  

This experiment suggests that, selective dissolution of Al and Mg occur under HNO3 exposure 

with preferential dissolution of Mg at the early stage of the experiment (Mg/Al = 7 at 100 s). 

This phenomenon is most likely occurring at intermetallic particles. As Mg and Al are 

dissolving, the open circuit potential steadily increases (the potential value starting at ~-0.2 V 

vs. Ag/AgCl and reaching ~ -0.03 V vs. Ag/AgCl after 200 s); this could be rationalized by 

nobler elements remaining on the surface, such as Cu. When the majority of Al and Mg are 
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dissolved at the intermetallic particles (which can even be considered preferred local anodes 

for supporting the net anode load) [46,48], Cu starts to dissolve. This also correlates with the 

evolution of open circuit potential, whereby as the Cu is dissolved during the experiment, the 

open circuit potential decreases. 

From the results herein, QCu= 3.45 ± 0.03 μg cm-2 in the absence of NaOH pretreatment, as 

compared with QCu= 150 μg cm-2 following NaOH pretreatment. Therefore, only 2.3 % of this 

amount corresponds to QCu coming from the underlying metal. Thus, we can assume that the 

Cu dissolved during the HNO3 step in the complete pretreatment, is essentially coming from 

the residual film formed during the NaOH etching.  

Further ex-situ characterization was performed on the sample, using FIB-SEM (Fig 36). The 

top view image indicates localized attack surrounding the intermetallic particles, especially at 

the particle / matrix interface. The particle has a dealloyed, sponge like shape suggesting 

selective dissolution of certain components during the HNO3 exposure leaving these small 

particles at the surface. The cross section images were performed on two dealloyed 

intermetallic particles. From the images it is possible to see the presence of trenches, 

characteristic of the selective dissolution phenomenon around the intermetallic particles due to 

a microgalvanic coupling between the Al matrix and the intermetallic particle [38,46]. On the 

other hand, the matrix seems to not be significantly attacked by HNO3. Such observations 

correlate with the assertions from ICP results, which also reveal selective dissolution of Al and 

Mg. 
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Figure 36 : FIB and SEM micrograph of AA2024-T3 intermetallic particles after 15 min 

exposure in 2.8 M HNO3 revealing dealloying at the Al/intermetallic particle interface and 

in the particle. 

 

3.5. Polarization Behavior prior to, and following, pretreatment 

To better characterize the effects of the surface treatment, simultaneous AESEC information 

with polarization curves of the treated and untreated AA2024-T3 were performed in 0.5 M 

NaCl at pH = 6.7, and at room temperature (Fig. 37). The conventional polarization curves are 

shown in Fig. Figure 37A, showing electrochemical current, je,as a function of potential on a 

log je vs. E scale. Fig. 37B compares je and jAl showing a comparative Faradaic yield 

throughout, although there is a slight offset between je and jAl which is likely due to surface film 

/ oxide formation. Comparing the treated and untreated surface in Fig. 37A, a marked effect of 

pretreatment is apparent; with the cathodic current above -0.8 V vs. Ag/AgCl reduced by more 

than an order of magnitude and the onset of the enhanced dissolution domain is shifted by ~ 40 

mV. The potential where je = 0 (i.e. the corrosion potential) coincides with the pitting potential 

for both surfaces. These results would normally suggest a decrease in the quantity of Cu at the 

surface as Cu accelerates the cathodic reaction and destabilizes the passive film. However, the 

results of Fig. 3 indicated an excess of Cu at the surface following the pretreatment sequence. 

It is likely that the remaining Cu is either passivated by the nitric acid treatment or is somehow 

detached from the surface such that there is no electrical contact between the Cu and the Al.  
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Excess Cu is clearly evidenced in Fig. 37C, which reveals the partial Cu dissolution rate 

(expressed as an equivalent current by Eq. 2) measured at the same time as the polarization 

curves of Fig. 37A. The result shows that Cu dissolution is remarkably enhanced by the surface 

pretreatment sequence. For the untreated surface, Cu dissolution is almost exclusively in the 

form of particles with very little background Cu dissolution suggesting a non-faradaic Cu 

release14,45, where Cu nanoparticulates physically detach from the surface during the dissolution 

of Al and Mg. For the treated surface however, a steady signal of Cu dissolution increases along 

with je and jAl. Nevertheless, Cu dissolution is well below that expected for a stoichiometric 

dissolution.  
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Figure 37 : AESEC – polarization curves of treated and untreated AA2024-T3 in 0.5 M 

NaCl, at pH = 6.7, and at room temperature, before and after pretreatment, measured at 1 

mV s-1. (A) Conventional polarization curves, (B) je (dashed) and jAl (solid) showing the 

Faradaic yield for Al dissolution in the transpassive domain; (C) jCu showing enhanced Cu 

dissolution for the pretreated material. The peaks in Cu dissolution indicate particle release. 

 

A similar analysis was performed for Mg and Mn (not shown) and their respective signals 

increased proportionally to the Al signal in agreement with a congruent dissolution.  The Mg/ 

Al ratio was 1.4 % vs. 1.6% bulk while Mn/Al was 0.25% vs. 0.39% bulk.  Fe and Ti dissolution 
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was not detectable in these experiments probably due to their insolubility in neutral pH 

electrolytes.  

Coupling of AESEC with open circuit pretreatment exposures, and polarization testing as 

described herein, provides a significantly novel, and new, insight into Al-alloy pretreatment. 

This approach across Al-alloy systems, and specific pretreatments can be used to both 

understand surface evolution, and also as a means of optimizing pretreatment. 
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4. CONCLUSIONS 
In this study, the AESEC technique was used for the first time to measure the dissolution 

kinetics of Al-alloy AA2024-T3 during a pretreatment sequence. The results highlighted the 

prevalence of incongruent dissolution, along with the formation of films containing residual 

alloying elements during the pretreatment sequence. From the experimental data herein, several 

conclusions can be made:   

1) In 1.25 M NaOH at 60 °C, selective dissolution of Al was measured. The Al dissolution 

rate rapidly reached a steady state value, and this value appeared to be reproducible. 

The depth of attack measured by profilometry was in agreement with dissolution rate 

obtained by ICP-AES. 

2) Signals of Cu, Mg and Fe were detected in ICP-AES primarily as sharp peaks in 1.25 

M NaOH, indicating a burst-like particle release during the alkaline treatment step. 

Coincident Mg and Cu spikes were detected. The Fe signal was less frequent and only 

correlated with the Cu signal. These results were interpreted in terms of the release of 

specific particles, namely Al2CuMg and Al7CuFe 

3) During HNO3 exposure, two times periods of dissolution were distinguished: The early 

Al, Cu and Mn peaks correspond to the instantaneous dissolution of the hydroxide layer 

formed during NaOH etching. These elements are completely soluble in HNO3. On the 

other hand, Cu, Ti and Fe exhibit slower dissolution kinetics, indicating that their 

reaction is not instantaneous and that the reactivity to HNO3 of these elements is 

different. 

4) From a mass balance analysis (considering the elemental composition of AA2024-T3, 

and the dissolution rates obtained by the AESEC), it was revealed that some residual 

particles (most probably Cu containing species) remained at the surface following the 

entire pretreatment process. 

5) The SEM analysis evidenced significant alterations on the surface after NaOH 

exposure. The EDS spectra and mapping were carried out on particles protruding from 

the surface illustrating the presence of alloying elements in the enriched layer. These 

results are consequently in good agreement with the ICP results. Cross-sections of the 

surface at three different times during NaOH exposure highlight the formation of an Al 

hydroxide/oxide film where some intermetallic particles are incorporated. It was 

possible to distinguish a thin Cu film at the extreme surface caused by the selective 

dissolution of Al. 

6) On the other hand, according to the SEM micrographs, HNO3 seems to dissolve the 

particles, leaving cavities on the surface. However, EDS mapping indicated Fe-Mn-Cu 
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rich particles subsisting on the surface. The EDS analysis of the surface also suggests 

a notable increase of Cu content, consistent with reported literature. 

7) By integrating the dissolution profiles of AA2024-T3 under HNO3 exposure, it was 

possible to determine the quantities of Al, Cu, Fe, Mn and Ti present in the residual 

film. The results were compared to EDS analysis and revealed a similar trend. 

Nevertheless, the AESEC data seemed to be more sensitive as compared to EDS 

measurements. 

8) AESEC polarization curves before and after pretreatment revealed a significant 

decrease of the cathodic current and an anodic shift of the transpassive domain 

following pretreatment. This was explained by the removal of Cu containing particles 

during the pretreatment. However, surprisingly, the analysis shows the presence of an 

excess residual Cu dissolving from the surface. This result could be interpreted by the 

passivation of the remaining Cu during HNO3 treatment or by a physical detachment 

of the particles from surface such as no electrical contact was possible between Al and 

Cu. 
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5. APPENDIX 

5.1. Hydrodynamics 

The concept of this work was to simulate the entire surface pretreatment process, which 

involves multiple steps. Therefore, unlike most previous AESEC investigations, it was 

necessary to change the electrolyte during the course of the experiment. The aim of this section 

is to report the rate of electrolyte change in the cell, when one electrolyte is substituted for 

another at the reservoir. 

The measurement was performed by filling the cell with a 1.25 M NaOH electrolyte containing 

10 ppm Al, then switching the flow over to the bypass and rinsing the capillaries with water 

until the Al signal had decreased down to the background level. Then the electrolyte flow was 

switched back to the electrochemical flow cell and the Al concentration transient was monitored 

as a single volume of the cell as washed downstream by water. An overlay of two concentration 

transients thus obtained is given in Fig. A1 as well as the integral of the concentration transient, 

all shown as a function of log(t). 

 

Figure A1: Experimental data and the curve fit used to determine the residence time 

distribution of an electrolyte between two pretreatment steps. The curve fit is presented as a 

log-normal distribution with these parameters: β = 1.9 ± 0.03 and τ =7.02 ± 0.04 
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The result reveals that the Al is rapidly removed from the cell, as 90 % of the Al is evacuated 

from the cell in approximately 25 ± 2 s. From the integration of the concentration peak, it was 

possible to calculate the volume of electrolyte measured in this experiment as follows: 

 𝑄𝐴𝑙 = 𝑓 ∫ 𝐶𝐴𝑙
𝑡

𝑡0
(𝑡) 𝑑𝑡 = (𝑉𝑐𝑒𝑙𝑙 + 𝑉𝑡𝑢𝑏𝑒) 𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑                                        1) 

where Cstandard is the standard concentration used for the experiment in ppm (10 ppm of Al) and 

Vtube the volume of the two capillaries connecting the flow cell to the FIA valve.  Vcell + Vtube 

was found to be Vcell + Vtube = 0.26 ± 0.02 cm3 with Vtube = 0.07 cm3, so Vcell = 0.19 ± 0.02 cm3
.  

The experimental data are represented by points in Fig A1. The fit curve is a log normal 

distribution fit to the experimental data: 

 h(t) ={
√

𝛽

𝜋𝜏2  𝑒
−

1

4𝛽 𝑒−𝛽𝑙𝑛²
𝑡

𝜏

0                  𝑖𝑓 𝑡 = 0

      𝑖𝑓 𝑡 > 0                                                  2) 

β and τ are empirical parameters. For this work, those parameters were found to be β = 1.9 ± 

0.03 and τ =7.02 ± 0.04 yielding an increased time resolution as compared to the galvanostatic 

pulse measurements reported previously [116]. 

 

5.2. Surface topography and etching rate 

Fig. A2 shows an optical micrograph of the surface after treatment with NaOH. The surface is 

clearly darkened due to the formation of oxides and other residual films during this treatment 

making it easy to visually identify the attacked surface. The edge of the attacked zone shows 

some non-uniformity no doubt due to an attack under the area delimited by the o-ring. Image 

analysis of the attacked zone yielded a surface area of 0.87 ± 0.07 cm2. Fig. A2a shows a line 

scan measured with an optical profilometer along the edge of the attacked zone after removal 

of the black residual film by treatment with HNO3. It is clear that the edge is fairly well defined, 

dropping 19 μm in approximately 500 μm. Fig. A2b also highlights the change in surface 

roughness due to the surface pretreatment. The roughnesses measured before and after 

pretreatment are respectively 0.162 μm and 0.409 μm. Coating adhesion, in surface treatment 

industry, is regularly checked to assess the quality of the surface preparation. Different studies 

have been carried out to understand the effect of roughness on the adhesion [129,146]. It has 

been shown that when the roughness increases, new bonding sites are created for the coating 

and the adhesion strength is enhanced [129,146]. Thus, the deposition rate and adhesion 

properties of the subsequent coating rely on this parameter Fig A2b. also shows a three-

dimensional analysis of the edge in the upper left hand corner obtained using a stylus 

profilometer. This analysis also shows a number of protusions within the attacked zone. 
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Figure A2 : Optical photograph of the surface after NaOH exposure and the profilometry 

data measured at different spots on the surface. The 3D image b) and the 2D profile a) show 

the absence of edge effect and that the surface is relatively well defined. 
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CHAPTER IV: ON-LINE REACTIVITY 

MEASUREMENT OF AL-LI ALLOY AA2050-T3 

DURING A SURFACE PRETREATMENT 

SEQUENCE USING AESEC 
 

 

 

 

 

 

 

 

  

 

 

“Don’t trust the beginnings, truth is told in the last moments.” 

 Gibran Khalil Gibran. 
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On-line reactivity measurement of Al-Li alloy AA2050-T3 

during a surface pretreatment sequence using atomic 

emission spectroelectrochemistry. 
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The dissolution of aluminum alloy AA2050-T3 (which contains 0.77 wt.% Li) during a 

chemical pretreatment sequence was investigated. Atomic emission spectroelectrochemistry 

(AESEC) was used to quantitatively measure the dissolution rates of individual alloying 

elements during a complete pretreatment sequence. The results reveal significant Li and Al 

dissolution, and Cu enrichment during NaOH exposure. When the alloy was exposed to HNO3, 

excess Cu was preferentially dissolved in addition to the dissolution of Fe, Mn and Mg. 

Polarization testing in conjunction with on-line AESEC reveal a decrease in both anodic and 

cathodic currents, along with an increase in the alloy pitting potential, following pretreatment. 

In addition, what appears to be a protective Li/Al surface film was also determined to exist with 

GDOES surface profiles following polarization as indicated by an increase in the surface Li/Al 

ratio. Beyond the context of surface pretreatment, which is necessary precursor to conversion 

coating, the study herein also provides significant insights into the corrosion of AA2050-T3 - 

including selective dissolution and its attendant rate - which are previously unreported. 

 

Keywords:  Al-alloy, pretreatment, spectroelectrochemistry, Al-Li   
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1. INTRODUCTION 
High strength aluminum (Al) alloys continue to be developed in pursuit of property 

combinations that include high strength, low density and corrosion resistance [147]. The 2xxx 

series Al-alloys, namely the legacy alloy AA2024-T3, have a long history of use in aerospace 

applications owing to their mechanical properties [5,6]. However, it is also well recognized that 

owing to the main alloying element required for increased mechanical properties (copper, Cu), 

a reduction in corrosion resistance occurs [11,46,131]. More recently, lithium (Li) -containing 

Al-alloys have been developed with a balance of properties that exceed AA2024, and also 

exceed the properties of many 7xxx series Al-alloys (based on the Al-Zn-Mg systems) such as 

plate alloys AA7075 or AA7050 [59,148–150]. Whilst Al-Li alloys have been under 

development for many decades, the modern generation of Li-containing Al-alloys (which are 

strictly Al-Cu-Li alloys) have demonstrated both a high strength in conjunction to very high 

corrosion resistance in the peak aged condition [59]. Such alloys include AA2050 and AA2060. 

Moreover, numerous studies have showed that each 1 % of Li added decreases the alloy density 

by 3 % [3,58].  

In spite of improved corrosion resistance relative to other high strength Al-alloys, Al-Cu-Li 

alloys are also nominally surface treated and coated prior to use in service, typical of all Al-

alloys [81]. Furthermore, the structural heterogeneity of Al-Cu-Li alloys does lead to a surface 

electrochemical heterogeneity that can contribute to localized corrosion [60,72,151] and 

microgalvanic coupling between the alloy matrix and intermetallic particles [64]. In regards to 

corrosion propagation of Al-Cu-Li alloys, numerous reports have attributed intergranular 

corrosion and stress corrosion cracking to the effect of precipitated T1 phase (Al2CuLi) located 

along sub-grain boundaries [72,152], however the prevalence of such modes of corrosion 

propagation are temper dependent [78–80]. 

Numerous surface treatments and subsequent coatings formulation have been designed in order 

to eradicate or at least decrease the corrosion susceptibility of Al-alloys. In general, Al-alloys 

are conversion coated for corrosion protection, however prior to conversion coating, there are 

important chemical ‘pretreatment’ steps that occur. In fact, it has been reported that 

pretreatment is a critical step in the corrosion protection system, as it contributes towards the 

quality of any subsequent coating [138,153]. A typical pretreatment sequence for high strength 

Al-alloys consists of an alkaline treatment, to remove organic surface residue and to dissolve 

the natural oxide layer; followed by an acid treatment (often also called deoxidizing or 

pickling). The combination of pretreatment steps is used to homogenize the alloy surface, by 

removing surface intermetallic particles and creating a more uniform surface chemistry prior 

to subsequent coating. The relevance of pretreatments to AA2024-T3 have been well 

documented previously [84,99], whilst also indicating that depending on the process conditions, 
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selective dissolution may occur and this may also lead to Cu enrichment [16,97,103].  Whilst 

there are some decades of experience in the pretreatment of AA2024-T3, there exist less reports 

of the efficacy and mechanistic aspects related to the pretreatment of Al-Cu-Li alloys, such as 

AA2050-T3.  

The composition of AA2050 differs from that of AA2024-T3 via the addition of Li, in addition 

to a decrease in the Mg content. This results in the formation of different phases within the 

alloy, namely with Al2CuLi (T phase) being the principal precipitate in AA2050, where 

Al2CuMg (S phase) is the principal precipitate in AA2024  [70].  Furthermore, the size range 

and aspect ratio of T phase is considerably different to that of S phase (T phase being 

significantly thinner and with a higher aspect ratio); whilst the constituent particle population 

in AA2050 includes less coarse constituent particles, and some Ag-containing particles. All 

such difference may affect the pretreatment process and its efficiency, and should be 

considered.  

Herein, the atomic emission spectroelectrochemistry (AESEC) technique was used for on-line 

measurement of the dissolution of AA2050-T3 during a pretreatment sequence. The aim of this 

study was to understand the effect of a well-known pretreatment sequence for Al-alloys upon 

AA2050-T3 with regards to alloying element dissolution, surface enrichment and in particular 

the fate of Li which is usually not readily possible to measure with other techniques.  

Furthermore, as previously demonstrated, AESEC technique allows a direct quantitative 

measurement of elemental dissolution and particle detachment, in real time, under simulated 

industrial conditions [128]. 
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2. EXPERIMENTAL  
Materials  Commercial AA2050-T3 aluminum alloy plate (10 mm thick) was used in this study. 

The composition of the alloy studied was independently determined (Spectrometer Services, 

Victoria, Australia) and is given in Table 12. Test samples were mechanically ground with 

silicon-carbide (SiC) paper to a final finish of 4000 grit under ethanol, and dried using nitrogen. 

Grinding was carried out in order to provide a consistent initial surface, which was deemed 

necessary [128] on the basis that as-received material may contain a grain refined surface layer 

(GRSL) from manufacturing. In cases when more detailed surface analysis was required, 

samples were polished to a 0.25 µm diamond paste finish. All chemicals used during the 

experiments were prepared with purified water (18.2 MΩ.cm, Millipore™). 

 

Table 12 : Chemical composition of AA2050-T3 (wt%). 

 

 

Atomic emission spectroelectrochemistry (AESEC) The AESEC method has been previously 

described in detail[111]. The AESEC method uses a three electrode electrochemical flow cell 

coupled to an ICP-AES (inductively coupled plasma atomic emission spectrometer) which 

quantifies the elements released from the sample working electrode in the flow cell. A 

potentiostat is used to control and/or measure the electrochemical current and potential in the 

flow cell. The electrolyte enters contact with a sample (the working electrode) at a constant 

flow rate and is subsequently collected by ICP-AES, which measures the concentration of all 

the dissolved species. The instantaneous dissolution rates (vM, in µg s-1 cm-2) of the alloy 

components are monitored (as a function of time) and can be related to the concentrations of 

released elements, CM (in ppm) by: 

 

vM = CM f / A      (1) 

where f is the electrolyte flow rate (in ml min-1) and A is the exposed surface area of the alloy 

(0.5 cm2). To express the dissolution rate as an equivalent current density, it is possible to apply 

Faraday’s law, giving: 

 

jM= zF vM /M               (2) 

where z is the oxidation state of the dissolved species and M the molar mass.  

Al Cu Mg Zn Fe Li Mn Ni Sr Zr Ag Cr Ti Si 

Bal 3.30 0.32 0.02 0.06 0.77 0.39 <0.01 <0.001 0.08 0.17 <0.01 0.03 0.10 
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The flow cell employed has two compartments, with one housing the reference and counter 

electrodes, and the other compartment housing the working electrode. The compartments are 

separated by a porous membrane of natural cellulose. The flow rate was measured prior to each 

experiment and was determined to be 3.01± 0.01 mL min-1.  The electrolyte was maintained at 

a constant temperature with a water bath system and was also controlled at the backside of the 

sample by placing it in contact with a hollow copper block, connected to the recirculating 

temperature controlled water bath. 

The ICP-AES system used herein was a Horiba Jobin Yvon Ultima 2C. The system setup 

consisted of a 50 cm focal length Paschen-Rungen type polychromator, with an array of 

photomultiplier tube detectors at specific wavelengths and a monochromator (1 m focal length). 

The monochromator was calibrated on the Li 670.784 nm wavelength for this study. 

The emission wavelengths for the elements Al, Mg, Cu, Fe, Mn and Li, and their detection 

limits, were calculated and determined for all the electrolytes used and reported in Table 13.  

 

Table 13 : Detection limits (𝑪𝟐𝝈) of the elements analyzed in the different electrolytes. 

Element 
Wavelength, 

nm 

C2 in NaOH, 

ppb 

C2 in water, 

ppb 

C2 in HNO3, 

ppb 

C2 in NaCl, 

ppb 

Al 396.152 5.1 3.3 4.2 10 

Li 670.784 3.8 1.1 6.5 3.1 

Mg 279.079 Not soluble in 

NaOH, 

analysis 

performed in 

water 

0.6 2.3 2.8 

Cu 324.754 3.4 4.2 4.4 

Mn 257.610 1.8 2.8 1.6 

Fe 259.940 9.1 6.1 5.2 

 

A second peristaltic pump was connected to the system after the electrochemical flow cell to 

inject 2.8 M nitric acid containing 15 ppm Y as an internal standard at 1 mL min-1. The idea 

was to neutralize NaOH solution before being analyzed by the ICP to make less insoluble 

species like Mg, Mn, Cu and Fe easier to detect. The electrolyte introduction system for the 

ICP, was a TR-30-K3™ Meinhard nebulizer, which is used for high solid content electrolytes 

and a cyclonic aspiration chamber.  

The electrochemical experiments (open circuit potential and polarization) were performed 

using a Gamry Reference 600™ potentiostat with an Ag/AgCl reference electrode and a Pt wire 

counter electrode. 

Microscopy and Surface Topography Surface observation and characterization was carried out 

using an FEI Quanta 3D FEG scanning electron microscope (SEM) coupled with energy 

dispersive X-ray spectrometry (EDXS). Elemental depth profiles were performed before and 
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after the experiments using a Horiba Jobin Yvon GD profiler 2 glow discharge optical emission 

spectrometer (GD-OES). 
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3. RESULTS  
The complete pretreatment sequence corresponds to: a) 1.25 M NaOH at 60°C during 5 min, 

b) deionized water rinse at 23 °C during 5 min, c) 2.8 M HNO3 at 23°C for 15 min, and d) 

deionized water rinse at 23°C for 5 min. The sequence and procedure are identical to the one 

used for the AA2024-T3 [128]. 

 

3.1.  Dissolution profile AA2050-T3 under pretreatment sequence 

The dissolution profile of AA2050-T3 during a complete pretreatment sequence (Fig. 38) gives 

as a function of time the Al, Li and Cu dissolution rates. The electrochemical potential, E, is 

also presented. Note that the Li signal has been multiplied by 10. The exposure consists of (1) 

1.25 M NaOH at 60°C during 5 min, and (2) a water rinse during 5 min at 23°C and (3) 2.8 M 

HNO3 exposure at 23°C during 15 min.  

 

Figure 38: Dissolution profile of AA2050-T3 during a complete pretreatment sequence. 

Shown as function of time: Al, Li and Cu dissolution rates in µg s-1 cm-2 and the potential in 

V vs. Ag/AgCl. Note that the Li dissolution rate has been multiplied by 10. 

 

When the 1.25 M NaOH enters in contact with the alloy at t=0, the Al dissolution rate rises 

rapidly to reach a relatively steady state value of ~ 2.6 µg s-1 cm-2. The extensive oscillations of 

the Al signal are caused by hydrogen formation during the course of the experiment. The 
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dissolution profile looks similar to the results obtained during the AA2024-T3 pretreatment 

sequence [128], however, two important differences need to be taken into account: the Al 

dissolution rate is lower than the value measured with AA2024-T3 (13.4 µg s-1 cm-2) and Li 

dissolution occurs during the NaOH exposure ( 0.1 µg s-1 cm-2). This experiment shows that 

Li is preferentially dissolved during this stage of the pretreatment as the rate is approximately 

9 times the expected value for congruent dissolution. For Li, this value would be 0.017 µg s-1 

cm-2 based on the Al dissolution rate assuming that Al oxidation leads to soluble Al(OH)4
-. 

On the other hand, the potential has a similar value as that measured for the 2024, which is 

above the activation potential for Li [2] and explains its dissolution during this experiment. 

When the electrolyte enters in contact with the surface, the potential rises to a value of  -1.2 

V vs Ag/AgCl, and remains stable. During the water rinsing, the Al and Li dissolution rates 

decrease slowly - within 200 s - to reach a level close to the background level. Moreover, the 

potential value rises steadily to stabilize at  -0.8 V vs Ag/AgCl. The release of intermetallic 

particles was also observed during the this period and was analyzed at a high data collection 

rate (10 Hz) as will be discussed in another section. 

When HNO3 is introduced to the system, the surface reacts immediately with the electrolyte 

and instantaneous peaks of Cu, Li and Al (and other elements not shown here but described in 

detail later) appear in the first stage of the experiment and decrease after approximately 150 s. 

These results were also presented in integral form to quantitatively determine the evolution of 

the cumulative mass of the elements caused by the Al dissolution. The quantity of Al dissolved, 

QAl  

    𝑄𝐴𝑙 =  − ∫ 𝑣𝐴𝑙
𝑡

0
𝑑𝑡     (3) 

 

is shown on the left hand axis of Fig. 39 as a function of time. Note that the negative sign 

indicates a mass loss. Assuming that the alloy composition is uniformly distributed in depth at 

t=0, and that all oxidized Al is soluble, the quantity of residual metal M (M= Cu and Li), may 

be determined by a mass balance in Equation 4:     

𝑄𝑀 =  −𝑥𝑀𝑄𝐴𝑙 −  ∫ 𝑣𝑀 𝑑𝑡
𝑡

0
    (4) 

 

where  𝑥𝐶𝑢 =  𝐶𝑢 𝑤%
𝐴𝑙 𝑤%⁄  = 0.035, and 𝑥𝐿𝑖 =  𝐿𝑖 𝑤%

𝐴𝑙 𝑤%⁄  = 0.0081 the ratios 

determined from the bulk alloy composition given in Table 12.  QCu and QLi are also shown as 

a function of time on the right hand axis of Fig. 39. During the NaOH exposure, a large Al and 

Li mass loss occurs, reaching a value of -500 µg cm-2 for Al and -47 µg cm-2 for Li after only 5 

min. On the other hand, Cu accumulates at the surface and QCu reaches a value of approximately 

+ 25 μg cm-2 after NaOH exposure. These values remain stable during the water rinse for the 
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three elements. However, when the surface is exposed to HNO3 treatment, the QCu decreases 

dramatically to reach a steady state value at 1200 s, corresponding to a QCu of -175 μg cm-2. It 

is noted that the amounts of Al and Li dissolved during the HNO3 treatment (  - 3.1 µg cm-2 

for Al and  - 6.2 µg cm-2 for Li) are very small compared to the quantities dissolved during the 

NaOH treatment (-500 µg cm-2 for Al and  - 47 µg cm-2 for Li). This experiment clearly 

indicates the impact of the NaOH treatment. During NaOH exposure, the oxidized Al is soluble 

and Li reactivity is enhanced. Moreover, after this step, only minor amounts of Li and Al remain 

on the surface as a film. 

 

 

Figure 39: Evolution of the Al, Cu and Li mass, QM, as a function of time during the 

pretreatment (in µg cm-2). Al was calculated as a mass loss by direct integration of Al 

dissolution profile (Eq 4.). Cu and Li were calculated as residual films from equation 5 

assuming homogeneous elemental composition at t=0. 

 

The same sequence was applied to the AA2023-T3 alloy and both alloys reacted differently in 

spite of their similar Cu content. Indeed, the formation of a Cu containing residual film was 

evidenced[128] for AA2024-T3 while preferential alloying element dissolution, particularly 

Cu, is demonstrated for AA2050-T3. 
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3.2. Reactivity of AA2050-T3 under HNO3 exposure 

A typical dissolution profile of AA2050-T3 under HNO3 exposure is shown in Fig. 40 where 

Al, Cu, Li, Fe, Mn and Mg dissolution rates are given as a function of time along with the 

potential (E in V vs. Ag/AgCl). For more clarity, the upper curves show the Cu, Mg and Mn 

dissolution rates and the second series show the Al, Fe and Li dissolution profiles. 

 

Figure 40: Dissolution profile of AA2050-T3 during HNO3 exposure where E (upper curve) 

and Cu, Mg, and Mn (middle) and Al, Fe, and Li (lower) dissolution rates are shown as a 

function of time. 

 

When the HNO3 solution reacts with the sample, sharp peaks of Cu, Al, Mg, Fe, Mn and Li rise 

simultaneously and last approximately 8 s. This is followed by second distinct peaks of Cu, Al 

and Fe. Meanwhile, Li, Mg and Mn continue to dissolve with relatively stable values. These 
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results highlight similarities with the AA2024-T3 experiments with the instantaneous 

dissolution of alloying elements components corresponding to the first peak. This is most likely 

caused by the dissolution of a residual film composed of Al, Cu, Mg, Fe, Li and Mn hydroxides 

which reacts immediately with the HNO3. The second peaks however may correspond to the 

dissolution of what could be attributed to intermetallic particles. Nevertheless, it is important 

to note a major difference in the elemental dissolution profiles of HNO3 as compared with 

NaOH, as the majority of the dissolution occurs during the first 30 s. In AA2024-T3 

pretreatment, it has been shown that the reactions under HNO3 exposure were completed after 

 200 s [128]. Moreover, during the NaOH exposure, it has been reported that the Al was 

selectively dissolved leading to particle enrichment at the surface and leaving a residual layer 

composed of Al, Cu and Mg hydroxide layer and intermetallic particles surrounded by Al/Mg 

hydroxide film [16,128,154]. These particles were afterwards dissolved by the HNO3 but react 

more slowly than the hydroxide layer which was instantaneously dissolved by the electrolyte. 

Considering that the AA2050-T3 seems to have less intermetallic particles than the AA2024-

T3 alloy and the reaction in HNO3 is limited by the quantity of intermetallic particles in the 

film, it is possible to assume that the proportion and size of the big constituent particles in the 

film strongly affects the reaction during HNO3 exposure. Indeed, the higher the number of large 

constituent particles at the surface, the longer their dissolution will last. 

Assuming that only the dissolution of the residual film occurs in HNO3, the quantities of Al, 

Mg, Cu, Fe, Li and Mn were calculated from the integral of the data presented in Fig. 40 and 

are reported in Table 14. The results show that Cu is the element which contributes the most 

to the residual film composition, followed by Mg and Al. On the other hand, Mn, Fe and Li are 

only present in minor quantities.  

 

Table 14 : Elemental composition and absolute quantity of the residual film after NaOH 

exposure (calculated from integral of Fig and mass balance). 

Element Al Cu Mg Fe Mn Li 

Concentration 

(µg cm-2) 

15.3 

(5.2 %) 

215.2 

(73.3 %) 

26.0 

(8.8 %) 

4.5 

(1.5 %) 

28.6 

(9.7 %) 

3.8 

(1.3 %) 

 

3.3.  Microstructural analysis of AA2050-T3 before and after pretreatment 

The surface morphology of AA2050-T3 before pretreatment is presented in a SEM micrograph 

in backscattered electron mode, (Fig. 41) at a relatively low magnification (x 500). The surface 

exhibits a high density of small particles spread over the surface all with different shapes and 

sizes. The majority of the intermetallic particles seem to have an average size of > 1 µm with a 

few very large particles ( 10 µm). The latter are irregularly shaped, and could correspond to 
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Al(Cu-Fe-Mn) constituent particles. These coarse constituent particles need to be removed 

from the surface as they form from impurities (Fe) and decrease the fracture toughness and 

promote localized corrosion [69,70,73].  EDS mapping was carried out on one of these particles 

to determine its chemical composition and the result (Fig. 41) reveals an Al(Cu-Mn-Fe) 

constituent particle. 

 

Figure 41: SEM micrograph of AA2050-T3 before surface treatment in backscattered 

electron mode of AA2050-T3 and the corresponding X-ray mapping of one constituent 

particle showing the surface composition of Fe-Cu and Mn. Note that the rectangle on the 

left does not correspond precisely to the EDS mapping area on the left. 

 

On the other hand, some particles are homogeneously distributed in the matrix and are laths 

shaped. These particles have a size of between 50 to 200 nm and could correspond to the T1 

(Al2CuLi) or the S (Al2CuMg) phase. These phases are the most prominent phases in the Al-Li 

with > 1% Li content and contribute to the mechanical properties [70]. The microstructural 

analysis clearly emphasizes the effect of the Li addition on the Al microstructure in terms of 

particle composition, sizes and distribution. 

After NaOH exposure, the surface (Fig 42. A) shows a very different surface morphology, as 

in this case, the micrograph reveals a highly heterogeneous surface, with the evidence of surface 

cracking and several intermetallic particles on the surface. EDS analysis realized on the big 

particle reveals a Fe enriched particle, on the other hand, the matrix seems to be Al and O 

enriched, showing that the surface is mainly an Al oxide/hydroxide film formed during the 

NaOH exposure. In the second SEM micrograph taken in backscattered electron mode (B), the 

cavities on the surface suggest that the intermetallic particles have undergone active dissolution 

during HNO3 exposure. However, the EDS mapping shows that some of the (Al)-Cu-Mn-Fe 

coarse particles remain on the surface and that they are not affected by the pretreatment.  
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Figure 42: SEM micrographs after 5 min NaOH at 60°C exposure in backscattered electron 

mode of the surface (A) and the corresponding EDS spectras of one particle and the matrix. 

(B) represents the surface after HNO3 exposure with the corresponding mapping showing 

the chemical composition of the remaining particles. 

 

3.4.  Particle detection under NaOH exposure 

The particle detachment was investigated during the exposure to NaOH and the results are 

represented in Fig. 43 were Mg, Cu, Fe and Mn signal are shown as a function of time. The 

data acquisition was acquired at 10 Hz in order to increase the spatial resolution of the peaks. 

During the experiment, the Cu signal correlates with either the Mg signal or with the Fe and 

Mn signals, suggesting two distinct particle compositions that are distinguished by the AESEC 

method. Moreover, the most intense Cu peak correlates with the most intense Mn peak. 

Interestingly, the Mn signal rises during the course of the experiment, sometimes with the 

presence of peaks which appear only during the first part of the experiment. The Mn dissolution 

profile accompanied with transients could be ascribed to the dissolution of the Mn rich particles. 

The addition of HNO3 to the flowing electrolyte via the second pump probably results in the 

dissolution of the majority of the particles like the Al20Cu2Mn3[59,70] dispersoids or the Al6Mn 

constituent particles, before being analyzed by the ICP-AES. Indeed, before pretreatment, the 

SEM micrographs of AA2050-T3 demonstrated the presence of relatively few big intermetallic 

particles with an average size of  8 µm. It has been shown in a previous study that only 

particles under the size of approximately 10 µm were analyzed by the ICP-AES (although the 

nebulization conditions of those experiments were not identical to the present work) [117]. In 
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the case of this alloy and from the SEM micrographs, their sizes do not exceed 15 µm, thus the 

majority of the particles released are probably analyzed by the ICP-AES. 

 

Figure 43: Dissolution profiles during NaOH exposure of AA2050-T3 at 10 pts/s showing Cu, 

Mg, Mn and Fe. The very sharp spikes indicated with a vertical line are attributed to the 

release of intermetallic particles. 

 

3.5. AESEC polarization curves prior & after pretreatment 

The AESEC polarization curves of AA2050-T3 in 0.5 M NaCl at pH= 6.7 before and after 

pretreatment are shown in Fig. 44. Expressed as a function of the potential (in V vs. Ag/AgCl), 

the total current density j, and jAl, jLi and jCu calculated from their dissolution rates using 

Faraday’s law (assuming n=3 for Al, n=1 for Li, n= 2 for Mn). The idea was to investigate the 

effect of the pretreatment on the electrochemical reactivity of the surface. The effect of the 

pretreatment is clearly visible on the conventional potentiodynamic polarization curves (Fig. 

44A), as after pretreatment, the cathodic current density decreases by approximately one order 

of magnitude. This result is consistent with the SEM and AESEC analysis showing the particle 

removal during the pretreatment sequence. The second noticeable effect is the increase of the 

pitting potential but also the anodic current decreased almost one order of magnitude between 

the corrosion potential (-0.5 V and -0.4 V vs. Ag/AgCl). From these polarization curves 
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presented herein, the pretreatment seems to have a similar effect as for AA2024-T3, presented 

previously [128]. 

 

Figure 44: Potentiodynamic polarization curves of AA2050-T3 before and after 

pretreatment in 0.5 M NaCl, 1 mV s-1, pH 6.8 at T= 23°C. A/ represents the conventional 

polarization curves, B/ and C/ their corresponding dissolution profiles in the anodic domain 

before pretreatment (B) and after pretreatment (C). The dashed area in (C) indicates the 

difference between Je and Jm, which is attributed to oxide formation. 

 

On the other hand, (Fig. 44B) and (Fig. 44C) represents the AESEC polarization curves 

corresponding to the anodic domain. Before pretreatment (Fig. 44B), the Al signal starts to rise 

progressively following the total current measured by the potentiostat (j). Interestingly, only 

the Mn and Li signals increase (Mn and Li signals have been multiplied by 10 for more 

visibility), and Li appears to be dissolving 1.5 times more rapidly than what is expected for 

congruent dissolution. During the experiment, the Cu, Mg and Fe signal were below the 

detection limits. After pretreatment, the AA2050-T3 dissolution profile (Fig. 44C) shows a 
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very different behavior than what was observed before pretreatment. Indeed, when the total 

current j starts to rise, jM - which represents the sum of all the dissolution currents measured 

by ICP-AES - is 10 times lower than the total current. This difference was attributed to the 

formation of an oxide which acts as a protective layer regarding the matrix. From the AESEC 

results, it is possible to monitor the formation of an oxide at the surface which is not possible 

to detect via conventional potentiodynamic polarization curves.  

Meanwhile, during the anodic polarization, only Al and Li are dissolving (Mg, and Fe signals 

were below the detection limits), and a sharp peak of Cu was observed at -0.37 V vs. Ag/AgCl 

which can be attributed to a particle detachment. Nonetheless, this dissolution profile does not 

indicate the presence of Cu particles remaining on the surface as was revealed on the AA2024-

T3[128], which is in a good agreement with the results presented in Fig. 39. From these values, 

the Li dissolution rate seems to be lower than what would be expected for stoichiometric 

dissolution that could suggesting some Li enrichment at the surface of the alloy. However, it is 

important to note that the surface composition of the alloy is changed after pretreatment as the 

𝑥𝐿𝑖  is lower than what was determined previously from the bulk composition. Interestingly, this 

phenomenon occurs only after the surface treatment, when the majority of the intermetallic 

particles are removed from the surface.  

 

3.6. GDOES profiles of the surface after pretreatment and polarization curves 

Further investigation of the surface was conducted by GDOES to determine if any Li 

enrichment could be detected at the surface. Two experiments were realized by GDOES and 

are illustrated in Fig. 45 which gives Li/Al ratio profiles as a function of the erosion time. The 

orange curve corresponds to the AA2050 matrix and the blue curve to the sample after 

pretreatment and polarization. 
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Figure 45: GDOES profiles of AA2050-T3 before and after polarizing. The Li/Al ratio is 

represented as a function of the erosion time indicated a Li enrichment at the surface. 

 

For the AA2050 matrix, Li/Al ratio signal of the bulk alloy rises steadily to reach a value of 

0.13 after 10 seconds. On the other hand, after pretreatment and polarization, the Li/Al ratio 

rises more rapidly to reach a higher value (than the other curve at 3 seconds of erosion time 

0.10 for the matrix and 0.11 for the treated sample). Then it decreases and stabilizes down to a 

steady value of 0.09 at 10 seconds. This result clearly indicates that the quantity of Li at the 

surface of the alloy is higher than what is in the bulk alloy and strongly suggests a surface 

enrichment of Li on the alloy, probably a Li/Al oxide formed during the anodic polarization of 

the sample. 

 

3.7. Potentiodynamic polarization curve of AA2024-T3 in 0.5 M NaCl with the 

addition of 1 ppm of Li 

A final experiment was realized to clearly demonstrate the effect of Li addition in the anodic 

dissolution profiles and the formation of an eventual oxide film. An AA2024-T3 sample was 

pretreated and a potentiodynamic polarization curve was realized in the same condition with 

the addition of 1 ppm of Li to the 0.5 M NaCl solution. The Al, Cu, Mn Mg and Fe dissolution 

profiles expressed as a current density using Faraday’s law and the total current measured (je), 

are represented as a function of the potential E vs. Ag/AgCl in Fig. 46 (between -0.9 V and -

0.45 V vs. Ag/AgCl). Interestingly, the dissolution profile of AA2024-T3 looks different to 

what was reported previously on AA2024-T3 after treatment[128] and was very similar to the 

AA2050-T3 after pretreatment. The total current in the anodic part je, is higher than the current 



 

124 

 

measured by AESEC by approximately one order of magnitude. With this experiment, it was 

possible to isolate the effect of Li addition on the reactivity of the alloy. 

 

Figure 46: Potentiodynamic polarization curves of AA2024-T3 after pretreatment in 0.5 M 

NaCl + 1 ppm of Li at 1 mV s-1, pH= 6.7 at T= 23°C. Represented as a function of the 

potential, the total current and jAl. Note that the Al was the major element contributing to 

the total current.   
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4. DISCUSSION 
A study from Buchheit et al. [155] in the context of alkaline cracks in Al-Li alloys reported that 

during the corrosion process of Al in NaCl media, for each Al3+ cation produced, there was a 

net gain of 1 H+: 

𝐴𝑙 →  𝐴𝑙3+ + 3𝑒−              (5)     

3𝐻+ +  3𝑒− → 3
2⁄ 𝐻2     (6) 

𝐴𝑙3+ +  4𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)−
4(𝑎𝑞)

+ 4𝐻+    (7) 

Moreover, the alloying elements such as Cu, Mg and Fe follow a similar dissolution hydrolysis 

reaction resulting in the generation of more H+ cations during the dissolution process. These 

reactions usually do not favor a local pH increase in the majority of Al alloys and explain why, 

when a crack forms, the local pH does not exceed 8.  

Nevertheless, it has been shown that the addition of Li changes the reactivity as the dissolution 

of Li results into an increase of the pH: 

𝐿𝑖 → 𝐿𝑖+ + 𝑒−     (8) 

𝐻2𝑂 +  𝑒− →  1
2⁄ 𝐻2 + 𝑂𝐻−    (9) 

as Li+ is not significantly hydrolyzed [156]. Consequently, for one Li+ cation generated, one 

OH- is produced. In their study, this local alkalization at the subgrain boundaries leads to the 

precipitation of a hydrotalcite film Li2Al2(OH)62CO3
.3H2O in 3.5 wt % sodium chloride 

(NaCl) media during anodic dissolution, passivating the SGB fissure walls.  

These observations and our results show some similarities as the formation of a Li film occurs 

after the removal of intermetallic particles. The possibility of a pH increase could be valid only 

if the Li dissolution is more important than Al oxidation. Nevertheless, the Al and Li dissolution 

profiles are not stoichiometric (Al dissolution rate is 3 times higher than Li), which means that 

the hypothesis of having a significant alkalization at the interface electrolyte / metal is very 

unlikely to happen. Li precipitation/enrichment could however be explained by the presence of 

a hydrous aluminum oxide gel, formed by the hydrolysis of Al3+ cations. This gel could create 

a sort of confined environment and act as a barrier for the Li+ cations leaving the matrix and 

also promote a local increase of pH caused by the Li oxidation (Fig.47). 
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Figure 47: Schematic of the dissolution/ precipitation process of Li and Al during the anodic 

polarization of AA2050-T3 after pretreatment. 
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5. CONCLUSIONS  
The dissolution of aluminum alloy AA2050-T3 was quantified during a complete surface 

pretreatment procedure. From the results herein, the following conclusions may be drawn: 

1) During open circuit exposure to 1.25 M NaOH, selective dissolution of Al and Li was 

observed to occur. Specifically, from the dissolution profiles obtained and relative to 

the bulk alloy composition, it was possible to demonstrate preferential dissolution of 

Li during this alkaline treatment step. 

2) Upon open circuit exposure to 2.8 M HNO3, dissolution of alloying elements including 

Cu, Mg, Fe, Mn and Li is detected. By integrating the Al, Cu and Li dissolution profiles, 

it was possible to assess the temporal evolution of Al and Li dissolution. During NaOH 

exposure, a residual Cu film remained upon the surface which rapidly dissolved with 

subsequent exposure of the surface to HNO3. During acid treatment, the majority of the 

surface reactions were completed within ~30 s. To this end, it is posited that the 

majority of such rapid reactions were associated with the dissolution of the residual 

surface film corresponding to the near-instantaneous dissolution of hydroxides. Such 

results demonstrate the effect of the microstructure (such as the density and the size of 

intermetallic particles) on the dissolution kinetics during surface treatment. 

3) SEM microanalysis performed upon AA2050-T3 at the various stages of pretreatment 

correlates well with the results from AESEC dissolution profiles with regards to 

selective dissolution and its attendant influence on surface morphology. Following 

NaOH treatment, the surface is highly heterogeneous, with visible mud-cracks and 

intermetallic particles protruding from the surface. Following HNO3 treatment, the 

majority of surface intermetallic particles were dissolved, leaving cavities on the 

surface. However, from EDXS mapping, it was possible to observe the presence of Al-

Cu-Mn-Fe constituent intermetallic particles that did not seem not to be greatly affected 

by the pretreatment process. 

4) The effect of pretreatment on the electrochemical kinetics of the AA2050-T3 surface 

was evidenced by the polarization curves which revealed a decrease of cathodic 

kinetics by approximately one order of magnitude, along with a concomitant increase 

of the pitting potential. Moreover, the dissolution profiles have shown a singular effect 

of the pretreatment as the total current je was ~10 times higher than jAl.  

5) GDOES experiments that were realized upon the AA2050-T3 surface following 

polarization demonstrated Li enrichment. The GDOES erosion profile expressed as a 

Li/Al ratio corroborates the notion of Li enrichment occurring during anodic 

polarization. 
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6) The deliberate addition of Li into 0.5 M NaCl during potentiodynamic polarization of 

AA2024-T3 resulted in the formation of a surface film upon the surface. This 

corroborates the notion of an oxide/hydroxide formation mechanism driven by the 

presence of Li.  

7) One postulate for the observed results is that the selective removal of intermetallics 

(leaving an intermetallic lean surface) coupled with the effect of selective dissolution 

of Li, would encourage an increase in surface pH. During anodic polarization, Al 

hydrolysis can lead to the formation of a hydrous alumina gel at the metal/ electrolyte 

interface, with such a gel serving to moderate Li dissolution and promote a local pH 

increase leading to the formation of an Al/Li film. 
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CHAPTER V: CHARACTERIZATION OF AN AL-

BASED CORROSION PRODUCT AFTER THE 

ANODIC POLARIZATION OF AN AL-LI ALLOY. 

 

 

 

 

 

 

 

 

 

« Lors même qu’on n’est pas le chêne ou le tilleul, ne pas monter  

bien haut, peut-être, mais tout seul ! » 

 

« Even when one is not oak or a linden, do not mount high,  

perhaps, but it alone! » 

 

 Edmond Rostand. Cyrano de Bergerac, Acte II Scène VIII.
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Characterization of an Al-based corrosion product after the 

anodic polarization of an Al-Li alloy. 
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The chemical nature of an Al corrosion product formed during anodic polarization in 0.5 M NaCl of an 

Al-Li 2050 alloy was investigated. In order to determine the elemental composition as well as the 

chemical features of this film, Raman spectroscopy, X-ray diffraction (XRD) and Infrared spectroscopy 

(IR), glow discharged optical emission spectrometry (GDOES) have been used. GDOES analysis 

suggested the presence of a Li enrichment film at the surface. Further investigations using XRD, Raman 

and Infrared spectroscopy gave relevant information on the crystallinity and the chemical environment 

of this film. The present results collected from these different techniques lead to the conclusion a 

protective corrosion layer, possibly Li-enriched which has not been previously reported in this particular 

conditions. This corrosion product could play an important role in the corrosion protection of Al-Li 

alloys. 

 

Key words: LDH, Al-Li alloys, corrosion protection 
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1. INTRODUCTION 
The corrosion protection of Al Alloys is an essential step before their use in aircraft applications [81]. 

Al-Cu-Mg (especially AA 2024) alloys are extensively used for aerospace applications as they exhibit 

an excellent strength to weight ratio [5,6]. Nevertheless, the majority of the alloying elements and the 

impurities form insoluble intermetallic particles during the manufacturing process [5,6]. These particles 

may act as local cathodes and induce localized corrosion [1,8,150,157]. Different ways of protecting Al 

alloy have been developed, however, they generally involve a surface preparation and chemical coating 

[14,81,82,158]. To date, the majority of the chemical coatings involve Chromium VI which is 

recognized to be CMR (Carcinogenic, Mutagenic, Reprotoxic) and needs to be replaced by suitable 

alternatives. Numerous studies investigated the effect rare earth (cerium, vanadate) incorporated in a 

Chrome III coating, acting as corrosion inhibitors [107,108,159–161]. Moreover, it has been reported 

that some compounds like permanganate [162], silicate, phosphate reveal interesting results in the 

corrosion inhibition of Al alloys. However, to date, these “green” coatings do not provide a sufficient 

corrosion protection to be seriously considered as a good alternative. 

On the other hand, Li addition in Al alloys has been studied since the 1970 and lead to the development 

of Al-Cu-Li alloy like AA2050 which is progressively replacing AA2024 [57,61,70,149]. The Li 

addition increases the mechanical properties, by the formation of new strengthening precipitates, but 

also decreases the weight of the alloy [58]. The effect of Li and its role on the corrosion susceptibility 

has been progressively studied [66,69,72,155]. Indeed, several researches focused on the effect of Li on 

the corrosion properties of the alloy and it has been pointed that Li addition may lead in certain 

conditions to the formation of a Li-Al doubled layered hydroxide also called hydrotalcite film 

[155,163,164]. Li cations were found to be incorporated into the Al-hydroxide film, forming a double 

layered hydroxide which was considered as a good candidate for “green” conversion coating 

formulations [163–169]. Lithium Aluminum double layered hydroxides (LDH) are extensively used for 

various applications such as catalysis, ion exchange or pharmaceuticals and have the following general 

stoichiometry: MII
(1-x) MIII

(x)(OH)2[An-]x/n. Their structure involves a positively charged brucite-type 

metal hydroxide layer with anions [An-] intercalated and water molecules.  

Buchheit et al. mentioned the presence of this film in the context of the anodic dissolution of Al-Cu-Li 

alloy, where during Stress Cracking Corrosion, a protective film may form at the subgrain boundaries 

as a result of a pH increase [155]. Moreover, the hydrotalcite Li containing films are considered as 

possible replacement to the chromate containing chemical coatings and have been studied and 

characterized using Raman spectroscopy, XRD (X-ray diffraction analysis) and SIMS (Secondary ion 

mass spectrometry) [163,167]. It has been shown that Li containing films enhance effectively the 

corrosion resistance by increasing the pitting potential and decreasing the anodic current [168–170]. 

A previous study highlighted the effect of the pretreatment on the formation of Li/Al film during the 

anodic polarization of a AA2050 alloy. The reactivity of Al alloys was monitored by the atomic emission 
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spectroelectrochemistry during the pretreatment followed by a potentiodynamic polarization test in 

NaCl. Interestingly, the preliminary results demonstrated that a Li/Al film was formed on the surface 

during the polarization testing pH 6.7, and only if a pretreatment was performed prior the test. It was 

suggested, according to the present results, to be hydrotalcite. Indeed, previous studies showed that Li 

can intercalate easily into Al hydroxides [171], as these amorphous layers act as good Li salts sorbents 

[172]. Nonetheless, the previous studies reported that hydrotalcite formation is favorable in alkaline 

environments which is not the case in neutral NaCl during anodic polarization.  

Consequently, the aim of the study is to complete the characterization of this corrosion product formed 

in this AA2050-T3 Al-Li alloy in order to determine its chemical nature, and help to clarify the 

circumstances of its formation. 
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2. EXPERIMENTAL 
Materials Al-Cu-Li alloy AA2050 with a 2 mm thickness was used for this study. The detailed chemical 

composition is given in Table 15. The alloy was mechanically ground to 4000 grit with ethanol and 

dried under nitrogen. A chemical pretreatment was realized on the sample with the following procedure: 

5 min in 1.25 M NaOH at 60°C, 5 min water rinse at 23°C, 15 min in 2.8 M HNO3 at 23°C, and finally 

5 min water rinse at 23°C. This pretreatment was performed during the AESEC experiment allowing 

the in-situ analysis of elemental dissolution during the process [111]. Following the pretreatment, a 

potentiodynamic polarization experiment in 0.5 M NaCl was performed on the surface to where the 

Al/Li oxide film was formed. After the experiment, the sample was rinsed for 2 min in purified water to 

remove residual chloride. All reagents grade used during the experiments were provided by Sigma 

Aldrich and prepared with purified water (18.2 MΩ cm, from Millipore™ system).  

 

Table 15: Elemental composition of AA2050-T3 in wt % 

 

GDOES analysis Elemental depth profile of the film was performed using a Horiba Jobin Yvon GD 

profiler 2™ glow discharge optical emission spectrometer (GD-OES). The data collection was realized 

at 0.007 s integration time per point. During the experiment, signal of Al, Li, H, C, O but also Mg, Cu, 

Fe, Mn and Ag were recorded on the polychromator. 

X-ray diffraction The crystalline structure of the film was also characterized by X-ray diffraction (XRD) 

with Cu K𝛼 radiation (𝜆=1.54050 Å) using a PANanalytical X’Pert PRO diffractometer operating at 40 

kV and 45 mA with a PIXcel detector. The data collection was carried out with an angular resolution of 

0.02° and a scan rate of 0.3 s per point. 

Raman spectroscopy Surface observation and film composition were investigated using a Renishaw 

Invia confocal Raman microscope with excitation by a Co diode Pumped Solid State (DPSS green laser 

532 nm) and an edge filter focused on 1000 cm-1. The exposure time was 1s and 50 accumulations were 

realized for each spectrum.  

Infrared spectroscopy Infrared (IR) spectra were obtained from the corrosion product using a Nicolet 

6700 IR spectrometer equipped with an ATR (attenuated total reflectance) accessory including a 

diamond crystal. The spectrometer is equipped with a nitrogen-cooled MCT (mercury-cadmium-

telluride) wide band detector. For each spectrum, 256 scans were recorded in the wavelength range from 

600 to 2000 cm−1 with a nominal resolution of 2 cm-1. Moreover, the background was collected on the 

ATR accessory without any substrate pressed against the crystal. 

Al Cu Mg Zn Fe Li Mn Ni Sr Zr Ag Cr Ti Si 

Bal 3.30 0.32 0.02 0.06 0.77 0.39 <0.01 <0.001 0.08 0.17 <0.01 0.03 0.10 
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3. RESULTS  

3.1. GDOES analysis of the corroded surface 

The identification of the corrosion product and the analysis of its composition as a function of the depth 

was determined by GDOES analysis and is represented in Fig. 48. The erosion profiles of Li, C, H, O 

are expressed as a ratio versus the Al signal. The result clearly shows the presence of a high 

concentration of C, O and H at the surface of the alloy. The C, O, and H concentrations, expressed as a 

function of the Al content, decrease with the erosion time. Interestingly, two spikes of C, O and H, at 2 

and 3.6 s respectively suggest the detachment of a particle containing these elements. The data provided 

by this experiment cannot give information about the stoichiometry nor the absolute concentrations, 

however, the possibility of the detachment of hydrated carbonate could be a plausible assumption for 

this phenomenon. This hypothesis will be completed and discussed later by Raman and Infrared 

spectroscopy. Meanwhile, an increase of Li concentration at the surface of the alloy occurs during the 

first two seconds of the experiment, reaching the value of 0.116, then slowly decreases and stabilizes to 

a steady state value between 6 and 8 seconds. Then, Li/Al signal rises again until the end of the analysis. 

It is important to note that prior the corrosion test, the chemical composition of the alloy surface was Li 

depleted which means that the Li content in the bulk is expected to be higher than at the surface.  

Consequently, it is assumed that the steady state Li content reached at 6 s corresponds to the pretreated 

surface. The last part of the curve however, shows that the Ar sputtering is progressively reaching the 

bulk composition.  

 

Figure 48 : GDOES profiles of Li, C, H and O expressed as a ratio versus the Al signal. 
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This result emphasizes the presence of a Li enriched zone encapsulated between Al oxides zones. Thus, 

the presence of C, H and O at high concentrations on the surface of the sample along with a Li 

enrichment of the alloy could be taken as a first indication of the corrosion product composition. Hence, 

the GDOES analysis gave access to the elemental composition of the film and suggests that this could 

be considered as carbonate-based corrosion products. However, with the present result, it is not possible 

to state with certainty that the film is Al-Li carbonate based hydroxide. 

 

3.2. X-ray diffraction analysis of AA2050 prior and after corrosion testing 

X Ray diffraction has been performed in order to investigate not only whether the Al-Li enriched film 

evidenced by GDOES has some degree of crystallinity but also to possibly identify its structure and 

stoichiometry. As presented in the introduction, hydrotalcite could be formed as the corrosion products. 

X-ray diffraction patterns were collected for the AA2050 bare alloy, as well as the sample after 

pretreatment and after the film formation. They are superposed in Fig. 49: this analysis allows the 

identification of the lines attributed to the alloy, the surface modification after pretreatment and the film. 

To better distinguish the modifications induced by the pretreatment or the corrosion steps compared to 

the matrix features, the intensities recorded have been divided by the intensity of the peak corresponding 

to the 2𝜃 position at which the intensity is maximum for the matrix (2 𝜃  45.22°).  

 

Figure 49 : Diffraction patterns of the AA2050 alloy after the different steps. Values normalized vs 

the intensity at 𝟐 𝜽 =  𝟒𝟓°, corresponding to the maximum intensity recorded for the as received 

2050 substrate, after pretreatment and after corrosion test. 
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Figure 50 : Focus on the lower intensities of the X-ray diffraction patterns for the as received and 

after corrosion test 2050. 

 

The fingerprint of the Al matrix is described by 5 main peaks observed for 2𝜃=38.99, 45.23, 65.62, 

78.77° and 83.00°. This is in a good agreement with pdf file N°00-004-087 for pure Al used as the 

reference. Obviously, these 5 positions are slightly shifted due to the presence of the other elements in 

the Al matrix, and the relative intensities do not strictly respect those of the reference file. All these 

features are consistent as the matrix is not a pure Aluminum, but also because of the final rolling realized 

during the manufacturing process, inducing preferential orientations at the surface and subsurface. 

Furthermore, these peaks are still present for both pretreated surface and corroded surface patterns, 

however they are also more shifted towards higher diffraction angles and their relative intensities are 

different again. This corresponds to a modification of the lattice parameters of the main phase of the 

matrix.  

Interestingly, it is worth noting that after pretreatment, the diffraction pattern does not reveal significant 

modifications in terms of phase formation or transformation. In contrast, after the polarization test, new 

narrow peaks appear on the diffraction pattern revealing the formation of a new phase(s). A focus on 

the lowest intense part (bottom) of both X-Ray diffraction patterns associated to the as-received 2050 

alloy and the alloy after the corrosion test is illustrated in Fig. 50, showing the presence of 7 new 

diffraction lines other than the initial matrix lines, at the following 2 positions: 19.6°, 28.14°, 32.47°, 

46.2°, 57.15°, 66.9° and 84.57°. The very low width of the peaks clearly indicates that the ascribed 

phase(s) are well crystallized. Nevertheless, the very low intensity could be associated with the 
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formation of a very thin layer, and/or a thin layer related to an amorphous one acting as a mask towards 

the X-Ray diffraction results. These results highlight the complexity of this film and show that an 

accurate analysis of the corrosion product in this context is difficult. Nevertheless, two compositions 

can be suggested from the peak positions: Al2O3 (File N° 00-009-440) as a major crystallized phase, as 

well as lithium aluminate (-LiAlO2) when referring to Hyun and al (US Patent)[173]. This 

identification is reasonable considering how the phase was fabricated in the patent, mixing Al(OH)3 and 

Li2CO3. It is worth mentioning that partial fingerprints of both phases are located at the same diffraction 

positions as the matrix, which could affect their relative intensities. Thus, to summarize the observations 

made: 

- The matrix presents five intense reflections between 5 and 85 degrees, attributed to well 

crystallized Al based phases. As we knew already from the composition of the 2050 alloy, it is 

not only one pure Al phase, explaining the slight shifts of the ascribed peaks. Furthermore, the 

alloy was mechanically treated, which could modify also the intensity ratios. 

- The pretreated surface conserves the main peaks of the as-received matrix, with further slight 

shift of the peaks and new intensity ratios.  

- After polarization, additional peaks, assigned to the corrosion product appeared. At this point, 

Al2O3 could be assumed as the main crystalline phase of the film. Moreover, broader peaks were 

observed, corresponding to the potential formation of a few amount of less crystallized alpha-

LiAlO2 component.  

- The corrosion product keeps the pretreated and matrix characteristics, however, the peaks are 

less intense (cf. original X-ray patterns in appendix).  On the other hand, new narrow peaks, 

with low intensities are clearly recorded. They may correspond to one of the signatures of the 

corrosion product: Al2O3 is the main crystalline phase in the film, with probably a very few 

amount of alpha-LiAlO2 component. We assume at this stage that the Li-enriched film 

determined by the previous GDOES analysis is an amorphous phase, giving no additional peaks 

by X-ray diffraction, but acting as a mask for the pretreated surface. 

In the context of this study, it is not possible from X-Ray diffraction to evidence the formation of 

hydrotalcite films. As already mentioned, this phase is poorly crystalline in nature yielding to broad and 

asymmetric diffraction lines. Moreover, this could increase the difference in relative intensities of the 

peaks making their attribution by X-ray analysis difficult. Indeed, in the context of our study, additional 

parameters such as the chemical features of the alloy and the impurities, the anion size, or the degree of 

hydration considerably affect the X-ray pattern of the product. Thus, we pursued some complementary 

analysis by vibrational spectroscopies, more specifically Raman and Infrared spectroscopies. 
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3.3. Identification of amorphous corrosion products by Raman spectroscopy 

 Raman spectroscopy was used to determine whether the composition of the film shows some 

similarities with Raman spectra of hydrotalcites (Li2Al4CO3(OH)12·3H20) reported in the literature, or 

not at all. This lithium aluminum carbonate hydroxide has been extensively studied for several 

applications such as Li - based conversion coatings [164–168]. Nonetheless, in the case of our study, 

only few researchers mentioned the presence of such product during the corrosion of Al-Li alloys 

[72,169]. The Raman spectra of the AA2050 matrix and the film are shown in Fig. 51. The bands of the 

Al matrix, and the film were taken in the low-wavenumber region between 200 and 1600 cm-1. From 

the Raman spectrum of the substrate, no specific features are evidenced which confirms our X-Ray 

diffraction results. The spectrum shows no traces of any kind of alumina phases such as gibbsite, 

boehmite, bayerite or even the presence of aluminum oxide. This could be explained by the very low 

thickness of the native oxide which is probably difficult to detect and thus, we focused only on the film 

contributions. Table 16 gathers all the vibrational modes assigned to bayerite, gibbsite and boehmite 

reported in literature. 

  

Table 16: Raman vibrational modes assigned to boehmite, bayerite and gibbsite taken from the 

literature. 

Aluminum hydroxide phase Vibration bands (cm-1) 

Boehmite RRUFF data base R120133 363 – 495- 680 – 730 -780 

Bayerite and gibbsite [174] 
242 – 255 -306 – 321 -  378- 394 -  411- 429 -

506 – 538 – 567 - 709  

 

Raman spectra of the corrosion product layer were taken in different zones and the main results are 

represented by the grey and black curves in Fig. 51. The superposition clearly reveals the heterogeneity 

of the film as a corrosion product. The bands observed on the spectra could be separated into four main 

regions: the first corresponds to the 200 - 800 cm-1, the second to the 800 – 1000 cm-1, 1000 – 1200 cm-

1 and the last corresponds to the 1200 - 1600 cm-1 region.  

At the lowest wavenumbers (zone 1), the corrosion product gives three broad and intense bands: i) 200-

400 cm-1 (including 242 and 318), ii) 450-680 cm-1(including 589), iii) 680-760 cm-1 (including 730 cm-

1). According to Huneke et al. these bands would be ascribed to the Al hydroxide (Al(OH)3) phase such 

as bayerite or gibbsite [174]. 

Zone 2 corresponds to the 800-1000 cm-1 region, and exhibits two distinct bands at i) 800-880 cm-

1(including 861 cm-1) and ii) 900-960 cm-1(including 919 cm-1). According to Drewien’s results [167], 

the aluminum deformation vibration bands are present in the 600-900 cm-1 region. However, it is clear 

that the bands at 861 and 919 cm-1 are not only due to the aluminum deformation region as the matrix 

does not show such peaks. Smirnov and Baddour-Hadjean, in the context of electrochemically lithiated 
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TiO2 anatase for Li batteries applications, attributed these bands to the Li-O bond stretching vibrations 

[175]. 

Zone 3 comprises the 1000-1200 cm-1 region and exhibits two sharp bands at 1054 and 1096 cm-1. It is 

commonly accepted that this region corresponds to carbonates. A recent study in the context of Mg/Al 

hydrotalcite with interlayer CO3
2- showed that the incorporation of carbonate ions in the hydrotalcite 

structure induces a shift in the strong carbonate band 𝜐1 from 1063 to 1053 cm-1. Klopprogge et al. stated 

that this shift is an indication of a lowering of the symmetry from D3h to C2v or Cs [176]. Consequently, 

the peak found at 1054 cm-1 can be attributed to carbonate ions incorporated into a hydrotalcite structure, 

as it is well known that carbonates are more readily incorporated into hydrotalcites structure due to their 

small size and double negative charge. A second weak band was reported at 694 cm-1, however the 

spectrum at this value indicates a broadness which makes a clear separation between the bands difficult. 

The third band, corresponding to the 𝜐 4 mode was reported to be found at 1415 cm-1 and could 

correspond to the broad and low intense peak registered at 1409 cm-1(zone 4). The last band at 1096 cm-

1, however, may correspond to amorphous aluminum hydroxide gel according to White [177]. Moreover, 

the broadening of the bands was attributed to the amorphous nature of Al hydroxides yielding to various 

degrees of association with carbonates. Table 17 reports the Raman vibrational modes of free carbonates 

and incorporated in hydrotalcites. 

Drewien’s reported that hydrotalcite precipitate gives sharp bands at 350, 615, 1064 cm-1[167]. Parker 

et al. proposed three assignments for Li translational modes at 540, 412, 385 cm-1 [178]. In our spectra, 

two large bands are present in this region, however, the broadness of the bands does not allow a clear 

distinction of these peaks (Table 18). 

 

Figure 51 : Raman spectra of two different spots of the film (black and grey) and the matrix (blue). 
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Table 17 : Raman vibrational modes for free CO3
2- and in LDH 

 

 

CO3
2-: 

𝜈1 

𝜈2 

𝜈3 

𝜈4 

Free CO3
2-(cm-1) Hydrotalcite (cm-1) This work 

Ross [179] Kloprogge [176]  

 

1054 

- 

1409-1353 

680-730 

 

1063 

- 

1415 

680 

 

1053 

- 

1372 

725 

 

 

Table 18 : Raman vibrational modes for Li reported in the literature and our study 

 

Li-O stretching (cm-1) Li translational mode (cm-1) This work (cm-1) 

Smirnov et al. [175] Parker et al. [178] 

784-954 

 

385 - 412 -540 

 

(589) 

800-980 (861 and 919) 

 

3.4. Complementary analysis of the corrosion product by Infrared spectroscopy 

Infrared spectroscopy is used as a complementary technique to the Raman spectroscopy. The 

assignments of IR bands for Al-Li hydrotalcite have been reported by various researchers. The data 

collected from the literature and dealing with vibrational modes specific to free carbonates or 

incorporated into hydrotalcites are gathered in Table 19. In addition, the IR vibrational modes for Li-

Al-CO3 series are reported in Table 20 with our data for comparison. For example, Dutta and Puri 

reported several bands at frequencies inferior to 600 cm-1 [180]. Recently, Gupta et al. reported the 

assignment of Al-Li-CO3 through FTIR spectra and assigned the Li(Al)-O and the O-Li(Al)-O at the 

low frequencies (533-734 cm-1), and three vibrational modes were attributed to the anion fingerprint (𝜈1 

1004 cm-1, 𝜈2 860 cm-1 and 𝜈3 1363 cm-1) [181]. Unfortunately, in the case of our study, it was not 

possible to reach wavenumbers lower than 620 cm-1 because of the ZnSe window equipping the 

apparatus. Thus, infrared spectra have been collected in the 600-1800 cm-1 region (Fig. 52). 

Nevertheless, numerous bands are observed in the wavenumber range scanned. For example, one is 

recorded at 752 cm-1, and could correspond to one of the O-Li(Al)-O vibrational modes observed by 

Dutta in the case of hydrotalcite 178. Moreover, two intense bands are clearly observed at 1390 and 

1580 cm-1. White et al 177 ascribed them to carbonate-Aluminum association from their study of 

sodium aluminum hydroxyl carbonate, as well as the lower intense bands at 843 and 1080 cm-1. These 

authors mentioned that the zone between 1080-1100 cm-1 was an inactive band, typical of a substantial 

lowering of symmetry due to the association between carbonate and aluminum. 
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Figure 52 : IR spectra of the corrosion product. 

 

Table 19 : IR Vibrational modes for free CO3
2- and LDH 

 

CO3
2-: 

 

𝜈1 

𝜈2 

𝜈3 

𝜈4 

Free CO3
2-(cm-1) Hydrotalcite (cm-1) This work 

Ross[179] Gupta [181] Kloprogge [176] 

 

- 

880 

1415 

680 

 

1004 

860 

1363 

- 

 

1012 

870 

1365/1400 

667 

 

- 

870 

1390 

670 

 

Table 20 : IR Vibrational modes for Li-Al-CO3 series 

Li(Al)-O 

& 

O-Li(Al)-O 

Hydrotalcite (cm-1) This work 

Gupta [181] Dutta [180] 

734-533 
362-380-402-460-535-

555-602-752 
752 

 

On the other hand, Kloprogge et al. studied the effect of the nature of the interlayer anion in the infrared 

spectra of Al/Mg hydrotalcite films [176]. They evidenced the presence of the 4 vibrational modes at 𝜈1 
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1012, 𝜈2 870, a strong and broad 𝜈3 band at 1365/1400 cm-1 and 𝜈4 at 667 cm-1 for the carbonate 

containing hydrotalcites. These bands, except for the 1012 cm-1 (this 𝜈 1 bands was already hardly 

observable in both studies where the analysis was realized on a pure hydrotalcite powder) could 

correspond to the following bands in the spectra: 𝜈2 870 cm-1, 𝜈3 1390 cm-1 and 𝜈4 673 cm-1. Thus, 

according to the infrared spectra and the data reported in the literature, the hypothesis of having an Al-

Li hydrotalcite film on the surface as a corrosion product is plausible.  
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4. DISCUSSION 
The results provided herein lead to consider the possibility of having a heterogeneous structure 

comprising two or three films. In chapter IV, it has been revealed that when the surface is exposed to 

0.5 M NaCl during anodic polarization, the formation of a film occurred. Unexpectedly, this film forms 

only if a pretreatment was performed prior polarization.  

We may consider that, in chloride containing environment, Al alloys undergo pitting corrosion [1]. Thus, 

under these specific conditions, the Al and Li ions dissolution leads to the formation of pits. At the 

bottom of the pit, Al and Li dissolution takes place and aluminum chlorides will form with the presence 

of chloride ions. This will be followed by Al3+ hydrolysis, shifting the pH to more acidic values (pH 

<3): 

𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−     (1) 

𝐴𝑙3+ + 3𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)3 + 3𝐻+     (2) 

Moreover, in the case of Al alloys, the hydrolysis phenomenon is also applicable for the alloying 

elements such as Mg, Mn or Fe, and contributes to a local pH decrease by the generation of H+ ions. 

When the Al and Li ions concentrations become too high at the pit bottom, they may migrate towards 

the surface where they are exposed to a less acidic environment (corresponding to the pH of the 

solution). As a consequence, Al(OH)3 will precipitate at the top of the pit and form amorphous domes. 

Moreover, the removal of the alloying elements during the pretreatment provides a more favorable 

environment for the precipitation of amorphous Al(OH)3. This theory is also in good agreement with 

the solubility diagram of Al oxide and hydroxides established by Pourbaix [2], where the maximum 

solubility of Al hydroxides decreases drastically from low pH (<3) to near neutral pH (6-7). 

 Another important parameter that needs to be considered is the proven stabilizing character of Li+ ions, 

as, in the case of pure Al, they increase the chances to form a more stable oxide/hydroxide phase [182]. 

This could explain why this film forms only after pretreatment and its formation is associated to the 

surface chemistry of the substrate. 

Consequently, these amorphous domes could act as a barrier for Li ions yielding to their enrichment on 

the surface. This supposition was also reinforced by GDOES analysis. From the results presented herein, 

it was possible to identify the presence of a Li enrichment on the surface of the Al alloy. GDOES analysis 

was realized on the corroded surface in order to have access to the depth elemental composition of the 

film. From these results, this lithium film was shown to be incorporated into what could be an Al 

hydroxide layer and the presence of C, H (mainly on the surface) and O spikes suggested the detachment 

of some species that could be attributed to carbonates. 

Further investigations using the X-ray diffraction analysis were carried out on the Al alloy after different 

steps in order to isolate the contribution of the film on the diffraction pattern. Interestingly, the results 

obtained showed the apparition of a crystalline film on the surface after performing the pretreatment. 

From the data provided in the literature, this film could be assigned to an Al oxide film such as corrindon 
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(Al2O3) on the surface. After the polarization testing, the results revealed that the film formed is mainly 

composed of Al oxide. Nevertheless, the presence of crystalline phases involving carbonates or Li was 

not revealed by X-ray diffraction which suggest that some part of the film is either not detected because 

of its low thickness or/and an amorphous structure. Rangel and Travassos [168] suggested the formation 

of lithium aluminate, nevertheless, from the present XRD patterns it was not possible to make any 

significant input on the presence of a Li crystallized structure in the film. Recently, Visser et al. [164] 

assumed that lithium was intercalated with the aluminum hydroxide gel to produce either small grain 

size particles or an amorphous structure in the context of the corrosion protection of AA2024 by a Li 

containing coating. This reinforces our assumptions about the formation of an amorphous hydroxide gel 

enriched with Li, undetectable by X-ray diffraction, but evidenced by GDOES analysis. 

Vibrational spectroscopies (Raman and infrared) were carried out on the surface and clearly show the 

presence of some carbonate species that could be incorporated in a layered double hydroxide film. These 

peaks are in good agreement with the assignments reported in the literature for carbonates incorporated 

in LDH which strongly suggest the presence of what could be a thin layer of LDH. Nonetheless, the 

mechanism involved in the formation of LDH on the surface of our film still remain unclear. Visser et 

al. [164] indicated the possibility of an ageing effect of the Al/Li hydroxide promoting the formation of 

the LDH with time.  

In our case, LDH presence was strongly suggested by Raman and IR spectroscopies, although LDH was 

not found in our XRD patterns. It is important to note that LDH are usually poorly crystalline in nature 

which makes them hardly detectable by XRD when formed in such conditions. 
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5. CONCLUSIONS 
The chemical nature of an Al- based corrosion product was investigated using several characterization 

methods. This film was formed under anodic polarization following a pretreatment sequence. The 

GDOES analysis was used to have access to the elemental depth composition and showed that this film 

was Al, C, O and H rich with the presence of Li encapsulated in this corrosion product. XRD analysis 

was conducted to determine the degree of crystallinity and to confirm or exclude the hypothesis of a 

LDH layer argued in chapter IV. The results obtained indicated the presence of an Al oxide and the 

possible formation of a lithium aluminate (AlLiO2) although the intensity of the peaks was not 

significant enough to declare with certainty its formation. The variation of the peak intensities between 

the different pretreatment steps, suggested the presence of an amorphous layer acting as a mask.  Further 

investigation using vibrational spectroscopies were realized using Raman spectroscopy and Infrared 

spectroscopy. Carbonate vibrational modes are largely present in the different spectra, as free carbonates 

or incorporated in hydrotalcite, as well as Li(O)Al signature. These main contributions reinforced our 

initial assumption concerning LDH formation in our conditions of pretreatment. From these data, the 

following mechanism was proposed: 

- During anodic polarization, Al and Li dissolve, and pits initiate on the surface 

- At the bottom of the pit, an important acidification occurs, caused by the Al hydrolysis 

- Meanwhile, Al ions and Li ions migrate towards the surface where they are exposed to a less 

acidic environment, encouraging the precipitation of an amorphous Al hydroxide. 

- The formation of domes around the pit will act as a barrier for Li ions and lead to their 

segregation. 

The results observed by the different techniques underlined the heterogeneous character of this film. 

The mechanism described above corroborates these observations, however, these assumptions need to 

be verified by additional experiments 

As an example, XPS analyses were attempted in parallel, unfortunately in non-adequate conditions for 

the film product characterization, as only a surface analysis was performed and not a depth profiling. 

This data should have given accurate information on the environment of Li, the other elements, and 

probably help in the final determination of LDH (or other).  
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PRELIMINARY STUDIES & CONCLUSIONS  

 

 

 

 

 

 

 

 

 

“La bêtise consiste à vouloir conclure.” 

 

 “Stupidity lies in wanting to draw conclusions.” 

  

Gustave Flaubert. 
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1. PRELIMINARY STUDIES 

1.1. The pretreatment of intermetallic particles: the reactivity of S phase. 

This methodology was also extended to the study of single phases, to isolate their behavior during a 

pretreatment sequence. As an example, the reactivity of the S-phase was monitored using the AESEC 

set-up and the results are illustrated in Fig. 53. When exposed to NaOH, the dissolution profiles of Al, 

Cu and Mn are close to the detection limit, showing the passive behavior of this precipitate during 

alkaline etching. This could be explained by the insolubility of Cu and Mg at high pH, protecting the 

surface by an oxide film, stopping Al from dissolving. The following result clearly shows that this phase 

is totally unaffected during this first step and suggests a reason why the majority of the particles remain 

intact on the surface or are released into the electrolyte. Following alkaline etching and water rinsing, 

the surface is exposed to an acid pickling in HNO3. When the electrolyte is in contact with the sample, 

the dissolution of Cu, Mg and Al occurs. Cu signals rises continuously to reach a steady state (106 µg 

s-1cm-2) after 250 s until the water is introduced into the flow cell.  

Figure 53 : Dissolution profile of S-phase particle during a pretreatment sequence. The first step 

corresponds to the exposure to 1.25 M NaOH, followed by water rinse at 23°C and an acid pickling 

in HNO3 during 15 min at 23°C. Note the multiplicative factors for Al and Mg demonstrating that 

Cu is the major element dissolving during this experiment. 

*100 

Al*100 
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SEM observations, illustrated in Fig. 54, were performed following the experiment to get additional 

information on the effect of this treatment. The SEM micrograph, taken in backscattering mode, 

indicates the presence of Cu nanoparticles on the surface. Interestingly, these nanoparticles were 

observed during the anodic polarization of AA2024-T3 after pretreatment and implies that this phase is 

the “reservoir” for Cu nanoparticulates formation.  

 

1.2. The statistical analysis of particle detachment: establishment of relationships 

between elements, signal intensities and particle nature.  

Intermetallic particle behavior was conspicuously one of the main interest of this PhD work, as their 

removal defines the ambition of every pretreatment. The results presented previously demonstrated that 

particle removal could be seen as a dissolution or detachment process. One of the specificity of this 

methodology is the ability to follow simultaneously dissolution reactions and intermetallic removal. 

Preliminary observations pertaining to particle detachment were presented in chapter III and IV, in 

which a certain correlation between the elements was qualitatively observed suggesting that particles of 

a specific phase would lead to a characteristic elemental composition in the ICP-AES analysis, or at 

least a correlation between the elements. Therefore, to fully exploit this lead, a detailed analysis of the 

data was conducted through a statistical approach using RStudio™. This software is a programming 

language for statistical computing and graphics. Two different files were loaded into the 

RStudio™software: the first one contains a series of data which are representing the intensity value of 

Cu, Mg, Fe and Mn as a function of time. These data were collected during the exposition of an AA2024-

T3 to 1.25 M NaOH at 60°C during 5 min, corresponding to the first step of the pretreatment sequence. 

To ensure a high peak definition, the data collection time during the experiment was of 10 Hz (10 points 

Figure 54 : SEM micrograph in backscattering mode of the S-

phase after the pretreatment sequence. The chemical contrast 

shows the presence of remnant nanoparticulates that could be 

attributed to Cu. 
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per second). The second file contains the average value of the background of the corresponding elements 

for this experiment. Before starting the data analysis, it was important to select only the data frame 

corresponding to the time of the experiment and subtract the backgrounds of their corresponding signals. 

In the context of this study, the time scale was not relevant as we were only interested in the interactions 

between the elements. Consequently, to have a first overview of the interactions between each element, 

we plotted a “scatter view” (Fig. 55). Each axis was labelled and represents the intensity of one element, 

and each element is plotted as a function of another. Moreover, it was important to note that the 

measurement also shows whether a linear relationship of the intensities between two elements was 

present or not. For example, the Mn and Fe graphs highlighted a possible linear relationship between 

both elements. The corresponding correlation factor diagram was also shown in Fig. 55 and from this, 

it is possible to make two important observations:  the Cu signal has a positive correlation value with 

the three other elements.  It is commonly accepted that a correlation factor value higher than 0.5 is 

significant. On the other hand, this figure confirms the strong relationship between Fe and Mn signals 

(0.89).  Hence, from this, it is possible to assume that the Mg, Mn and Fe detachment process mainly 

hinges on copper’s behavior. This idea is also consistent with the particle stochiometries reported in the 

literature, and consequently, it was assumed that two different families of peak relationship that we call 

“population” were found: Cu-Mg peaks and the Cu-Mn-Fe peaks. It is important to remind that Al was 

not measurable because of its high solubility in alkaline conditions. 

Figure 55: Correlation factor diagram representing the relationship between the elements.  

 

The second step was dedicated to select the data points corresponding to peaks and only select them. 

Consequently, for a signal 𝑋𝑡 where t is the time, we defined a signal data point as a peak, 𝑋𝑝, when its 

value was higher than the sum of the average signal and two times the standard deviation: 

𝑋𝑝  ∈  {𝑠 ∈  𝑋𝑡 | 𝑠 ≥  µ𝑋𝑡
+ 2𝜎𝑋𝑡

} 

where µX is the average value of the Cu signal, 𝜎𝑋𝑡
is the standard deviation of the 𝑋𝑡 signal. Firstly, 

these values are selected from the file and each value for all the elements are flagged “yes” when a peak 
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is found and “no” when a peak was absent.  The resulting chart highlighted also a possible relation 

between the intensity of the peak and the nature of the particle as the highest intensities of Cu seem to 

be mainly correlated with Mn or Fe. This hypothesis will be also verified and discussed hereafter. 

Secondly, from the data set we determined the proportion of Cu peaks relative to all peaks and found 

that 72 % of the peaks are involve a Cu detachment process whether the latter detaches alone or involves 

other elements. (Fig. 55). These results could be easily explained by the alloy microstructure 

composition of the AA2024-T3 as the presence of Cu in the intermetallic composition and especially in 

the large constituent particle and in the precipitates has been demonstrated. These peaks most probably 

correspond to the S phase (Al2CuMg), theta phase (Al2Cu), the Al7Cu2Fe or even the Al-Cu-Me-Fe 

intermetallic particles. On the other hand, the remaining 28 % peaks, which are not involving Cu, 

correspond to: 

 Single peak of Fe (5 %) 

 Mg and Mn peaks (5%) 

 Single Mg peaks (90%) 

This result clearly demonstrates Mg is the major element detaching without Cu. This phenomenon could 

be explained by the detachment of an Mg2Si intermetallic particle. However, it is important to note that 

if there is a link between the intensity of Cu peak and the nature of the particle, then, the particles with 

the lowest Cu intensity might not be taken into account in our calculations. Indeed, a peak is defined as 

the sum of the signal and two times the standard deviation. Interestingly, the average value of the 

intensity of the Cu peaks involved with Mg is 1.5 lower than the intensity of Cu peaks involved with 

Mn-Fe. If we assume that the intensity of the Cu in the Mg-Cu particles is lower than the Cu peaks 

involved in the Mn-Fe particles, thus it could be interesting to redefine the baseline by removing the 

peaks involving Cu-Mn and Fe. This will thus decrease the detection limit defined earlier, and take into 

account lower intensity Cu peaks. Nonetheless, it is essential to verify that this assumption is true by 

realizing a statistical test. 

The Mann-Whitney-Wilcoxon test is used to demonstrate the effective relationship between the intensity 

of Cu peak and the nature of the particle analyzed. This non-parametric statistical test allows to compare 

two different data set with the null hypothesis, H0, that two samples come from the same population or 

the alternative hypothesis where one population tends to have higher values. 

In this case, if the null hypothesis was verified, this meant the two Cu-Mg and the Cu-Mn-Fe dataset 

came from the same population, hence they have the same order of magnitude. However, if this 

hypothesis was not verified, it will be possible to assume that the datasets were independent, and hence 

suppose there was a relationship between particle type and Cu intensity. The null hypothesis H0 was 

rejected, thus it was possible to assume that Cu intensity from Mg particles and Cu from Mn-Fe particles 

do not have the same order of magnitude. Consequently, the detection limit was redefined after removing 

from the calculations the Cu values involving Mn and Fe and the proportion of Cu peaks was 
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recalculated. The results showed that the proportion of Cu peaks increased from 72 % to 85%, and the 

remaining 15 % showed the same distribution as described earlier.  

Fig. 56 represents the distribution of the Cu peaks as a result of the statistical approach and calculations 

described previously. Each node corresponded to an element with its corresponding color and the 

thickness of its link represented the co-occurrence between the element and another. Concerning Cu 

behavior, the results showed that 44.3 % of the total peaks were involved with Mg, 18.6 % with Fe and 

17.1 % were involved with Mn, the remaining corresponded to single Cu detachment. On the other hand, 

Mg seemed to have only a strong link with Cu as 73.8 % of the peaks were occurring with Cu detachment 

as the percentage of Mg detaching with Mn or Fe were respectively of 9.5 % and 14.3%. Fe and Mn, 

seemed to follow the same trend as 92.3% of the Mn and 92.9 % of the Fe were involved with Cu. 

Moreover, the figure shows the strong co-occurrence between Mn and Fe and this could correspond to 

the Al-Cu-Mn-Fe particle detachment. Further calculations were realized to determine if Mn-Fe 

detachment was related to Cu and the results showed that Mn-Fe peak always implicated a Cu peak. 

 

Figure 56: Distribution of Cu peaks as a result of the statistical calculations. Each node corresponds 

to an element with its corresponding color and the thickness of its link represents the co-occurrence 

between the element and another. 
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This novel approach emphasizes the possibilities offered by the AESEC techniques for the detection of 

particles released during the reaction of a material with an aggressive electrolyte. This type of 

mechanism has been proposed for many alloys and yet is not readily detectable by other methods. The 

statistical approach developed here reinforced our preliminary assumptions in chapter III by the accurate 

evaluation of the co-occurrence between one element and another in terms of particle detachment. This 

work could be extended to determine the effect of different operating parameters on the 

detachment/enrichment of alloying elements and eventually could be viewed as a predictive tool for 

surface treatment development. As a matter of fact, an ultimate goal of every Al pretreatment is to 

remove these particles. 
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2. CONCLUSIONS 

2.1. General conclusions 

The main objective of this work was to develop a novel methodology, able to give an accurate 

measurement of the reactivity of complex Al-based alloys during a sophisticated surface treatment 

process. Although the AESEC methodology has been previously used for single step surface treatments, 

these developments herein have permitted the extension of the technique to multiple step treatments 

under much more severe conditions. This is an important step closer to working under industrial 

conditions and should prove valuable for the development of new treatment formulations. 

The initial set-up, the atomic emission spectroelectrochemistry was modified to adapt it to our “extreme” 

conditions: the corrosion reactions occur within a relatively short time with very large rates; they often 

involve massive precipitation, and sometimes particles release. Numerous difficulties were encountered 

during the first part of this work such as high corrosion rates and detector saturation, introduction system 

blockage induced by particle detachment and precipitation yielding to several modifications of the 

original set up.  

The second part of this work (chapter III) was devoted to the implementation and validation of our 

methodology. This was achieved through the study of AA2024-T3 during a surface treatment sequence. 

This alloy AA2024-T3 Al alloy was chosen for the important amount of data available in the literature, 

mainly collected by ex situ methods. The AESEC results pertaining to the effect of the pretreatment of 

AA2024-T3 provided new insights on its reactivity. It was shown that during the alkaline etching, Al 

undergoes an important dissolution, accompanied with a very low amount of Cu, Mg, Mn and Fe particle 

detachment. Moreover, this first part demonstrated that the majority of the alloying elements remain on 

the surface. When the surface was exposed to HNO3, the alloy instantly reacted and sharp and intense 

peaks of Cu, Mg, Al, Fe, and Mn were observed. By determining the residence time distribution of our 

flow cell, we were able to distinguish the instantaneous dissolution of what we attributed to hydroxides 

and the slower dissolution rate of what we ascribed to intermetallic particles. Moreover, by integrating 

the dissolution profiles of Al and Cu, and from the bulk composition, we were able to follow the Al 

mass loss and Cu dissolution/enrichment as a function of the pretreatment step. The calculations 

indicated that an enrichment of Cu resulted from the surface treatment. This was correlated with ex situ 

analysis such as SEM, to have access to the surface topography along with the chemical distribution 

after pretreatment. Furthermore, the etch rate was determined by profilometry which is a conventional 

technique and AESEC to correlate our results. The comparison highlighted the power of AESEC in 

terms of element by element dissolution kinetics as a function of the step which is not possible to 

determine with profilometry. Further investigations were conducted by performing potentiodynamic 

polarization curves on the samples before and after pretreatment. The conventional polarization curves 

highlighted the beneficial effect of the pretreatment, as the cathodic current decreased by approximately 
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one order of magnitude. The corresponding AESEC polarization curves, however, indicated the 

presence of Cu nanoparticles, which were only detectable during anodic polarization when the matrix 

was dissolving. Thus, these particles did not contribute to the electrochemical behavior of the alloy, 

suggesting that they were not in electrical contact with the surface. This study provided a complete 

survey of the reactivity of a complex alloy in industrial conditions. It demonstrated the potential of this 

technique to redefine the qualification process of surface treatments. 

The third part of this work (chapter IV) focused on the reactivity of a new Al-Li alloy, AA2050. This 

alloy is already in service, nevertheless, very little is known about its reactivity, particularly the behavior 

of Li, during a surface treatment. Consequently, an identical pretreatment procedure was performed on 

this alloy and the dissolution rate of its elements was monitored using the optimized AESEC set-up. The 

results provided by chapter IV clearly indicated that this alloy reacted very differently from the previous 

AA2024-T3. Indeed, when exposed to NaOH, Al and Li dissolve (it is worth noting that Al dissolution 

rate was significantly lower than what was measured for AA2024), with a preferential dissolution of Li 

(according to the bulk composition). When exposed to HNO3, the surface immediately reacts and intense 

peaks of Cu, Mg, Mn and less intense of Al, Fe, and Li were measured. Again, the alloy clearly behaves 

differently than the AA2024-T3, as the reaction is completed after 30 s compared to 200 s for AA2024-

T3. The difference in the time scale of the experiment was explained by the microstructure of the alloy, 

particularly by the smaller size of the intermetallic particles. The SEM observations showed that the 

AA2050-T3 surface exhibited less particles on the surface: thus, the higher the number of constituent 

particles we have on the surface, the longer their dissolution will last. The last part of this chapter was 

devoted to the electrochemical characterization of the surface prior and after pretreatment. The results 

demonstrated again the beneficial effect of the pretreatment, as the cathodic and anodic current 

decreased significantly by one order of magnitude. Unexpectedly, the AESEC evidenced the formation 

of Al-based oxide film during the anodic polarization of the pretreated AA2050-T3 in 0.5 M NaCl. This 

film formation occurred only on this alloy AA2050-T3 and if a pretreatment was performed prior the 

corrosion test. Additional GDOES experiments were conducted to analyze the nature of the film. The 

erosion profiles strongly suggested the presence of an Al oxide based film enriched with Li. In order to 

isolate the effect of Li, an AA2024-T3 was anodically polarized in 0.5 NaCl with 1 ppm of Li. 

Surprisingly, the alloy exhibited the same behavior as the pretreated AA2050-T3, demonstrating 

significant role of Li on the film formation. The preliminary assumption for the film composition was 

the formation of an Al/Li hydrotalcite product, as the formation of this corrosion film has been 

mentioned in the literature. However, our specific conditions were not a priori favorable for this film 

precipitation, making the circumstances of its formation unclear. 

The last chapter (chapter V) dealt with the characterization of this Al-based oxide film, in order to be 

able to enlighten the mechanism behind its formation.  To achieve this goal, several analytical techniques 

were used, such as GDOES to have access to the elemental composition, X-ray diffraction to determine 

the degree of crystallinity, and vibrational spectroscopies to access to the composition of amorphous 
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products. The GDOES demonstrated that the film was Al, C, O and H rich, and suggested a certain 

enrichment of Li, which might be encapsulated into the Al rich layer. XRD, was able to give insights on 

the crystallinity of the corrosion product, and indicated the possible formation of a lithium aluminate 

phase, as well as the presence of an amorphous corrosion product acting as a mask. Complementary 

experiments using Raman and Infrared spectroscopies allowed the identification of carbonate species 

that could be incorporated into a layered double hydroxide (LDH). The presence of at least two different 

film natures in the corrosion product were suggested from these analyses: an amorphous Al hydroxide, 

Al(OH)3, as well as the possible Al/Li, in the form of an Al/Li layered double hydroxide.  

This work emphasizes how complex is the reactivity of these alloys and demonstrates that the AESEC 

could provide significant information; for example, when a better targeting of specific intermetallic 

particles is needed. 

 

2.2. Perspectives 

As a perspective of this work, further investigations could be conducted to clearly identify the nature of 

the corrosion product evidenced in this work. Additional XPS analysis, such as depth profiling, could 

“lift the veil” on the composition of this film. In addition, GDOES analysis on the pretreated and 

polarized AA2024-T3 in NaCl and Li solution could be useful to determine if Li is incorporated in the 

Al oxide film. 

These preliminary studies on pure intermetallic phase and particle detachment analysis were shown to 

be very powerful, especially as these particles react very differently from the matrix. Those tools are 

able to collect a large amount of data, and could be used as a basis for analysis of trends or to predict 

the particle reactivity as a function of the surface treatment. 

Beyond this PhD work, the perspectives of this methodology could be extended to a multitude of alloys 

and applications. As an example, the reactivity of complex Mg alloys attracts increasingly the interest 

for automotive or biomedical applications and the prospects of using these light alloys remains a 

challenging work.  
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