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Abstract 

Cr(VI) based conversion coatings are currently the treatments of choice for aluminium 

alloys to prevent corrosion, and are widely used in the aerospace industry also because 

of their good electrical conductivity and because they are good primers for paints and 

adhesives. Hexavalent chromium though is harmful for humans and for the 

environment, thus it needs to be replaced with more environmentally friendly materials. 

In this work three alternative pre-treatments for aluminium alloys were proposed and 

their properties were investigated and compared with the performance of a Cr(VI) based 

treatment. The selected “green” alternatives are based on titanium and zirconium 

compounds and they were applied to three different aluminium alloys relevant for 

spacecraft applications: Al2219, Al7075 and Al5083. 

After the characterization of the chosen materials by means of SEM, AES, XPS, EDX 

and SAM, some of their surface properties were explored: the adsorption of an epoxy 

acrylate resin used for UV-cured coatings, and the stability under UV and thermal 

exposure. The outcome of this preliminary investigation provided the basis for a further 

selection of materials to use in a corrosion study, and Al2219 was chosen as a substrate, 

together with an hybrid (organic/inorganic) coating, Nabutan STI/310. Alodine 1200S 

was proposed as chromate treatment and used as reference. 

A comparison of the behaviour during the exposure to a corrosive environment, as a 

NaCl solution, was made between the untreated Al2219 alloy, and the alloy treated with 

Nabutan STI/310 and Alodine 1200S. The study was focused on the chemistry in the 

vicinity of second phase precipitates, which proved to represent initiation sites for 

corrosion, due to their cathodic nature. The evolution of corrosion reactions was 

monitored after different times of exposure relocating each time the same intermetallic, 

by means of SEM, AES, EDX and SAM.  

The results showed the progressive dissolution of the alloy matrix around the inclusion, 

and a partial dissolution of the precipitate itself. The inclusions were shown to be 

inhomogeneous in composition, thus generating cathodic and anodic sites at the 

intermetallic. The chromate treatment resulted in higher protection, compared to the 

hybrid alternative. 

 

 



 ii

Acknowledgements 
 
 
I would like to thank Prof. John Watts for its excellent supervision and enthusiastic 

encouragement throughout this PhD project, his guidance and support was very 

precious and decisive. Many thanks to Dr. Mark Baker, who shared his extensive Auger 

knowledge. I also thank him for his patience in dealing with my written English! 

I would like to aknowledge the European Space Agency, which funded this project and 

Dr Barrie Dunn for his kind assistance.  

I would like to thank Dr Steve Hinder for his help and advice on XPS and SIMS 

instrumentation and data processing, Dr Marie Laure Abel for the fruitful SIMS 

discussions and Dr Mark Withing for his guidance on metallurgy issues and for the help 

with TEM analysis. 

I would also thank Dr Virginie Cesar-Auguste, Dr Yuriy Butenko and Dr Christopher 

Semprimoschnig, from ESTEC laboratories for their help and kindness in my period in 

The Netherlands. 

Many thanks to Mr Mike Parker, Mr Chris Burt and Dr Yang Lin for their technical 

assistance and all the frends from the office, always ready for a good laugh! 

Special thanks go to Prof. Jim Castle, for his always ready answers to “tricky” 

questions, and for giving me the chance to come to the University of Surrey in the first 

place. 

 

Last but not least, I would like to thank my parents Enrico and Ida, for their love and 

wholehearted support, my friends, for their encouragement, and my boyfriend 

Alexandros, who makes everyday special! 

 



 iii

Table of Contents 
 
 
 
CHAPTER 1: INTRODUCTION 
 
1.1. General introduction 1 
 
1.2. Aims of this work 4 
 
1.3. Structure of thesis 5 
 
 
CHAPTER 2: CONVERSION COATINGS FOR ALUMINIUM 
ALLOYS  
 
2.1. Introduction 7 
 
2.2. Corrosion of aluminium 7 
 
2.3. Chromate conversion coatings 11 
 
2.4. Chromium-free coatings 14 

2.4.1. Permanganate 15 
2.4.2. Molybdate 15 
2.4.3. Vanadate 16 
2.4.4. Titanium and zirconium 17 
2.4.5. Cerium 18 
2.4.6. Zinc phosphate 20 
2.4.7. Organic inhibitors 21 
2.4.8. Conducting polymers 21 
2.4.9. Silanes 22 
2.4.10. Anodization 23 
 

2.5. AES and localized corrosion 23 
 
2.6. Conclusions 26 
 
 
CHAPTER 3: SURFACE ANALYSIS TECHNIQUES 
 
3.1. Introduction 27 
 
3.2. Auger electron spectroscopy 28 

3.2.1. The Auger effect 28 
3.2.2. Depth of analysis 30 
3.2.3. Instrumentation 30 

3.2.3.a Electron source 33 
3.2.3.b Electron column 34 



 iv

3.2.3.c Analyser 35 
3.2.3.d Detector 37 
3.2.3.e Transfer lenses 38 
3.2.3.f Vacuum system 38 

            3.2.4. Data interpretation 40 
                        3.2.4.a Spectra 40 
                        3.2.4.b Scanning Auger electron microscopy 43 
                        3.2.4.c Issues with quantitative analysis 46 
 
3.3. Energy dispersive x-ray spectroscopy 47 
            3.3.1. Quantitative analysis 49 
 
3.4. X-ray photoelectron spectroscopy 50 
            3.4.1. Spectral interpretation 51 
            3.4.2. Quantification 54 
            3.4.3. Experimental 55 
 
3.5 Time-of-flight secondary ion mass spectrometry             56 
             3.5.1. Basic principle 56 
             3.5.2. Instrumentation 57 
             3.5.3. Experimental 59 
 
3.6. Conclusions 59 
 
 
CHAPTER 4: THE TREATMENT OF ALUMINIUM ALLOYS 
WITH INORGANIC ANF HYBRID CONVERSION COATINGS 
 
4.1. Introduction 60 
 
4.2. The alloy surface 61 
            4.2.1. Experimental 61 
            4.2.2. Al 2219 62 
            4.2.3. Al 7075 68 
                          4.2.3.a. First intermetallic group 68 
                          4.2.3.b. Second intermetallic group 73 
            4.2.4. Al 5083 76 
                          4.2.4.a. First intermetallic group 76 
                          4.2.4.b. Second intermetallic group 79 
            4.2.5. Conclusions 83 
 
4.3. Cleaning agents 84 
            4.3.1. Experimental 84 
            4.3.2. Al 2219 85 
            4.3.3. Al 7075 89 
            4.3.4. Al 5083 92 
            4.3.5 Conclusions 95 
 
4.4. Coating application 96 
            4.4.1. Experimental 96 



 v

            4.4.2. Results 97 
                       4.4.2.a. Alodine 1200S 97 
                       4.4.2.b. Alodine 5700 99 
                       4.4.2.c. Nabutan STI/310 101 
                       4.4.2.d. Iridite NCP 104 
                       4.4.2.e. Conclusions 107 

 
4.5. Concluding remarks 108 
 
 
CHAPTER 5: ADSORPTION OF ORGANIC MOLECULES AND 
UV EXPOSURE OF Al2219 ALLOY TREATED WITH 
CONVERSION COATINGS 
 
5.1. Introduction 109 
 
5.2. Adsorption 109 
            5.1.1. Experimental 113 
            5.1.2. Results 114 
            5.1.3. Discussion 126 
            5.1.4. Conclusions 130 
 
5.3. UV exposure 131 
            5.3.1. Experimental 133 
            5.2.2. Results and discussion 136 
 
5.4. Concluding remarks 141 
 
 
CHAPTER 6: CORROSION OF ALUMINIUM: THE ROLE OF 
INTERMETALLICS  
 
6.1. Introduction 142 
 
6.2. Experimental 142 
 
6.3. Results 143 

6.3.1. First intermetallic group 144 
6.3.2. Second intermetallic group 149 
6.3.3. Third intermetallic group 152 

 
6.4. Discussion 155 

6.4.1. First intermetallic group 155 
6.4.2. Second intermetallic group 156 
6.4.3. Third intermetallic group 157 
6.4.4. Corrosion mechanism 157 
6.4.5. Electrostatic charging of the deposit 160 
6.4.6. Phase analysis by EDX 162 

 



 vi

6.5. Conclusions 165 
 
 
CHAPTER 7: CORROSION OF ALUMINIUM TREATED WITH 
ALODINE 1200S 
 
7.1. Introduction 166 
 
7.2. Experimental 166 
 
7.3. Results 166 
 
7.4. Discussion 179 
 
7.5. Conclusions 181 
 
 
CHAPTER 8: CORROSION OF ALUMINIUM TREATED WITH 
NABUTAN 310/STI 
 
8.1. Introduction 182 
 
8.2. Experimental 182 
 
8.3. Results 183 
 
8.4. Discussion 191 
 
8.5. Conclusions 193 
 
 
CHAPTER 9: VARIATION OF CORROSION BEHAVIOUR OF 
THE Al2219 ALUMINIUM ALLOY WITH THE NATURE OF THE 
CONVERSION COATING 
 
9.1. Introduction 194 
 
9.2. Choice of materials 195 
 
9.3. Exposure to corrosion environment 197 
 
CHAPTER 10: CONCLUSIONS AND FURTHER WORK        203 
 
REFERENCES 206 
 
PUBLICATIONS 212 
 
CONFERENCES 213 



Chapter 1  Introduction 
 

Rossana Grilli 
 

1

Chapter 1 

Introduction 

1.1 General introduction 

High strength aluminium alloys, because of their properties, such as high specific 

strength and high specific stiffness, are traditionally used in a wide range of aerospace 

applications. In recent decades such alloys have been developed in order to improve 

their characteristics of toughness, fatigue strength and stress-corrosion resistance.  Two 

groups of aluminium alloys in particular satisfy the requirements of aircraft industry 

with good results: the 2xxx series, rich in copper, and the 7xxx series, rich in zinc. Over 

the years the composition of these alloys, and the processing procedures, were refined to 

make the alloys ideal for structural components [1]. The 5xxx series (Mg-rich) is used 

in aerospace industry as well, for both structural and non-structural components. By 

super plastic forming the 5083 alloy can be used to manufacture parts of complex 

geometry that cannot be realised in other ways [2]. 

Generally these alloys have a good corrosion resistance for most environmental 

exposures. However specific environmental conditions, such as long period storage in 

humid and salty environments, may trigger corrosion. This refers particularly to marine 

atmospheres, since some launch sites are located on the coast (ESA Guianese space 

centre in Kourou, NASA Kennedy space centre in Cape Canaveral, both close to the 

Atlantic Ocean). Corrosion leads to degradation of the surfaces and potentially to stress 

corrosion cracking, causing premature failure of aluminium alloys, therefore these 

alloys require an additional protection. 

Numerous conversion coatings have been developed with the main purpose not only 

being the protection of aluminium from corrosion but also as a pretreatment to enhance 

the adhesion of paints and adhesives. Such pre-treatments need to meet requirements 

related to space exposure, such as low outgassing in vacuum, low degradation in UV 

radiation, stability in high temperature, low temperature and thermal cycling, high 

atomic oxygen durability, plus, they need to have good electrical properties, in order to 

obtain equipotential surfaces on the components of the spacecraft. 

The most widely used pre-treatment in the aerospace industry is Alodine 1200S 

manufactured by Henkel [3] which is a chromium (VI) based treatment. The coating is 
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composed of chromic acid, potassium fluoroborate, potassium ferricyanide, sodium 

fluoride and potassium fluozirconate [4]. While this conversion coating enhances the 

corrosion and adhesion properties of the alloy, the presence of Cr(VI) in the treatment 

process, makes it potentially harmful to humans and is thus environmentally undesirable 

[5,6]. 

Recent EU restrictions on the use of chromium (VI) established the legislative 

requirement to replace Alodine 1200 with a chromium-free conversion coating [7]. 

For this reason the European Space Agency (ESA) has directed a research activity 

towards chromium free pre-treatments, with the objective of assessing existing chemical 

conversion coatings for aluminium alloys. A partnership with University of Surrey and 

the Instituto de Soldadura e Qualidade (ISQ) in Portugal was undertaken by ESA to 

investigate a group of selected pre-treatments. Together with the restrictions for space 

use, other pre-requisites were considered to make a choice among a number of 

possibilities: the treatment should be commercially available, ready for use, it should 

have the same level of protection against corrosion of the Cr(VI) based treatments, at 

least one should be an European product. 

The coatings selected by ESA for investigation were: 

Alodine 5700 (by Henkel Surface Technologies, Germany) is a water based conversion 

coating proposed as an effective chromium-free alternative to Alodine 1200S. 

Specifically formulated for aluminium and its alloys, it is ready to use and it can 

provide an excellent base for organic finishes [8].  

Nabutan STI/310 (by NABU Oberflächentechnik GmbH, Germany) is a mixture of 

inorganic and organic acids, one of which is fluorotitanic acid, it is chromium-free and 

it is supposed to perform as an anti corrosion coating for aluminium [9].  

Iridite NCP (by MacDermid plc, UK) is a chromium-free chemical process that 

contains an inorganic fluoride compound. It produces a protective conversion coating 

on aluminium improving adhesion of paints, sealants and adhesives [10].  

Alodine 1200S (by Henkel Surface Technologies, Germany) was also investigated as 

reference, being a successful anti corrosion coating and provided a benchmark pre-

treatment. 

All the above coatings are applied by immersion or spray application. 

The properties of these coatings were investigated after their application on three 

different wrought aluminium alloys: 2219, 7075 and 5083. 
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Al2219 is the most widely used aluminium alloy for structural components of manned 

crafts, because of its optimum combination of properties: mechanical strength, fracture 

toughness, resistance to general corrosion and stress corrosion cracking, it is also 

commercially available in many forms. In order to improve its corrosion resistance 

Al2219 needs to undergo a solid solution treatment at a temperature of 535 ± 5°C to 

dissolve the more noble copper into aluminium. The cooling should be rapid to prevent 

the formation of large CuAl2 inclusions at the grain boundaries. An excessive formation 

of this compound would result in surrounding volumes with copper depletion that are 

susceptible to corrosion attack. The tempers used are T6 and T8, where the alloy 

undergoes heat solution treatment at the previously specified temperature, water 

quenching, strain hardening (T8 only) and artificial ageing at a temperature of 175°C 

for 18 hours (T6) and 190-215°C for 16-18 hours (T8). Al2219 is known to have poor 

corrosion resistance to marine environments [11]. 

Al7075 is also used for structural components. The overaged temper T73, provides high 

resistance to stress corrosion, and is then approved for use in aerospace according to 

ESA requirements [12]. This temper involves heat solution treatment at 465 ± 5°C, 

water quenching, and two steps of artificial aging, the first for 8 hours at 108 ± 5°C, and 

the second for 8-24 hours at 160-180°C, time and temperature varying according to the 

shape and size of the metal. Due to its properties it is used for highly stressed 

applications, but its resistance to corrosion is poor and it needs to be protected. 

Al5083 has a moderate strength, it is weldable and has good corrosion resistance. It is 

used in spacecraft subsystems that require lower mass and do not necessitate high 

strength, as electronic boxes or waveguides. The treatment of this alloy with conversion 

coatings is required when paint has to be applied or where an electrically conductive 

finish is needed. For resistance to stress corrosion cracking and exfoliation the tempers 

used are: H-0 (annealed at 415°C), H-113 (strain hardened only) and H-32 (strain 

hardened and stabilised by heating for a short time at 120-175°C).  

These three alloys were processed with the chosen non-Cr(VI) conversion coatings to 

investigate any systematic differences between the alloys in term of their response to the 

treatment processes. 
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1.2 Aims of this work 

The study presented in this thesis was conducted in parallel with the investigation made 

by ISQ. They concentrated their attention on the behaviour of the pre-treatments after 

thermal-cycling and salt spray testing and compared the results obtained with the results 

for Alodine 1200S. The thermal cycling test was performed in air, cycling the 

specimens 500 times between -50°C and +100°C. When a material is heated and then 

cooled it expands and contracts, possibly causing failure of the conversion coating over 

time. The salt spray test was carried with a 5% NaCl solution at 35°C for 7 days. The 

specimens were examined by scanning electron microscopy prior to and after the tests. 

Their conclusions were not satisfying for the alternative coatings, which showed 

insufficient adhesion to the substrates for both tests, and did not provide adequate 

corrosion protection [13].  

The aim of the work presented in this thesis is to gain a better understanding of the 

chemistry involved in the surface modifications produced by the applications of the 

coatings and by the corrosion process induced by a saline solution.  

Techniques such as x-ray photoelectron spectroscopy (XPS), Auger electron 

spectroscopy (AES), energy dispersive x-ray spectroscopy (EDX), scanning electron 

microscopy (SEM) and time of flight secondary ion mass spectrometry (ToF SIMS) 

were used to characterise the specimens, and in order to investigate the morphology and 

composition of the surfaces of the specimens at any stage of their preparation: polished 

alloys, chemically cleaned surfaces and treated surfaces.  

The effects of corrosion on some of the materials was studied as a function of time, 

monitoring the compositional and morphological variations of the surface, induced by 

exposure to a 3.5% NaCl solution at different intervals of time. The attention was 

focused on the behaviour of the second phase precipitates exposed on the surface, which 

represent heterogeneities that could act as starting sites for corrosion. The materials 

chosen for this experiment were the 2219 aluminium alloy, Alodine 1200S and Nabutan 

STI/310.  

Al 2219 was chosen as the substrate material, since it is the most widely used for 

spacecraft components. Furthermore the alloy 5083 is the least prone to corrosion of the 

three alloys proposed. 
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The chosen pre-treatments are Alodine 1200S, the currently used conversion coating, as 

a reference to compare any other alternative, and Nabutan STI/310, because of its 

hybrid (organic/inorganic) nature, opposed to the inorganic nature of Alodine. 

A kinetic study of corrosion was performed on the bare 2xxx alloy first, to highlight 

chemical reactions and surface modifications involved in the corrosion process, how 

they develop from the early stages of the solution exposure and the role of the 

intermetallics in such reactions. The same experiment was then repeated on the alloy 

treated with the two chosen treatments, to observe how the coatings interact with the 

matrix/intermetallic system, and how they influence the corrosion reactions. 

1.3 Structure of the thesis 

After this brief introduction, the thesis chapters will be organised as follows: 

- In Chapter 2 an overview of the corrosion of aluminium and its alloys is 

presented. The corrosion of pure aluminium and aluminium alloys will be 

described first, then chromium based conversion coatings will be described, 

explaining its composition and its corrosion protection mechanisms. Finally a 

summary of possible chromium free alternatives which are currently the object 

of extensive research will be given. 

- In Chapter 3 the surface analysis techniques used in this research work are 

described, with major emphasis on the combined use of AES/EDX/SEM, 

available on the Thermo Scientific Microlab 350 microscope at the University of 

Surrey. 

- In Chapter 4 a multi technique characterisation of the materials under study is 

given. First the microstructural features of the three candidated aluminium alloys 

(2219, 7075 and 5083) are described, then the effect of cleaning agents on such 

surfaces is investigated, finally the composition of the chosen chemical 

conversion coating is described, focusing on the influence of the temperature of 

application. 

- In Chapter 5 some properties of the coatings will be tested. The first part 

describes the results of a study on the adsorption of a partially acrylated epoxy 

resin on Alodine 1200S and Nabutan STI/310 surfaces; in the second part the 

effect of high temperature (100°C) and UV radiation on the coatings’ optical 

properties and composition are monitored. 
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- Chapter 6, 7 and 8 describe in detail the corrosion experiment performed on the 

polished Al2219 (Chapter 6), on the same alloy treated with Alodine 1200S 

(Chapter 7) and on the alloy treated with Nabutan STI/310 (Chapter 8). During 

this experiment some intermetallics at the specimen surface, of different sizes, 

were marked and characterised. Then the same set of analyses was performed 

after the application of the coating (where it is applicable) and after different 

periods of exposure to a 3.5% NaCl solution. 

- In Chapter 9 the results of this work will be discussed and the conclusions and 

possible future work will be given in Chapter 10. 
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Chapter 2 

Conversion coatings for aluminium alloys 

2.1 Introduction 

Because of their properties and their versatility aluminium alloys are widely applied in 

many fields, such as transport, building and electrical engineering. This vast range of 

applications made aluminium and its alloys the object of numerous studies on their 

performance, and in particular, on their resistance to corrosion. The recent EU 

requirements to replace Cr(VI) based conversion coatings with safer treatments led to 

the development, and subsequent experimentation of a vast number of Cr-free 

alternatives. In this chapter an overview on the corrosion of aluminium is presented, 

then follows a description of the alloys relevant to this work, focusing on the influence 

of the composition on the corrosion behaviour. The second part is concerned with the 

chromate treatment, its application and its properties, and then a list of possible 

replacements is discussed. 

2.2 Corrosion of aluminium 
When aluminium is in contact with air, as a result of its great affinity for oxygen, it will 

oxidize, forming a passive layer of Al2O3 (aluminium oxide). The thickness can vary 

between 4 and 10 nm and it will provide a good protection for the aluminium beneath. 

This natural film is stable in environments with neutral pH, but dissolves in acid or 

alkaline media. The atmospheric corrosion of aluminium occurs by two different 

mechanisms: tarnishing and pitting, the last one being the most common, particularly in 

marine atmospheres. Tarnishing is associated with the condensation of moisture and 

presents a general loss of shine or isolated stains; pitting occurs in defective regions of 

the film, such areas with low thicknesses or breaks in the film associated with 

precipitates, high concentration of vacancies, impurities, alloying elements, grain 

boundaries, triple points and so forth. The corrosion rate is directly dependent on the 

content of sulphur dioxide in the atmosphere and chloride concentration in rainwater or 

a marine environment. [14] 

Aluminium alloys are more likely to undergo localized corrosion, as a result of the 

presence of secondary phase particles, in fact pitting corrosion is considered to be one 
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of the principal mechanisms for damage of high strength alloys. It was believed that 

pitting would begin by the breakdown of the passive film on the metal surface, thus the 

resistance to pitting of a pure metal was associated to the electrochemical stability of its 

passive film. For aluminium alloys, however, the microstructural heterogeneity of the 

surface makes the pitting phenomenon not uniquely dependent on the oxide layer 

properties. The heterogeneity includes precipitates and constituent particles 

(intermetallic particles formed by alloying and impurity elements, of 1-30 μm size). At 

these sites micro-flaws in the oxide film exist, and there are potential differences 

between the particles and the matrix. The micro-flaws and the galvanic couples are 

responsible not only of the nucleation but also of the growth of pits, when the alloy is 

exposed to an aggressive electrolyte [15]. Such pits can act as a precursor for stress 

corrosion cracking and for this reason the sheet/plate product is often clad to a thickness 

of 10% with commercial purity aluminium. 

 

In the 2xxx series Al alloys the two major types of precipitates are θ’(Al2Cu) and 

S(Al2CuMg). The θ’ is cathodic to the alloy matrix and causes corrosion of it at its 

adjacent periphery. The S phase particles show different localized corrosion 

morphologies, as a result of different mechanisms:  

(1) Pitting corrosion occurs on the particles and pits are formed in place of the S phase 

intermetallics. This happens as a result of galvanic effects, that cause its dissolution 

[16];  

(2) Pitting corrosion also takes place at the adjacent periphery of the S phase.  

Bouchheit et al. [17] proposed that since the S phase is an anodic site, its anodic 

dissolution leads to corrosion pits. The dissolved element is magnesium, which leaves 

behind copper rich sites, which move the potential in the positive direction, then, 

dissolution of the adjacent matrix takes place. Zhu et al. [18] had a different point of 

view: the alloy dissolution observed at the boundaries was less severe than expected in 

the case of a galvanic corrosion due to the galvanic couple S phase-positive – alloy-

negative, with the S phase turning to more positive potentials as long as the dissolution 

of magnesium takes place. A different mechanism was then suggested: together with the 

dealloying of Mg (anodic reaction), the reduction of water and oxygen (cathodic 

reaction) takes place, giving OH- as a product. This will increase the pH of the 

environment up to a point (pH = 9) when the surrounding aluminium oxide starts 
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dissolving. Concurrently the Al metal underneath starts oxidizing and a new Al oxide 

layer is formed. When the local pH reaches 11 the Mg dissolution is inhibited since the 

product of its oxidation, the species Mg(OH)2, is not stable any longer. Li et al. [19] 

disagreed with this mechanism. They observed experimentally that the pH of the 

medium is maintained at 6.1-6.9, and the Al matrix current, instead of being always 

cathodic, switches from cathodic to anodic. They suggested that the reason why the 

corrosion of the matrix finishes in a short time is to be attributed to the very small size 

of the S phase particles.  

 

In the 7xxx alloys the number and variety of intermetallic particles are vast. In the 7075 

alloy the most abundant intermetallics are Al7Cu2Fe and (Al,Cu)6(Fe,Cu), while Mg2Si 

intermetallics are present in smaller quantities, in minor amounts there are Al12Fe3Si, 

SiO2 and Al6Fe [20]. This alloy has MgZn2 as a strengthening particle. The 

intermetallics Al7Cu2Fe and (Al,Cu)6(Fe,Cu) are potential pitting initiation sites, the 

driving force being the galvanic coupling between the intermetallics and the matrix. Cu 

and Fe are cathodic with respect to the matrix, thus the alloy will dissolve. Mg instead is 

anodic with respect to the matrix, so the Mg rich intermetallics will dissolve 

preferentially [21]. Andreatta et al. [22] observed that the Mg rich intermetallics 

(Mg2Si) can be anodic or cathodic to the matrix according to the heat treatment 

performed on the alloy. This phenomenon is associated to the extent of the dissolution 

of the MgZn2 particles in the alloy, and so to the level of the Mg and Zn enrichment of 

the matrix. In both cases the result is the formation of pits, formed by the selective 

dissolution of the intermetallics or by their dropping out from the surface due to the 

dissolution of the matrix [23]. 

 

In the 5xxx series alloy, many phases were found, among which there are MgAl2, 

Mg2Si, Mg2Al3, Cr2Mg3Al18, (Fe,Cr)3SiAl12, and MnAl6 [24]. Yasakau et al. [25] 

studied the localized corrosion activity of the AA 5083, focusing on the role of the most 

active intermetallic phases. They found that the main type of intermetallic inclusions is 

the iron rich phase, such as Al-(Fe,Mn,Cr,Si) and Al6(Fe,Mn). The Fe-rich inclusion 

behaves as a cathode, the main corrosion attack being focused in the alloy matrix, with 

subsequent formation of a pit. The silicon and chromium content of the intermetallic 

does not affect its corrosion behaviour. The first step would be the dissolution of the 
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aluminium contained in the inclusion, with concurrent enrichment of iron. Such 

enrichment causes an increase in the Volta potential (the Volta potential is the electric 

potential difference between two points close to the surface of two metals in contact in 

vacuum condition). The second step would be the dissolution of aluminium from the 

adjacent matrix, producing the pit. The second most widely distributed intermetallic on 

the 5083 alloy surface is a Si, Mg containing inclusion. This phase is assigned in the 

literature to Mg2Si. This sort of inclusion shows an anodic character in respect of the 

matrix. The magnesium, after immersion in a corrosive electrolyte, will selectively 

dissolve, leaving Si-enriched remnants. At this stage the potential will invert its 

direction, giving a cathodic character to the inclusion, but no further activity will 

propagate the pits, because of the formation of deposits on the intermetallic surface. 

Such deposits most probably are the results of the hydrolysis of the inclusions by water, 

with Mg(OH)2 and SiO2·nH2O as reaction products. 

 

Another form of localized corrosion to which aluminium alloys are susceptible is 

intergranular corrosion (IGC). IGC occurs in advanced stages of corrosion damage, and 

the mechanisms are similar to the ones of pitting corrosion [26]. The path of the 

transition between pitting and IGC and the factors that affect it are still unclear. 

Ramgopal et al. [27] proposed that IGC starts at the solute depleted zones of the grain 

boundaries and their chemistry is dependent on the grain boundary precipitates. In the 

case of AA2024 alloy the S(Al2CuMg) phase particles at the grain boundaries are also 

attacked. The Mg dissolution in these intermetallics will produce Cu-rich particles that 

would decompose in 10 to 100 nm Cu clusters. These clusters would be detached from 

the surface and dispersed in solution [28]. The deposition of Cu on the grain faces will 

give temporary protection of these sites from corrosion. 

The result of the overall process (pitting and IGC) of corrosion could be of several 

hundreds of microns in depth, leading to initiation sites of fatigue cracks. It was shown 

by DuQuesnay et al [28] that pitting corrosion produces a severe reduction in fatigue 

life of Al alloys, and that the depth of the pits is the most important factor that affects it. 
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2.3 Chromate Conversion Coatings 
The air-formed oxide layer on aluminium and its alloys is not sufficient as a barrier for 

corrosion since it does not show acceptable corrosion resistance in many environments. 

A further layer of material, the so called conversion coating, has to be applied and the 

better performing and widely used for more than 40 years is the chromate conversion 

coating (CCC). It accomplishes well the twofold function of anti-corrosive layer and of 

primer for paints and adhesives, it is stable in a wide range of pH, and it gives low 

surface electrical resistance to the substrate, this being an important feature for space 

industry [5]. It gives good adhesion to the substrate, as reported by Grilli et al [29]. 

They observed that the failure of a lap shear joint assembled from a substrate of 6xxx 

alloy treated with CCC with an epoxy adhesive is essentially cohesive in the adhesive 

phase. Oki and Charles [30], after SEM and TEM investigation, observed the presence 

of micro and macro features on the coating surface which represent anchoring sites for 

paints. Brown et al [31-33] studied in detail the mechanism of formation of the CCC on 

high purity aluminium, observing a dependence of the morphology of the coating on the 

morphology of the substrate. They compared the formation of chromate conversion 

coating on two Al substrates of different degree of purity: 99.99% and 99.996%. The 

first step of the coating process, after the immersion of the substrate in the coating 

solution, is the rapid dissolution of the oxide layer by hydrofluoric acid: 

Al2O3 + 6HF → 2AlF3(soluble) + 3H2O 

This diminishes the thickness of the passivation layer. The cathodic reaction is the 

deposition of the coating material: 

Cr2O7
2- + 8H+ +6e → Cr2O3·H2O + 3H2O 

and the anodic reaction is the dissolution of aluminium from the bulk: 

2Al0 + 3H2O → Al2O3 + 6H+ + 6e 

The reduction of dichromate ions to hydrated chromium oxide (Cr(VI) → Cr(III)) 

occurs on areas of reduced thickness of the film with electrons penetrating the layer by 

tunnelling, or on areas of local conduction through flaws, such as grain boundaries, 

impurities or metal ridges. At early stages of the process a preference of deposition of 

the coating on the grain boundaries and on the ridges was observed, this meaning that 

the cathodic reaction is more likely to occur with the exchange of electrons by flaws 

than by tunnelling. Increasing the purity of the aluminium substrate the surface is more 
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uniform and homogeneous, this meaning that the flaw sites are reduced and the 

deposition occurs mainly by tunnelling. In fact in this case the coating appears more 

uniform, without preferential deposition sites. 

While the coating layer is growing, the distance between the chromate ions in the 

solution and the alumina layer increases. The gel-like structure of the film facilitates the 

ionic transport of the reactant to the substrate where the Al oxidation and the Cr 

reduction take place. The alumina layer retains a thickness of few nanometres during 

the process, being continuously dissolved by fluoride on the outer side, and re-formed 

by Al oxidation on the bulk side. The ageing of the coating in air will reduce any further 

thickening, due to the loss of water from the film [34]. 

Hagans and Haas [35] studied the mechanism of formation of chromium oxide layers on 

an Al 2024 alloy. They observed a different rate of deposition of the coating on the 

intermetallics and on the matrix. Juffs et al [36] manufactured macroscopic intermetallic 

phases and coupled them to aluminium to simulate what happens in the microscopic 

scale. They observed that the coating on the matrix was 10 times thicker than the 

coating on the intermetallic phase. Campestrini et al [37] observed that the nucleation of 

the coating occurs at the second phase precipitates. They represent cathodic sites on the 

matrix, enhancing the rate of the reduction of the chromate species. Furthermore the 

aluminium oxide in the proximity of the intermetallics is known to contain more flaws 

and defects, thus is more easily attacked by the fluoride present in the bath and the 

tunnelling is then promoted. After few seconds the intermetallics are completely coated, 

consequently they become less reactive and the reduction and deposition of chromium 

continues in other areas. As a consequence the layer formed is discontinuous with a 

large number of defects, mainly in proximity of the precipitates, with the result of being 

less protective. 

The coating grows quicker in the first minutes of exposure of the alloy to the treatment, 

and afterwards it becomes slow; accelerators can be added to the bath in order to 

increase the rate of deposition. A common additive to the coating solution is potassium 

ferricyanide, K3Fe(CN)6, which acts as an accelerator. The coating solution contains Fe 

in two states: [Fe(II)(CN)6]4- and [Fe(III)(CN)6]3-. At first the proposed mechanism was 

a competitive adsorption of ferri or ferrocyanide compared to Cr2O7
2- on the surface of 

the Cr(III) oxide gel, directing the chromate to react with the substrate surface. Lately a 

new model was proposed. The Fe(II)/Fe(III) couple acts as a catalyst, Fe(III) is reduced 
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to Fe(II) by Al(0), which is oxidized to Al(III), and Fe(II) is oxidized to Fe(III) by 

Cr(VI), which is reduced to Cr(III). In both models the presence of the Cr4[Fe(CN)6]3 

complex is proposed [36]. The couple reacts on the intermetallics as well, suggesting 

the formation of CuFe(CN)6 [35-36]. 

The presence of copper in aluminium alloys, such as the 2xxx series, influences the 

thickness of the conversion coating. Liu et al [38] showed that on binary Al-Cu alloys 

there is an initial formation of copper-free coating, then copper starts to be incorporated 

in the coating and this incorporation leads to a loss of coating material. Further 

thickening of the CCC is reduced since incorporation of copper can occur instantly. At 

an early stage the formation of the coating develops with the oxidation of aluminium 

only. This produces an enrichment of copper in the alloy underneath the oxide film. 

When the level of copper is high enough (about 6x1015 Cu atoms cm-2) the copper is 

incorporated in the alumina film and then in the CCC. The coating material formed in 

this manner detaches close to the coating/alloy interface leading to a loss of the outer 

coating. On commercial 2014-T6 alloy Liu et al observed the formation of a thin layer 

on the intermetallics and thick one on the matrix, reflecting the difference in copper 

contents. According to them this confirms the influence of copper on the coating 

formation. 

The mechanisms of corrosion protection performed by the chromate conversion coating 

are basically two:  

(1) It provides a thick and well attached barrier layer between the alloy and the 

electrolyte; 

(2) It acts as a self-healing material. 

The coating layer consists in an amorphous and insoluble chromium oxide, with many 

hydroxyl groups where the formation of Cr(III)-O-Cr(VI) bonds can take place, thus 

they act as adsorption sites for chromate ions from the coating bath. The coating is 

therefore  a mix of Cr(III)/Cr(VI) oxide. When it is in contact with an electrolyte the 

Cr(VI) migrates to the defects of the layer, more vulnerable to corrosion attack. Then a 

series of reactions with the corrosion products, or with the walls of the defect can take 

place, leading to the repassivation of the pits [39]. It is not clear how the ageing of the 

coating, and the concurrent loss of water, can influence this self-healing mechanism. 

Hughes et al [40] suggested that in absence of water the Cr(VI) species could be 

immobilized, thus become inactive to repair the damage of corrosion. Furthermore it 
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was observed that the ageing process produces a developing network of microcracks 

which a limited Cr(VI) reservoir is unlikely to repair. Lunder et al [41] conducted a 

SEM and TEM analysis of the section of the 6060 aluminium alloy treated with a 

chromate conversion coating. They observed the presence of numerous pores and cracks 

on the chromate layer, which may represent pathways from the external environment 

towards the aluminium substrate. 

Overall the chromate conversion coatings are considered effective as anti-corrosion 

treatment for aluminium, acting as a protective barrier which repairs itself when needed. 

They are quick and easy to apply, with the aid of HF as etching agent and K3Fe(CN)6 as 

accelerator. They give good adhesion to the substrate and act as primers for further 

treatments. Applied onto alloys though, the CCC will not result in homogeneous 

coatings, depending on the presence of second phase intermetallics, and in particular, 

copper rich alloys would alter the coating layer composition and consequently its 

properties. 

2.4 Chromium-free coatings 

Hexavalent chromium Cr(VI) has proved to be very harmful for human health. It is 

carcinogenic, mutagenic and, being a strong oxidizing agent, even in small doses it is 

highly irritating for plant and animal tissues. It’s high solubility in water make it able to 

pass through the cell membranes, where it reacts with some antioxidant molecules such 

as ascorbate, glutathione or L-cystine, forming intermediates (Cr5+, Cr4+) which, directly 

or through free radical intermediates, damages DNA. It is a major pollutant in industrial 

wastewaters, it diffuses rapidly and it is difficult to separate it from the water through a 

direct precipitation method [42-43]. The costs associated with worker protection and 

waste stream disposal make the chromate pre-treatment cost-prohibitive. Efforts are 

being made to find a valid replacement for Cr(VI) in all its applications, and in 

particular, for the aerospace industry there is the interest in developing new chromium-

free conversion coatings for aluminium alloys, with the same performance but more 

environmentally friendly. The investigation moved both in the inorganic and in the 

organic direction, testing alternative oxides or exploring the possibilities given by 

conducting organic polymers. The inorganic species considered suitable for the purpose 

can be divided in three groups: hypervalent transition metals, transition metals which do 

not reduce easily and covalent oxides, precipitated coatings and rare earth metals. 
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The first group includes transition metals which in the highest oxidation state are water 

soluble and can be reduced in insoluble oxides, just like chromium. Metals like Mn, Cr 

and Tc are stable in a broad range of pH around 7, while V and Mo have narrow range 

of pH in which they are stable, vanadium oxide is stable toward high pH and 

molybdenum oxide is stable towards low pH values. These compounds can be applied 

by conversion coating or by sol-gel [42]. 

2.4.1 Permanganate 

Permanganate conversion coatings (PCC) represent a valid alternative to chromate 

conversion coating (CCC), having a similar protective performance but with less 

detrimental effects on the environment. This treatment is based on Mn(VII) species 

which will reduce to Mn(IV) giving an oxide layer on the alloy surface, similarly to the 

deposition mechanism of chromate. The coating is composed by an inner layer of a 

mixed Al-Mn oxide, with composition close to MnO2-Al2O3, and an outer layer rich in 

manganese oxide. It gives a yellow film which reaches a maximum thickness of 50 to 

70 nm, and the thickness limit is probably due to the passivation of boehmite (AlOOH) 

by MnO2 [44]. The mechanism of deposition is similar to the chromate conversion 

coating, with the difference, as pointed out by Kulinich et al [45], that on Al 2024 alloy 

the film on the intermetallics is thicker than the film on the alloy matrix, thus different 

failure mechanisms are to be expected. They also did not detect any significant quantity 

of MnO4
- adsorbed on the growing coating, and this may limit the self-healing ability of 

this treatment compared to CCC. Another important difference between PCC and CCC 

is that PCC does not develop an inorganic polymer, thus it is less affected by heat. The 

PCC does not work well on Cu and Zn-rich alloys, such as 2xxx and 7xxx series, which 

require a thicker film with a further seal step with potassium silicate or other organic 

seal. The PCC does not require special drying procedures to avoid mud cracking. The 

corrosion performance is considered at the same level of CCC [46-47].  

2.4.2 Molybdate 

Molybdates have a strong oxidizing power and the passivation layer formed by their 

product was tested as replacement for the CCC and still its performance and the 

mechanism are under examination [48]. Shaw et al [49] suggested that the passivity of 
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the molybdenum coating on aluminium is due to the incorporation of Mo6+ and Mo4+ 

species in the oxide lattice, and they observed that lower concentrations result in more 

corrosion protection than higher concentrations. Bairamov and Verdieu [50] highlighted 

the importance of the surface condition, they showed that for the reduction from 

Mo(VI) to Mo(IV) to occur the surface needs to be etched. Breslin et al [51] proposed 

the formation of Mo, Mo3+ and MoO2 species, and subsequent formation of 

molybdenum oxides with different stochiometry. They reported that the larger 

polymeric molybdate species, formed in acidic solutions, were too big to accumulate in 

the flawed areas, thus the passivation property is not comparable to the chromate. They 

also observed that pitting potential was more dependent on chloride concentration than 

on the pH. Hamdy et al [52] studied the corrosion protection performance of a 

molybdate conversion coating on aluminium composites. They observed that the 

thickening step is essential for the corrosion resistance and the result is promising. Silva 

et al [53] evaluated the pitting corrosion of the alloys 2024 and 7050 in saline solutions 

of chromate, molybdate and tungstate oxo anions. They observed that chromate for both 

the alloys, and molybdate for the 7050 alloy act as inhibitors, while tungstate acts as a 

promoter of pitting corrosion for both the alloys. 

2.4.3 Vanadate 

Another compound proposed as a replacement for chromate coatings is vanadate oxide. 

When Mikhailovskii et al [54] tested the corrosion behaviour of aluminium in chloride-

fluoride solutions containing vanadate, they found that the structure of vanadium 

changed according to the pH. In acidic solutions the H3V7O4
- anion is formed, and then 

it is reduced to V2O3 at the aluminium interface. Davenport et al [55] studied the 

corrosion protection of aluminium by vanadate, tungstate, phosphotungstate, 

silicotungstic acid, molybdate and molybdosilicic acid at different pH. The best 

performance was exhibited by vanadate and phosphotungstate deposited at pH 4. 

Hamdy et al [56-57] conducted a series of tests on vanadium as a corrosion inhibitor for 

aluminium. They found that the thickening step of the coating is essential and that 

vanadium plays an important role in rejecting chloride ions from the surface, it is 

included in the pores to form an Al-V oxide layer which improves the corrosion 

resistance of the surface.  
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In the second group there are transition metals whose oxides in the highest oxidation 

state are not easily reducible, like Ti, Zr, Hf, Ta. The problem with these compounds is 

to find precursors that are soluble in water. At low pH possible precursors are peroxo 

complexes and acid fluorides. The protecting layer can be deposited by conversion 

coating or by a sol-gel process [42]. 

2.4.4 Titanium and Zirconium 

Ti and Zr based conversion coatings are already used as a replacement for CCC in the 

automotive industry, but their effectiveness is still questionable in more challenging 

applications. The baths are usually aqueous solutions containing fluorides of boron, 

silicon, titanium or zirconium, they may contain polymers to enhance corrosion 

protection and to improve adhesion with paints, and HF to dissolve the natural 

passivation layer of the alloy. Some examples of coatings available on the market are 

Alodine 1453R (Henkel), containing oxyfluorocompounds of titanium, silicon, 

zirconium, chelated to an unspecified polymer, and Alodine 2840, containing 

hexafluorozirconic, hexafluorotitanic and polyacrilic acids [58-59]. The deposition of 

the coating is affected by several factors, like the temperature, the pH, the composition, 

the agitation, and, of course, the surface preparation before the treatment itself, since a 

great influence is given by the microstructure and the presence of second phase 

particles. They represent cathodic sites, which present preferential sites of deposition, 

since the deposition is an electrochemically driven process. Schram et al [60] studied a 

Zr based conversion coating containing a polymer. They showed a two layer structure 

made of Al oxides at the interface and a top layer of fluorinated zirconium species. The 

polymer was concentrated on the outer surface of the top layer. They also reported a 10 

nm thick coating formed after 10 s, and a minor increase of thickness with a prolonged 

bath.  Nordlien et al [48] investigated the growth process of the Alodine 2840 on 

AA6060 aluminium alloy. They observed a preferential nucleation of the zirconium-

titanium oxide film on and around the intermetallics. This reduced the cathodic activity 

and inhibited further growth. The polymer preferentially nucleated on the Ti-Zr film, 

but then developed extending in areas not already coated with the oxide. The so formed 

conversion layer was not able to cover the surface completely, and this is expected to 

affect the corrosion inhibition performance. Andreatta et al [61] studied the deposition 

of a fluorotitanate/zirconate acid solution on AA6016 Al alloy. The deposition begins 
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on the intermetallics, and then it grows on the surrounding matrix, progressively 

covering the entire surface. The film appears thicker on the intermetallics than on the 

matrix. With long immersion times the Volta potential difference between the second 

phase particles and the matrix is completely eliminated, this meaning an improvement 

of the corrosion resistance of the alloy. Smit et al [58] studied the effects of heat and 

mechanical treatments on corrosion behaviour of Al alloys treated with Alodine 1453R, 

since manufacture and assembly of components would involve mechanical strain and 

heating. They reported no significant variation in the performance of the coatings. 

Another method of deposition is the sol-gel route. Gusmano et al [62] tested the 

performance of sol-gel coatings using zirconia (ZrO2) primers on 1050 Al alloy from 

organic and inorganic precursors. The coatings derived from organic precursors showed 

a better anti corrosion performance. They also compared the zirconia primers with 

chromate and fluorotitanate based sol-gel coatings. It resulted that zirconia and 

chromates have similar performance, but lower than the fluorotitanate. Sun [63] 

proposed a new surface modification technique to improve the corrosion resistance of 

Al alloys. By means of magnetron sputtering a titanium coating is deposited on the 

surface, a thermal oxidation leads to the formation of a dense rutile-TiO2 structure and 

promotes the formation of Ti-Al intermetallics at the interface to improve the adhesion 

between the coating and the substrate. 

 

The third group concerns rare earths, and their inhibition ability seems to be assigned to 

the alkaline precipitation of protective oxide films at cathodic sites. The mechanism is 

the following: when oxygen reduction occurs on a cathodic site OH- is generated. The 

hydroxyl group then reacts with the rare earth ion in solution to give an oxide/hydroxide 

island which blocks the cathodic site reducing the overall corrosion rate. Chloride, 

perchlorate or nitrate salts of rare earths (La, Ce, Nd, Pr) can be used as pigments in 

paints [64]. Hinton et al [65] tested the inhibition behaviour of many lanthanides, such 

as LaCl3, CeCl3, PrCl3, NdCl3, and concluded the most effective to be cerium. 

2.4.5 Cerium 

Cerium is considered a valid alternative to chromate, since it has low toxicity and it is 

abundant in nature, thus economically competitive. Cerium based conversion coatings 

have been studied for aluminium alloys, magnesium alloys, tin, zinc and steel. Hinton et 
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al [66] studied the effect of concentration of CeCl3 in NaCl solution on corrosion for 

AA7075 alloy. They found that the uniform corrosion rate decreased sharply up to 100 

ppm CeCl3, and higher concentrations produced stabilization. The pitting corrosion rate 

increased slowly up to 100 ppm of CeCl3, increased steeply between 100 and 1000 ppm, 

and then stabilized beyond 1000 ppm. Bethencourt et al. [67] conducted the same study 

on AA5083 and they found that the best improvement against nucleation and growth of 

the pits is obtained at a concentration of 500 ppm. The corrosion protection is attributed 

to the formation of a cerium oxide conversion coating, which contains a mixture of 

Ce(IV) (CeO2 and Ce(OH)4) and Ce(III) (Ce(OH)3), and it deposits onto the surface 

over a period of 10-20 days [68].  This behaviour as cathodic inhibitor has made cerium 

the object of wide research in order to develop a better way to deposit it on the surface. 

Dabalà et al [69] observed that cerium(III) chloride salts used as precursors give a non 

homogeneous coating of a mixed cerium-aluminium oxide on the intermetallics, while a 

cerium(III) nitrate solution used as precursor give a more uniform but thinner layer. 

Rangel et al [70] tested the effect of cleaning pre-treatments on the intermetallics 

microstructure of the 2024 Al alloy, since the coating deposition occurs mainly on the 

Cu-rich intermetallics. The cleaning makes the surface more homogeneous, and so is 

the coating deposition. Hughes et al [71] studied the deposition of cerium oxide onto 

2024 alloy after desmutting with a low-etch-rate cerium-based desmutter. They 

identified two stages: induction and deposition. The induction step includes the 

activation of the surface, followed by the growth of aluminium oxide onto the matrix 

and deposition of cerium oxide onto intermetallics and rolling marks, the deposition is 

the thickening of cerium oxide over the surface. The overall result is a coating formed 

by a mixed cerium-aluminium oxide hydrated, with the cerium concentrated on the 

intermetallics and the aluminium oxide covering the matrix. The effectiveness of the 

treatment against corrosion is ascribed to a self-healing process with the following 

mechanism: the CeO2·2H2O is slightly soluble, giving Ce(OH)2
2+ ions in solution. Such 

ions can diffuse to local defects where they can reduce to Ce3+ and precipitate as 

Ce(OH)3, maybe together with Al(OH)3 sealing the layer [72]. The coating produced by 

means of a cerium salt solution gives the best results with treatment exposure of about 2 

days duration, which is not fit for industrial application. Procedures have been proposed 

to shorten the deposition time. Electrochemical activation treatment is made by 

polarizing the aluminium alloy while it is immersed in the cerium salt solution. The 
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corrosion protection does not improve significantly, because of the insufficient 

thickness of the alumina layer produced, and the large potentials applied and the volatile 

organic solvents used would make this sort of deposition difficult on the industrial 

scale.  The thermal activation, proposed by Bethencourt et al [73], produced a much 

faster rate of growth of the oxide film and a higher degree of coverage, increasing the 

level of protection. Another activation method which gives good results is the addition 

of H2O2 in solution. Different mechanisms have been proposed for this process and 

almost all involve a direct interaction between cerium and H2O2. Scholes [74] proposed 

the formation of a peroxo complex, Ce(H2O2)3+ followed by deprotonation, oxidation 

and precipitation of peroxo complexes of Cr(IV), as Ce(O2)(OH)2. The best results were 

obtained using a combination of thermal activation and H2O2 addition. The protection 

level is of 800% and the film resistance increased by 1800%, with a process time 

reduced by a factor close to 200 [3]. Johnson et al [75] studied the microstructure of the 

coating applied with different methods: dip-immersion, spray coating, and electrolytic. 

They found a distribution of nanocrystalline particles whose structure was the same for 

electrolytic and spray coating (Ce7O12, a reduced structure of CeO2) but different for 

dip-immersion. 

 

2.4.6 Zinc phosphate 

Zinc phosphating is a promising method to protect Al alloys. It was originally 

developed to protect iron and steel, but recently its application on aluminium alloys is 

under study. The coating formation depends on the precipitation of Zn3(PO4)2·4H2O  

(hopeite) from supersaturated solutions. Ni(NO3)2 is used as accelerator. The process is 

electrochemical in nature: the substrate metal dissolves at the anodic sites and the zinc 

phosphate precipitates at the cathodic sites. Susac et al [76] and Akhtar et al [77] 

investigated the effects of the microstructure of the 2024 Al alloy on the formation of 

the coating. They both concluded that the Al-Cu-Mg second phase particles are the 

initiation sites of the coating, since they are more easily etched than the Al-Cu-Fe-Mn 

and the matrix, and the high copper content increases their cathodic nature. Akhtar et al 

also studied the corrosion performance of such treated alloy: an initial 3 hour immersion 

in a NaCl solution revealed the partial dissolution of the coating and precipitation of Zn-

Ni oxide and Al oxide. The coating on the Al-Cu-Mg intermetallics is the more resilient 

to dissolution. After 48 hours of immersion all the coating is dissolved and Al and Zn 
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oxides are formed on the surface. As the matrix was the first to be corroded, it was 

concluded that the zinc phosphate provided more protection to the second phase 

particles than to the matrix. 

 

The literature reports research conducted on other possible replacements for Cr(VI) as 

anti corrosion treatment, such as organic inhibitors, conducting polymers, silanes, and 

surface modification like anodization. 

 

2.4.7 Organic inhibitors 

Another group of possible replacements for chromates are the organic inhibitors, they 

consist predominally of weak acids, forming insoluble salts at the metal interface. 

Others may form a passive layer chelating with the surface. The adsorption of organic 

salts depends on the hydrophobic anions, which form a thin barrier layer [48]. The 

number of compounds studied for aluminium protection is wide. Branzoi et al [78] 

studied the performance of some surfactants, such as Tween 20, Tween 81 (both 

polysorbates) and hexadecylpyridinium bromide (HDPB), in Al protection in HCl 

medium. They found that the maximum protection is achieved when the solution of the 

surfactants is close to the critical micelle concentration (CMC). Tween 20 and Tween 

81 were more effective than HDPB, forming a strongly adsorbed protector film. 

Quraishi et al [79] investigated the corrosion inhibition properties of four different 

imidazoline derivatives on aluminium in acidic conditions. Adding the substances to the 

acidic solutions and then immersing aluminium they observed an adsorption of the 

imidazolines on the Al surface and a consequent increase of corrosion inhibition. Other 

compounds were studied, as thiazole and triazole derivatives, sulfonic acid, sulfates and 

sulfonates, and the performance in every case is dependent on the adsorption behaviour 

of such molecules and the capacity to form a stable film on the aluminium surface. 

 

2.4.8 Conducting polymers 

Electroactive conducting polymers (ECPs) are coatings which provide a natural 

electronic barrier to corrosion. Tallman et al [80] provided an extensive review of the 

behaviour of these materials. They are electroactive, conductive or semiconductive and 

redox-active material, with equilibrium potentials that are positive relative to 

aluminium. They are p-doped (oxidized) materials and they can be grouped according to 
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the doping process: polymers such as polyaniline are doped through proton/anion 

incorporation; anion incorporation only is the doping process of polypyrrole and 

polythiophene; cation expulsion (sulfonated polyaniline). All types of polymers are 

under investigation for corrosion protection of aluminium and other substrates, as 

primers or as components of other coatings. The protection mechanism is not clear. 

Being in the oxidized state these polymers may act as oxidizers improving the oxide 

layer at the interface, or giving anodic protection. Another proposed mechanism is the 

relocating of the cathodic reaction (reduction of oxygen) from the metal/coating 

interface to the polymer itself. A galvanic coupling will also form between the metal 

and the polymer because of its conductivity. The performance is good in absence of big 

defects, but the polymers need the addiction of other compounds to act as binders and 

improve the adhesion to the substrate. For this purpose mixed coatings with ECPs and 

silanes were developed and studied. 

 

2.4.9 Silanes 

Silanes are another suitable alternative to chromate compounds for aluminium corrosion 

protection. Van Ooij et al [81] reviewed the application of organosilanes in metal 

finishing industry. The main subjects of research are the trialcoxy bis-silanes, which 

show to have similar performance compared to chromate coatings. Silanes are applied 

on the substrates from dilute water solution, because they need to be hydrolyzed in 

order to react with the metal surface. The cleaning of the substrates is very important, 

since there is no etching agent in the solution, as for the chromate or other inhibitors 

baths. After the immersion of the metal in the solution the silanol groups get adsorbed 

on the surface by hydrogen bonds, then a drying or curing period will allow 

condensation of SiOH and MeOH groups to form MeOSi bonds. The concentration and 

the pH of the solution are very important factors to avoid condensation between silanol 

groups. The same effect is given by the ageing of the solution, with the result of a lower 

number of SiOH groups to react with the surface. The silanes give better performance 

with aluminium than with other metals, the pH range of the treatment is wider, it gives 

stable Al-O-Si bonds and the silicon can act as a crosslinker being trivalent. Abel et al 

[82] studied the interaction of γ-glycidoxypropyl trimethoxysilane with grit blasted 

aluminium and confirmed the formation of Al-O-Si covalent bonds at the interface. Zu 

and van Ooij [83] showed that increasing the intrinsic hydrophobicity of the film by 
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fully crosslinking it the water access to the interface is reduced and the possible 

hydrolysis of the Al-O-Si bond can be prevented. They tested the corrosion resistance of 

the alloy 2024 with a hydrophilic bis-amino silane and with an hydrophobic bis-sulphur 

silane, and they observed that while the hydrophilic silane gave a poor corrosion 

protection the hydrophobic silane gave a good performance. The corrosion protection 

itself is given by the silane film acting as a barrier for water, which carries chlorine and 

oxygen, essential elements for corrosion to happen. The silanes can be modified to 

overcome some imperfections and to bring them at the same level of chromates: 

nanoparticles can be added to increase the thickness, making the barrier more resistant 

and long lasting; inhibitors can be added, to provide the layer with a self healing ability, 

feature that makes the chromate so successful, but is missing in the silane film; lastly 

dyes can be added to give colour to the film, in order to be distinguished from the bare 

surface. 

 

2.4.10 Anodization 

Providing the aluminium surface with a thick layer of aluminium oxide is another 

method of corrosion protection, and this can be achieved by anodization. The 

aluminium is used as an anode in a 1.5 M sulphuric acid with a steel cathode. A 

constant current density is applied to the electrodes and the aluminium will react with 

water and oxidize. The thickness of the resulting layer depends on the applied current, 

on the voltage and on the time of the anodization process. The result is a dense inner 

layer of Al2O3 and a more porous outer layer, with the pores being at approximately 20 

mm from the Al surface. The sample is then immersed in boiling water or NaOH to be 

sealed with a bohemite layer (AlO(OH)). The pores can be filled with other inhibitors to 

improve the corrosion protection [48]. 

2.5 AES and localized corrosion 
Pitting corrosion is a topic that has been studied widely, but the mechanisms of its 

initiation are still unclear. In the case of aluminium alloys it has been highlighted that 

the presence of second phase intermetallics at the surface strongly influences the 

process. They can be more or less noble than the surrounding matrix; they generate 

galvanic couples with it, resulting in local anodes or cathodes which, in the appropriate 

environment, will support the reactions that produce corrosion. Such intermetallics 



Chapter 2  Conversion coatings for aluminium alloys 

Rossana Grilli 24

represent highly probable initiation sites and they surely accelerate the dissolution 

process, in different ways according to the composition of them. Furthermore, they are 

thought to maintain their active role in the corrosion dynamics even on surfaces treated 

with anti corrosion treatments. This happens because the coating layer may not be 

uniform and homogeneous, as a result of an inhomogeneous alloy surface. According to 

the affinity of different materials (coatings and alloys) the resulting conversion coating 

layer could be thicker, or thinner on the intermetallics, or else it could have a slightly 

different composition. Such variations could then affect the corrosion protection 

performance.  

In order to better understand the corrosion behaviour it is very useful to look at the 

microstructure of the surface of the alloys, and the interactions with coatings and with 

corrosive environments. A helpful tool for this purpose is Auger electron spectroscopy. 

Its very high lateral resolution (up to 10 nm) allows the monitoring of small precipitates 

and their modifications with different environments. AES combined with energy 

dispersive x-ray spectroscopy (EDX) and high resolution scanning electron micrographs 

(SEM) was used in recent years to investigate the dissolution of inclusions of metal 

alloys as a result of exposure to saline solutions. Baker and Castle [84, 85] investigated 

the inclusions on stainless steel. Oxide inclusions were examined as possible initiation 

sites of pitting corrosion. Although corrosively inert, oxide inclusions sites were 

observed to undergo pitting corrosion and precipitates containing the metals in the 

oxides were detected. The passivity breakdown was attributed to the discontinuous 

structure of the site, where internal stresses exist and micro-crevices at the 

metal/inclusion interface. A second factor is the chemical dissolution of the oxides, at a 

suitable pH. The results showed a back-precipitation of these elements as blocking 

precipitates or semi-permeable membranes [84]. A more focused investigation 

highlighted the behaviour of MnS inclusions on stainless steel in corrosive environment 

and the role of the chloride ion. The results showed that at initial stages the inclusions 

dissolve, and the exposed matrix repassivates, with further MnS dissolution, and higher 

chloride concentration, a MnCl2 salt film precipitates, preventing repassivation and 

promoting corrosion [85]. 

Castle et al also used these combined techniques to look at inclusions on stainless steel 

[86, 87]. The aim of his work was to study and compare the behaviour of the inclusions 

and the surrounding oxide film in corrosive medium (3.5% NaCl solution) after 
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different times of exposure. Auger maps and EDX maps of the same inclusion were 

recorded after every stage revealing chemical modifications in the different layers of the 

area [86]. Castle at al also investigated inclusions on metal matrix composites (MMC), 

which are metal alloys with the addition of a second phase to improve its properties. 

Cathodic sites were identified by use of magnesium ion decoration, occurring as a result 

of an increase in pH at the cathodes with subsequent precipitation of the insoluble 

Mg(OH)2 [87].  The same technique was used by Susac et al [76] to study the initiation 

of a zinc phosphate coating on 2024-T3 aluminium alloy. Auger point analysis, 

mapping and depth profiling allowed identifying the preferential initiation sites between 

the matrix and two different types of intermetallics. It could be noticed that the reaction 

of the coating with the intermetallic starts at the boundaries and the depth profiling 

could highlight the copper enrichment at the interface. Akhtar et al [77] went further, 

analizing the same intermetallic in the coating process and at different immersions in a 

NaCl solution. The importance of copper accumulation at the interface 

intermetallic/coating which increases the cathodic nature of the particle was observed. 

Also, after the corrosion study, it could be concluded that the coating gives enhanced 

protection to the intermetallics rather than the matrix. The described examples show that 

Auger electron spectroscopy is a valid method of studying corrosion on metal alloys, 

since it is capable to give information on the elemental composition and in some cases 

on their chemical state, with a spatial resolution smaller or comparable to the size of the 

intermetallics. 
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2.6 Conclusions 
In this chapter the mechanisms of corrosion of aluminium were described, and the way 

in which these mechanisms are affected by the addition of alloying metals, as copper for 

the 2xxx series, zinc for the 7xxx series and magnesium for the 5xxx series. The 

important role of inclusions was emphasized, representing potential initiation sites for 

pitting corrosion. Chromate conversion coatings are currently considered the best pre-

treatments for corrosion protection. Its composition and its protection mechanisms were 

discussed. A review of possible chromium free alternatives for corrosion protection of 

aluminium alloys was then reported. 

The correct analytical approach to study corrosion of aluminium alloys, focusing on the 

intermetallic particles, is considered to be a combined investigation with AES, EDX and 

SEM. Studies employing this approach are described in the last section of this chapter. 

In the next Chapter these analytical techniques will be described, in addition to x-ray 

electron spectroscopy (XPS) and time of flight secondary ion mass spectrometry (ToF 

SIMS), also used in this work. 
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Chapter 3 

Surface analysis techniques 

3.1 Introduction 
In this chapter the surface analysis techniques employed to characterize the surfaces of 

the specimens will be described. The materials studied are aluminium alloys with or 

without the application of conversion coatings, which are supposed to give a good 

protection from corrosion while maintaining electrical conductivity. The purpose of the 

experimental work presented in this dissertation is to monitor the corrosion process as a 

function of time, focusing the attention on the second phase precipitates embedded on 

the surface. Such precipitates have various sizes, of approximately 1 to 30 µm, and the 

sites where activity is expected are grain boundaries, interfaces between different 

phases, or any other areas which lack of homogeneity. These areas lay in the range of 

nanometres, thus, in order to accomplish the purpose, a surface analysis technique is 

required with a suitable lateral resolution. Another relevant aspect is the depth of 

analysis. It is known that aluminium alloys have a native passivation layer of oxide with 

the thickness of a few nanometres. Furthermore, a corrosion process will start with the 

reaction of the first atomic layers of the surface in contact with a corrosive medium, 

leading to the breakdown of the passivation film. A technique that meets both requisites, 

a small lateral resolution and a depth of analysis of few atomic layers, is Auger electron 

spectroscopy (AES). Combined with energy dispersive x-ray spectroscopy (EDX), 

which provides information from the bulk of the specimen, AES is a satisfying tool to 

monitor the progressive corrosion of an area from the early stages. Although having a 

lower spatial resolution, another useful technique of analysis for corrosion of aluminium 

alloys is x-ray photoelectron spectroscopy (XPS). As with AES, XPS is sensitive to the 

outer layers of the surface (5-10 nm), but in contrast to AES, it is sensitive to different 

chemical states of the elements, allowing a more detailed qualitative and quantitative 

analysis of the surface. These three techniques will be described in this chapter to an 

extent relevant to this work, plus a brief outline of time-of-flight secondary ion mass 

spectrometry (SIMS) which was useful to study adsorption of organic molecules on 

treated aluminium alloy surfaces. 
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3.2 Auger electron spectroscopy 
3.2.1 The Auger effect 

Auger electron spectroscopy is a technique based on a process of electronic excitation 

involving three different energy levels of an atom. In Figure 3.1 is a schematic of the 

KLL transition. Figure 1a shows the initial state, the atomic levels are labelled with both 

spectroscopist notations (1s, 2s, 2p) and x-ray notation (K, L, L2,3). An incident electron 

with sufficient energy will excite one of the 1s electrons, which will be ejected. Figure 

1b represents the excited state of the atom, the hole in the K level will be filled by an 

outer electron, from the L level in this case, and an excess of kinetic energy equal to the 

difference of the energies of the two levels will be released. Figure 1c shows the final 

step, where the released energy excites an outer electron, L2,3 in this case, which will be 

ejected with a final energy is very approximately equal to the energy of the core level 

and the energies of the two excited electrons: 

EKL L2,3 ≈ EK – E L – EL2,3 

where EK is the energy of the K level, EL is the energy of the L level and EL2,3 is the 

energy of the level L2,3. The variations of the energy levels in the excited states were not 

taken into account. This process is the Auger emission.  

 

 
 

An empirical approach considers the energy of an excided level of an atom with atomic 

number Z to be equal to the average of the energy of the unexcited level of the same 

Figure 3.1: KLL transition 

(a) (b) (c) 
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atom and the energy of the same unexcited level of the atom with atomic number Z+1, 

so that: 

EKL1 L2, 3(Z) ≈ EK(Z) – ½[E L1(Z) + E L1(Z+1)] - ½[EL2,3(Z) + EL2,3(Z+1)] 

for the transition KL2,3L2,3 the equation can be simplified as follows: 

EKL1 L2, 3(Z) ≈ EK(Z) – [EL2,3(Z) + EL2,3(Z+1)] 

Other outer energy levels can be involved in the transition, giving a number of possible 

combinations which increase with the atomic number Z. Only few of them though have 

high probability and each element will have its own unique set of energies and 

transitions that identify it [88]. 

Once an atom is excited by a primary beam and a core shell electron is ejected, the 

Auger transition is not the only way of relaxation, in fact another way for the atom to 

dissipate its excess of energy is through x- ray emission. The two processes are 

competitive, Figure 3.2 shows the probability of the two relaxation processes vs the 

atomic number for a K shell ionisation. The Auger transition is predominant up to 

binding energies of about 2 kV [89]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 3.2: Probability of the Auger and fluorescence processes versus atomic number [2]. 
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3.2.2 Depth of analysis 

The depth of analysis varies with the kinetic energy of the emitted electrons, which 

depends on the attenuation length, λ, of the electrons. Seah and Dench (1979) proposed 

an empirical formula which relates λ to the electron energy: 

5.0
2 )(41.0538
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where EA is the energy of the electron and aA
3 is the volume of the atom. 

The intensity of electrons I emitted at an angle θ to the surface normal is given by the 

Beer-Lambert equation: 

I = I0 exp(-d/λcosθ) 

Figure 3.3 shows the variation of the intensity with depth. Considering electrons that 

emerge at 90° to the sample surface, 65% of the signal will come from a depth < λ, 85% 

of the signal will come from < 2λ and 95% of the signal will come from a depth < 3λ. 

The attenuation length is few nm, thus the depth of analysis will be a few nm [88]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: Intensity vs depth of analysis. The dashed line indicates a depth of λ [88]. 
 

3.2.3 Instrumentation 

The spectrometer used for AES analysis is a Thermo Scientific Microlab 350, equipped 

with a Schottky field emission electron gun, SE detector, EDX detector and concentric 

hemispherical analyser. 

Figure 3.4 in the following page shows the Microlab 350 scanning Auger microscope, 

with all its components. It is evident how it is possible to perform multitechnique 

analysis on a sample with no need to transfer it. The sample is loaded in the entry lock 

(E), pumped by a turbo pump to 10-7 mbar, then it can be transferred through the 

preparation chamber (F) (10-9 mbar with an ion pump (J)) to the analysis chamber (G) 

Primary 
electrons 
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(10-9-10-10 mbar, with an ion pump and a sublimation pump). There is an electron 

column with a field emission gun on the top of the analysis chamber (A), an Everhart-

Thornley SE detector (C), an EDX detector (D) that can be transferred down to a useful 

distance from the sample, and a hemispherical sector analyser (B), which can be used 

for both Auger and XPS acquisition, since below the analyser (not visible in the Figure) 

there is a twin anode x-ray source. The sample stage can be shifted, tilted or rotated by 

five motors (I) through the stage controller (H). Behind the SEM detector (not visible) 

there is an Argon ion gun. Figure 3.5 shows a schematic of the arrangement of the 

various sources and detectors around the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: The Thermo Scientific Microlab 350 microscope. The different components are labelled: 
(A) Electron gun; (B) Analyser; (C) SEM detector; (D) EDX detector; (E) Entry lock; (F) 
Preparation chamber; (G) Analysis chamber; (H) Stage controller; (I) Stage motors; (J) Ion pump. 
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The electron gun is perpendicular to the sample surface; the analyser is placed at the 

back through the transfer lenses at 60° to the electron column, with a 60° take off angle. 

At the opposite sides of the column there are the EDX detector and the SE detector (not 

shown in the schematic), and between the SE detector and the analyser there is an argon 

ion gun. All three are placed at 60° to the column. The twin anode is placed at 60° 

below the analyser. In order to run a XPS analysis the sample needs to be tilted by an 

angle between 30° and 60° to obtain a take off angle between 30° and 0°, as shown in 

Figure 3.6. 

 
Figure 3.6: Variation of the take off angle with the tilt angle of the sample. When the sample is not 

tilted XPS analysis cannot be performed. After 30° the surface starts to be exposed to the twin 
anode. The maximum tilt angle achievable is 60°. 
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Figure 3.5: Schematic of the arrangement of the components around the sample. 
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3.2.3.a Electron source 

The function of an electron source in AES is to produce an incident electron beam that 

can cause the ionisation of core levels, and this takes place when the exciting energy is 

4-5 times the ionization energy. Generally the beam energy used is 10 kV. The electron 

source can be a thermoionic emitter or a cold field emitter. The first is a material 

(tungsten wire or lanthanium hexaboride crystal) heated to a temperature high enough to 

give electrons the energy to escape the work function barrier into the vacuum. The 

current depends on the temperature. The cold field emitter reduces the work function 

barrier with the application of an electrostatic field, so that the electrons could escape by 

tunnelling at room temperature. In this case the current depends on the work function of 

the material. 

The electron source of the Microlab 350 is a Schottky field emitter, or hot field emitter, 

this is a combination of the thermoionic and the cold field emitter. It consists of single 

crystal tungsten treated with zirconium oxide, a semiconductor. The function of the 

semiconductor is to lower the work function of the emitter and increase the emission 

current, and to provide a self cleaning and self healing surface. Figure 3.7 shows the 

tungsten single crystal and the position of the zirconium reservoir.  

Figure 3.7: Image of the tungsten emitter with the zirconium reservoir [90]. 
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The tip is about 0.6µm in radius, it is heated at 1800 K in a large electrostatic field, the 

combination of the heat and the field causes electrons to be emitted. The vacuum 

required to prevent adsorption of contaminants on the tip is about 10-8 mbar, lower than 

a cold field emitter and higher than a thermoionic. Compared to the thermoionic source 

though, the Schottky field emitter gives a better signal intensity and lateral resolution, 

because of its slightly improved energy spread (0.6 eV vs 0.8 eV for the LaB6 emitter), 

and its superior brightness (108 Acm-2srad-1 vs 106 Acm-2srad-1 for LaB6) [88]. With 1 

nA current and 10 kV beam the Schottky field emitter can have 10 nm spot size, 

compared with 100 nm of the LaB6 with the same current. 

3.2.3.b Electron column 

The electron column has the function of focusing the electrons that leave the source in a 

small spot on the sample surface. It contains electron lenses, scan coils and stigmator 

coils. The lenses can be electrostatic or magnetic. The Microlab 350 has two magnetic 

lenses, a condenser lens just below the source and an objective lens at the bottom of the 

column. The magnetic lenses have better focusing properties than electrostatic lenses, 

because of their smaller aberration coefficient, but in the past its components were not 

compatible with the ultra high vacuum environment required in Auger microscopes. 

With the development of the very high resolution Schottky field electron emitters, also 

magnetic lenses compatible with UHV were developed. Below the lenses are the gun 

aperture and the objective aperture. They can reduce the beam current, reducing the spot 

size, thus increasing the spatial resolution. There are four gun apertures in a range of 

150 to 50 µm. Reducing the aperture size the sample current can reach a value of 1-2 

nA, giving a spot size of 15 nm with a 10 kV beam and 7 nm with a 25 kV beam. 

Reducing the current though decreases the intensity of Auger spectra. The bigger 

aperture was then used to acquire spectra and SAM maps of big features (10-30 µm in 

diameter), with a spatial resolution of about 155 nm, while smaller apertures were 

selected for SEM imaging, according to the resolution required. Aperture 3 (100 µm) 

was chosen to be a good compromise between sensitivity and resolution for SAM 

mapping of features 1-2 µm in size, with a lateral resolution of about 85 nm. The 

objective aperture is an additional way to modulate the beam current and it is normally 

used to improve the SEM image contrast as required.  
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In the column there are also four scan coils, just above the objective lens, which are 

responsible of the raster scanning of the beam, and four stigmator coils (two for the X 

and two for the Y direction), which are adjusted to reduce astigmatism. 

 

3.2.3.c Analyser 

The purpose of the analyser is to measure the energy of the electrons to obtain a 

spectrum. There are two types of analyser: the cylindrical mirror analyser (CMA) and 

the hemispherical sector analyser (HSA).  

The Microlab 350 is fitted with a HSA. It consists of two hemispherical electrodes with 

a passage for the electrons between them, as shown in Figure 3.8. A potential difference 

is applied, with the external electrode being the negative pole and both the hemispheres 

are negative to the ground potential. An electron entering tangentially the analyser from 

the slit S will reach the detector only if its energy is equal to: 
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where E is the kinetic energy of the electron, e is its charge, Δv is the potential applied 

between the two hemispheres and R1 and R2 are their radii. Such electron will pass by 

the analyser along an equipotential curve of radius R0, with R2 < R0 < R1. If the electron 

enters the analyser with some deviation from the tangent to the sphere of the mean 

radius, the electric field will drive the electron in the correct way to the exit, acting as a 

lens. If the electron enters with a small difference in energy of ±ΔE, it will shift from 

the radius R0 to a bigger or a smaller radius, producing some energy spread at the exit of 

the analyser. For this reason a higher number of detectors could be placed at the exit of 

the analyser, in order to collect electrons with different energies. 

This type of analyser has a better energy resolution, compared to the CMA, but it 

traditionally has a poorer transmission, a parameter which is very important in AES 

where, to increase the lateral resolution, the beam currents are low. On the contrary, 

high energy resolution in AES is not a strict requirement, having the limitation of the 

intrinsic width of an Auger peak. This problem in recent years has been solved with the 

addition of transfer lenses and multi channel detection, giving high performance in both 

transmission and resolution. 
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Figure 3.8: diagram of a hemispherical sector analyser [89]. 

 

The analyser can be operated in two modes: constant analyser energy (CAE) and 

constant retard ratio (CRR). In the CAE mode the electrons are retarded to a defined 

energy (pass energy) and the analysis is performed scanning the voltages of the 

hemispheres as shown in Figure 3.9. 

 
Figure 3.9: CAE operational mode [88]. 

 
 A small pass energy will give high resolution and low transmission; a high pass energy 

will result in a poorer resolution but better transmission. Since the pass energy is 

constant the resolution is the same for all the kinetic energy range of the electrons 

detected, for this reason CAE mode is used in XPS analysis. In the CRR mode the 
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retard ratio is held constant, that is to say the electrons are retarded to a defined fraction 

of their original kinetic energy. To achieve this the voltages of the hemisphere are 

scanned as shown in Figure 3.10. In CRR mode the relative resolution is constant for all 

the energies of the electrons, while the absolute resolution becomes worse with 

increasing kinetic energy. The transmission increases with increasing kinetic energy, 

compensating the high yield at the low energy side of the spectrum. For this reason 

CRR is the ideal mode to use in AES spectroscopy [88]. 

 
Figure 3.10: CRR operational mode [88]. 

 

3.2.3.d Detector 

The purpose of a detector is to count electrons after they have been energy analysed. 

Two common types of detectors are channel electron multiplyers, or channeltrons, and 

channel plates. The first type is used in the Microlab 350, which has six channeltrons. A 

channeltron is a spiral-shaped tube made of glass with a collector at one end. The two 

ends are kept at high potential difference, with the negative pole on the cone. The 

internal walls of the tube are treated with a material (SnO) that when is struck by an 

electron with enough high energy will emit more secondary electrons. They will then be 

accelerated by the voltage and hit the walls again, causing the emission of more 

electrons. The gain of a channeltron depends on the applied voltage, which is tipically 

between 2 kV and 4 kV, giving about 108 electrons leaving the channeltron for each 

electron that entered. The six channeltrons collect electrons with different kinetic 

energy across the dispersion plane of the analyser [88]. 
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3.2.3.e Transfer lenses 

A series of lenses are interposed between the sample and the analyser (see Figure 3.11). 

They have multiple purposes. In some designs they retard incoming electrons to an 

energy which will match the analyser pass energy, they control the area from where the 

electrons are collected (about 5×2 mm for the Microlab), and they control the 

acceptance angle (12°). They also allow the analyser to be mounted at enough distance 

from the specimen to allow access of other components to the specimen, as a XPS twin 

anode or an EDX detector. [88].  

 
Figure 3.11: Diagram of the arrangement of a CHA and transfer lenses [88]. 

3.2.3.f Vacuum system 

Auger analysis requires ultra high vacuum (UHV), which is in the range of 10-8 to 10-10 

mbar, for several reasons: residual gas molecules produce low energy electrons 

scattering, which results in lower intensity and higher signal to noise values; 

furthermore at 10-6 mbar a monolayer of gas tends to be adsorbed on solid surfaces in 

about 1s. To achieve this sort of vacuum the Microlab 350 uses a turbo molecular pump, 

fitted to the entry lock, which brings all the system to 10-7 mbar, then three ion pumps 

and a sublimation pump will reduce the pressure further in the preparation chamber, in 

the analysis chamber and in the electron column. The turbo molecular pump is a kinetic 

pump which imparts a momentum to the gas molecules in such a way that the molecules 

are continuously dragged out of the pumped volume. The pump is made of an alternate 
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series of rotors and stators, fitted with blades with opposite inclination and uses a hybrid 

bearing arrangement with a permanent magnet upper bearing and an oil lubricated 

ceramic lower bearing. A backing pump is needed to exhaust the turbo pump to the 

atmosphere. A rotary pump is used for the purpose. The sputter ion pump and the 

sublimation pump are getter pumps, where the gas is chemically retained by a “getter”. 

The ion pump is made of a cylindrical anode made of stainless steel, and two cathode 

plates, positioned at both sides of the anode. The cathodes are made of titanium, which 

is the gettering material. An electric field of 3-7 kV is applied, producing the emission 

of electrons from the anode and a magnetic field of 0.1-0.2 T will drive the electrons in 

a helicoidal movement. The collision of the emitted electrons with the gas molecules 

results in the ionisation of the gas, which is electrically directed on the cathode, 

sputtering titanium to form getter films. The titanium will form stable compounds with 

some gases and others will be just buried by the film layers. The sublimation pump 

consists in a Ti-Mo alloy filament in a chamber. When the filament is heated a titanium 

vapour is released, which condenses on the walls of the chamber. This layer will react 

with getter forming stable compounds. This pump is used as additional pump to reach 

the UHV in a shorter time. The filament is fired for short periods to prevent its 

consumption. 

The pressure is monitored by a pirani gauge in the turbo backing line and an ionisation 

gauge in the analysis and preparation chamber [91]. 
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3.2.4 Data interpretation 

3.2.4.a Spectra 

The main features present in an Auger spectrum are the Auger transitions. Each element 

has a series of transitions that represent the “fingerprint” to identify it. According to the 

place in the periodic table, some transitions will be more prominent than others, as for 

light elements the KL2,3L2,3 is the most probable. In cases such as aluminium the KLL 

transition is the main feature, but L2,3VV increases its intensity. The 3d transition metal 

series has the LMM transition as characteristic and so on, in a way that each element can 

be identified. Related to the transitions there is fine structure in the spectrum. It can 

arise from chemical effects or from final state effects. A chemical effect is the chemical 

shift: the peak energy shifts according to the chemical environment of an atom. An 

example is the double peak of aluminium metal and aluminium oxide from alloy surface 

coated by a thin oxide layer. A high resolution spectrum will detect a peak at 1387 eV 

(oxide) and a peak at 1394 eV (metal) with a negative shift of about 7 eV. A more 

electronegative environment requires more energy to eject an electron, thus a lower 

kinetic energy value. A final state effect is the multiplet splitting. Only some metals 

give this effect which is given by a peculiar high energy interaction between the two 

final holes. Other features that can be found in Auger spectra are plasmon losses and 

ionisation losses. Plasmon loss peaks are generated by electrons which lost part of their 

energy exciting modes of collective oscillation of the sea of conduction electrons. They 

have specific frequencies, thus they require specific energies of excitation. These losses 

can be bulk plasmon or surface plasmon losses. The ionisation loss peaks arise after the 

first step of the Auger process. When the primary electron enters the solid it can loose 

part of its energy. After the first ionisation then there will be two electrons with energy 

from Ep-Ei to zero, where Ep is the energy of the primary electron and Ei is the 

ionisation energy [89]. 

Figure 3.12 shows an example of a high resolution spectrum of the aluminium fine 

structure, taken from a point on the matrix of a polished alloy Al2219. From right to left 

the first peak, the most intense, corresponds to the KL2,3L2,3 transition for the aluminium 

metal, with a KE of 1393.7 eV, the second peak is the same transition for aluminium 

oxide, with a KE = 1386.6 eV. The third peak is the first bulk plasmon loss associated 

with the AlmeKL2,3L2,3 (KE = 1378.4 eV) and a small contribution (KE = 1371.4) from 

the first bulk plasmon of the AloxKL2,3L2,3. A plasmon loss is a loss of energy by the 
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emitted Auger electron, spent to excite a mode of collective oscillation of the 

conduction electrons. Auger electrons which undergo this loss will generate a peak of 

KE = EAES – hωb, where ωb is the oscillation frequency. The fourth peak has two 

components, one (KE = 1362.4 eV) is the second bulk Plasmon of  AlmeKL2,3L2,3, and 

the other (KE = 1358.3 eV) is the sum of  the second bulk Plasmon of  AloxKL2,3L2,3 and 

the KL1L2,3 (3P) transition. The fifth peak is the sum of the KL1L2,3 (1P) transition and 

the bulk Plasmon associated with 3P (KE = 1342.1 eV) and the last peak (KE = 1326.3 

eV) is the bulk loss of the 1P [89]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An Auger spectrum can be represented in the direct form or in the differential form. In 

this work the direct form was generally used; the differential form was used to 

distinguish the presence of peaks that strongly overlap. An example is the overlap of the 

Fe LMM peak and the Mn LMM peak.  

In Figure 3.13 a and b the same spectrum is displayed in the direct form and in the 

differential form in the energy range where the Fe LMM and the Mn LMM peaks are 

observed. The spectrum is taken from an inclusion on the Al2219 alloy after 4 hours 

exposure to a NaCl solution. From the direct spectrum it is not completely clear if there 
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Figure 3.12: high resolution spectrum of Al from the unexposed alloy matrix with contributions to 
the fine structure identified.
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is any contribution of the Mn LMM peaks to the Fe LMM peaks, while from the 

differential spectrum it is evident that only the iron peaks are present. 
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Figure 3.13: Example of a) direct, and b) differential spectrum. 
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3.2.4.b Scanning Auger electron microscopy 

Setting the analyzer at a kinetic energy characteristic of a specific element and rastering 

the electron beam over a selected area the variation of intensity across the surface will 

be recorded and an image will be produced which represents the spatial distribution of 

the element. The first step is the acquisition of a SEM image of the area of interest. 

Then a smaller area will be selected, of rectangular shape, where the beam will be 

rastered during the map acquisition. This area will be virtually divided into a number of 

smaller areas (pixels), where the beam will raster. The ideal condition would be to 

choose a number of pixels in order to be of the same dimension of the spot size of the 

beam, but depending on the total area to be rastered, this could require an excessive 

time for analysis. The choice of the number of pixels has to be then a compromise 

between resolution and acquisition time. Using apertures 3 or 4 at 10 kV (with a beam 

current of 10-15 nA) according to the field of view (which varies from 4-5 to 40-50 µm 

for the features analysed in this work) the suitable number of pixels would be 256×256 

or 512×512. 

The second step is to select the kinetic energy to be monitored. An Auger point analysis 

has to be performed previously to identify the relevant elements of the area. For each 

element a peak energy (EP) and a background energy (EB) have to be selected. The peak 

intensity will be the subtraction of the intensity measured for EB (B) from the intensity 

measured for EP (P): 

I = P - B 

The Microlab 350 has six channeltrons that can be used in simultaneous or separate 

mode. In the simultaneous mode part of the channeltrons will be set to collect electrons 

at peak energies and part at background energies, while in the separate mode the 

acquisition is performed in two steps: at first all six channeltrons will collect electrons 

with peak energies and secondly they will all collect electrons from the background 

energies. In both modes the resulting peak (or background) intensity for each pixel will 

be the average of the recorded intensities for the peak (or background) energies. The 

simultaneous mode has a quicker acquisition of a SAM image on equal time per frame, 

but a smaller intensity, thus the time per frame should be set as double the time per 

frame for the separate mode. The separate mode allows the mapping of peaks which are 

too broad to be handled in simultaneous mode. The retard ratio chosen for SAM 

acquisition was 2.8, to increase sensitivity. The energy width of the channeltrons 
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increases with the increasing kinetic energy, the result is that low energy peaks, like C 

KLL are too broad compared to the width, and a separate mode is required, while 

increasing the  kinetic energy the peaks will become comparable with the energy spread 

and the simultaneous mode can be applied. Moving to higher energies, for peaks like Al 

KLL and Si KLL the peaks are narrow, and in this case there are two possibilities: to 

increase the retard ratio (3 or 3.5) or to switch some of the channeltrons off. Since in 

SAM acquisition the kinetic energy is not scanned, another possibility to modulate the 

channeltrons width is to switch to CAE mode. This method was not explored in this 

work. According to the shape of the peaks different peak/background assignements 

could be arranged for the channeltrons, and, if needed, some of them could be switched 

off. Figure 3.14a is an example of assigning the channeltrons for a case of an O KLL 

peak. It is a simple step shape peak, thus the assignment sequence will be PPPBBB. 

With 2.8 retard ratio the energy width is about 20 eV in this range of kinetic energy. 

Figure 3.14b shows the case of the O KLL peak overlapping with the Cr LMM peak. 

 In this special case there was an issue with the second channeltron, not functioning 

properly, and it was turned off. The better arrangement in this case seems to be the 

sequence in Figure 3.14c for the chromium peak and the one in Figure 3.14d for the 

oxygen peak. Since the time per frame was reduced to 0.01 to reduce the acquisition 

time, a retard ratio of 1 was selected to increase sensitivity, giving an energy spread of 

about 50-60 eV. 
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Figure 3.14: Examples of peak/background assignment for the channeltrones: a) a simple step shape O KLL 
peak; b) the O KLL peak overlapping with the Cr LMM peak; c) channeltrons assignment for O KLL; d) 

channeltrons assignment for Cr LMM. 
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The final intensity displayed on the image is the result of an algorithm with the purpose 

of eliminating topographical contribution: 

BP
BPI

+
−

=  

In Figure 3.15 is shown an example of O KLL maps using different algorithms for the 

intensity. The topographical contribution in the map in Figure 3.15a is evident. The 

difference between the maps in Figure 3.15b and c is less obvious, but there is a slight 

difference in contrast, this is evident on the computer screen but not always readily 

apparent in printed form. 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.4.c Issues with quantitative analysis 

Quantitative analysis in electron spectroscopy is not a straightforward procedure, as a 

result of the complexity of the process itself.  

Quantification is reliable for homogeneous solids, but for inhomogeneous materials (for 

nanostructure study) two main aspects will affect the results: the backscattering factor 

and the matrix effect. Contributions to the Auger electrons production from 

backscattered electrons varies according to the Auger transition, the beam energy, the 

incidence angle and the composition of the solid. The environment of an atom also 

affects its Auger signal. 

For the cited reasons any rigorous quantification of the Auger results presented in this 

work was considered unreliable, thus the Auger intensity, intended as peak height rather 

than peak area, was measured to produce relative distributions in space and in time [88]. 

I = P -B 
B

BPI −
=  

BP
BPI

+
−

=  

Figure 3.15: Example of O KLL maps using different algorithms 
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3.3 Energy dispersive x-ray spectroscopy 
As described above, once an atom on the surface of a solid is excited by a primary 

electron beam with the ejection of an inner shell electron, a competitive relaxation 

phenomenon to the Auger effect is that of x-ray emission. The emitted x-rays will have 

energies characteristic of the excited atoms, thus they can be used for analytical 

purpose. The volume from where the x-rays originate (sampling volume) depends on 

the interaction volume (volume penetrated by the electrons), it varies according to the 

primary beam energy and according to the element emitting, and the smallest sampling 

volume is about 1 µm3. 

 
Figure 3.16: Sampling volume for EDX and AES. 

 

 

Figure 3.16 shows schematically the sampling volume for both EDX and AES. The 

source of the primary electron beam is the same described for the Auger spectroscopy. 

The detector (showed in Figure 3.17) is usually a piece of semiconducting silicon doped 

with lithium arranged in a p-i-n junction, which is reverse biased by two thin layers of 

gold at both surfaces. The mechanism of detection is the following: each incoming x-

ray excites a number of electrons in the conduction band of the silicon, creating the 

same number of positive holes. Each excitation requires an energy of 3.8 eV, thus the 

number of electrons/holes generated is proportional to the energy of the x-ray. Applying 

a voltage across the semiconductor a current will flow every time a x-ray is adsorbed, 
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and its magnitude is proportional to the x-ray energy. To increase the resistivity of the 

silicon junction the detector is cooled with liquid nitrogen at 77 K, so that the current is 

uniquely generated by the x-rays. 

 
Figure 3.17: diagram of a silicon energy dirpersive x-ray detector [92] 

 

A window of beryllium prevents gases and impurities from the analysis chamber to 

condense on the cold surface of the detector. Unfortunately it adsorbs most of the x-rays 

of the light elements making them difficult to detect. The short current produced by the 

x-rays is referred to as pulse. Each pulse is amplified and sent to a multichannel 

analyser that will decide at what channel, each representing a different energy, the pulse 

should be registered in. This processing should be completed before a new pulse is 

detected, so its speed determines the rate at which x-rays can be counted. The total time 

of analysis (elapsed time) consists then in a time when the detector is actually counting 

(live time) and a time when the pulses are ignored (dead time) to prevent piling up. 

The resolution of this detector is generally poor. A peak can be 100-200 eV wide, 

making difficult to resolve close peaks. Furthermore some effects can take place which 

will produce spurious peaks. One of these features is the sum peak. It arises when two 

x-rays of the same energy enter the detector simultaneously, so that they will be 

classified as just one with double the energy. The other feature is the silicon escape 

peak, which is a peak 1.74 keV below a main peak. This feature is produced when an x-

ray enters the detector and produces the ionisation of a silicon atom, ejecting a K-shell 

electron. The x-ray will have now an energy diminished by the energy of excitation of 
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silicon, which is 1.74 keV [92]. An alternative detector is the silicon drift detector, 

which is made of high purity silicon. A transversal field is applied to “drift” the charge 

carriers to the analyser. The SDD allows higher count rates, high energy resolution and 

it does not need to be cooled by liquid nitrogen. 

 

3.3.1 Quantitative ananlysis 

Quantitative analysis in EDX is not a straightforward process; there are several 

phenomena to take into account and some assumptions to be made. Firstly some 

considerations about the analysed volume: it depends on several factors, such as the 

primary beam energy, the average atomic weight of the sampling volume, the 

wavelength of the emitted x-rays, the adsorption coefficients of the specimen for these 

x-rays and the angle of incidence of the electrons on the surface. Furthermore, the 

majority of the detected x-rays will be emitted from the outer layers, where they are 

able to escape more easily. A theoretical calculation of the analysed volume is then not 

conventionally attempted, and it is rather assumed that the analysis of a bulk specimen 

is likely to come from a volume of about 1 µm x 1 µm x 1 µm. 

The limit of detectability of an element depends on how sensibly its peak rises from the 

background. If b is the counts per seconds for the background and t the time of analysis, 

the background level is bt and the smallest detectable peak is 2√(bt). The corresponding 

concentration is calculated on a pure standard using the following formula: 

%
)(

200
tbp

bMDC
−

=  

where MDC is the minimum detectable concentration and p is the peak count rate on the 

standard. Increasing the time of analysis t MDC will decrease. 

In quantification of bulk specimens a pure standard is needed as a comparison, plus the 

introduction of some correction factors which will take into account the atomic number 

effect (Z), the absorption (A) and the fluorescence (F). The use of these corrections is 

known as the ZAF technique and it is rapidly carried out by suitable computer 

programmes. The Z factor takes into account the efficiency with which an element 

generates x-rays, and its application rises from the difference of mean atomic number 

between a pure standard and a specimen, which is usually a mixture of elements. The A 

factor considers the differences of absorption of the x-rays by the specimen and the 
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standard on their way out. The F factor evaluates the fluorescence that can take place in 

a specimen, being absent in a pure elemental standard. 

It is important that both the specimen and the standard have the same take off angle, 

which determines the path lengths of the x-rays in the specimen, therefore it is 

necessary that both are polished [92]. 

 

Another technique used in this work is the X-ray photoelectron spectroscopy (XPS) 

which allowed the monitoring of the composition of the materials under investigation. 

3.4 X-ray photoelectron spectroscopy 
In x-ray photoelectron spectroscopy a specimen is irradiated by x-rays of known energy 

hν, usually Al Kα or Mg Kα, such x-rays excite inner shell electrons which will be 

ejected. The emitted photoelectron will be then analysed and a spectrum of intensity vs 

energy will be produced. Every element has characteristic excitation energies, thus if an 

electron of a core level with a specific binding energy (EB) is excited by a radiation of 

energy hν, it will leave the specimen with a kinetic energy (EK) which can be calculated 

as follows: 

EK = hν – EB –W 

where W is the spectrometer work function. The process is shown in Figure 3.18.  

The excited atom can relax in two ways: with the emission of an x-ray photon or with 

an Auger process. The depth of analysis is the same for AES, and shows the same 

energy and material dependence.  

 
Figure 3.18: schematisation of the XPS process [88]. 
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The XPS analysis requires ultra high vacuum for the same reasons described for AES, 

and the detector is the same as for Auger spectroscopy, since they both measure the 

kinetic energy of electrons.  

The source used to generate the x-rays is a twin anode. It is a double anode with one 

side of magnesium and the other of aluminium that can be used likewise. A thermal 

source, usually an electrically heated tungsten filament, ejects high energy electrons 

which will hit one of the two anodes with the result of x-ray emission characteristic of 

Mg or Al. The most intense x-ray emissions are Mg Kα1,2 (1253.6 eV) for the Mg anode 

and Al Kα1,2 (1486.6 eV) for the Al anode. [88]. 

 

3.4.1 Spectral interpretation 

Figure 3.19 shows a survey spectrum of the 5083 aluminium alloy cleaned with an 

etching product, obtained with an aluminium anode. The spectrum consists of a series of 

peaks superimposed on a background that increases from right to left (with increasing 

binding energy or decreasing kinetic energy).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.19: Wide scan of a 5083 Al alloy cleaned with an etching product. 
 

The background is generated by a broad continuous radiation, the Bremsstrahlung 

radiation, arisen by the fact that the x-ray source is non-monocromatic, plus a portion of 

electrons that suffered a loss of energy in the solid by inelastic scattering. The 

photoelectron process in fact can be elastic or inelastic: elastic means that the energy of 
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the primary x-ray is partly spent to overcome the binding energy and partly is retained 

by the photoelectron as kinetic energy, inelastic means that the photoelectrons loose part 

of their energy within the solid. The elastic photoemission, when an electron is ejected 

from the surface without energy loss, gives rise to the main peaks of the spectrum. The 

inelastic scattering can be extrinsic and intrinsic. The extrinsic loss generates the step-

like increase of the background (tail) at the left side of the peak (lower KE), produced 

by electrons which, after being excided, lost part of their energy through a series of 

inelastic collisions before escaping. The intrinsic loss is associated to processes within 

the photoexcited atom and with atoms in the immediate vicinity and it generates part of 

the tail on the left of the main peak and satellites at lower kinetic energy side of the 

main peak [93]. The peaks can be grouped in three types: core levels, valence levels and 

Auger series. The core levels reflect the electron structure of the atom, they can be 

single peaks or doublets, according to the spin-orbit (j-j) coupling, and the width 

depends on the natural width of the core level, on the width of the x-ray source and on 

the analyser resolution. The energy of a core level peak is characteristic of an atom, and 

it can also give informations on the chemical state with its chemical shift. The chemical 

shift is a shift in energy (ΔE), positive or negative which reflects the fact that electrons 

in an atom will be subject to different electrostatic forces according to the chemical 

environment.  The valence levels correspond to low energy electrons involved in 

bonding orbitals. These levels are closely spaced usually forming a band. The Auger 

series are generated when the relaxation of the x-ray excited atom happens by Auger 

process. They can give information on the chemical state of an element through the 

calculation of the Auger parameter α: 

α = EK(ijj) + EB(i) 

where EK(jii) is the kinetic energy of the Auger transition jii and EB(i) is the binding 

energy of the level i. Also an initial state Auger-parameter (ζ) can be defined as follows: 

ζ = EK(ijj) + EB(i) + 2EB(j) 

involving the binding energies of all the levels involved. 

Together with the main peaks an XPS spectrum has a secondary structure of features 

generated by different occurrences. The x-ray satellites are peaks generated by a series 

of lower intensity lines from the twin anode, the x-ray ghosts also derive from the 

source, when the atom has impurities which produce x-rays. The multiplet splitting is a 

phenomenon that happens when the system has unpaired electrons in the valence levels. 
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Shake up satellites involve loss of kinetic energy of a photoelectron  by reorganization 

of the electrons in the valence band as a consequence of a new perceived nuclear charge 

after the photoemission. This rearrangement can give rise to other secondary features 

such as asymmetric peaks and shake off satellites [89]. 

Some undesirable features, as the Bremsstrahlung continuum, or the X-ray satellites, 

could be removed by using a monocromator, which selects an individual line doublet by 

diffraction in a crystal lattice, usually a quartz crystal. The set up of a monochromator is 

shown in Figure 3.20. The quartz crystal (1010) is placed on the surface of a Roland 

circle and the X-ray source is placed at another point on the circle. When X-ray source 

strikes the quartz crystal the Kα X-rays are dispersed by diffraction and focused at 

another point on the circle where the sample is placed. According to the Braggs 

equation: 

nλ = 2d sinθ 
 

 

 

the Kα1 component of the principal Al Kα line can be obtained as the angle between 

incident and diffracted rays is 23º [89]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n= order of diffraction 
λ= wavelength of interest 
d = crystal lattice spacing 
θ = angle of diffraction 

Figura 2.20: Schematic of a XPS monochromator [2] 
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3.4.2 Quantification 

Assuming that the sample analysed is homogeneous, the intensity of a photoelectron 

peak I is given by the following simplified equation: 

I = JρσKλ 

where J is the photon flux, ρ is the concentration of the element in the solid, σ is the 

cross section of the photoelectron emission, K is a spectrometer related factor and λ is 

the electron attenuation length. The cross section of the emission is the probability of 

that emission to happen and it depends on the element, on the excited orbital and on the 

energy of the x-rays. The spectrometer related factor includes the transmission function 

of the spectrometer (proportion of electrons transmitted through the spectrometer as a 

function of the kinetic energy), the efficiency of the detector (proportion of the electrons 

striking the detector which are detected) and stray magnetic fields which can affect low 

energy electrons. Usually the intensity is considered the integrated area of the peak after 

the subtraction of the background. 

It is common practice to use experimentally determined sensitivity factors to calculate 

the concentration of the elements in the solid, expressed as a percentage. Such factors 

incorporate the terms σ, K, and λ. If the X-ray flux is constant the concentration of an 

element A will be given by the following formula: 

[A] at% = [(IA/FA)/Σ(I/F)] × 100 

where I is the intensity, taken as the integrated area of the photoelectron peak after 

subtraction of a linear or S shaped background, and F is the sensitivity factor [88]. 
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3.4.3 Experimental 

XPS measurements were performed using a modified Thermo Scientific ESCALAB Mk 

II (Figure 3.21), equipped with a Thermo Alpha 110 electron energy analyser and a 

Thermo XR3 digital X-ray source, and a Thermo Scientific Sigma Probe, (Figure 3.22) 

equipped with twin anode and monochromator.  Al Kα X-rays at 340 W power were 

used, and the electron take off angle was set at  45° for the ESCALAB, with an 

acceptance angle of 10°, and 37° for the Sigma Probe, with an acceptance angle of 60°, 

for the XPS survey spectra a pass energy of 100 eV (channel width of 0.5 eV) was 

employed and for the high resolution spectra a pass energy of 20 eV (channel width of 

0.1) was used. The unfunctionalised C1s peak, set at a binding energy of 285.0 eV 

(aliphatic carbon), was taken as reference to correct for any electrostatic charging.   

 
 

 

Figure 3.21: ESCALAB Mk II by Thermo Scientific 

Figure 3.22: Sigma Probe, by Thermo Scientific 
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3.5 Time-of-flight secondary ion mass spectrometry 
3.5.1 Basic principle 

The SIMS technique is based on a sputtering process: when a primary ion hits the 

surface of a specimen it can be backscattered or it will penetrate into the surface and, 

after a series of elastic and inelastic collisions it will loose all its energy and stop inside 

the specimen; the collisions produced will start a cascade process through which energy 

will spread and if the molecules on the surface receive enough energy they will be 

sputtered away. The sputtered particles can be atoms or molecules and they can be 

neutral or ions. The process is depicted in Figure 3.23. Only the ions will be detected by 

the analyser.  

 
Figure 3.23: schematic rapresentation of the SIMS process [94]. 

 

The SIMS can be dynamic or static according to the primary particle flux density used. 

Generally SIMS is a destructive technique, but using a low primary particle flux density 

(< 1 nA cm-2) an analysis can be performed in a time during which statistically no point 

on the surface will be struck more than once. This operating mode is referred to as static 

SIMS and requires specific high sensitivity detectors because of the consequent low 

yield of secondary particles. 

The basic SIMS equation is: 

Im
s = Ipymα+θmη 
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where Im
s is the secondary ion current of species m, Ip is the primary particle flux, ym is 

the sputter yield, α+ is the ionisation probability to positive ions, θm is the fractional 

concentration of m in the surface layer, and η is the transmission of the analysis system. 

The sputter yield varies not only with the primary flux, but also with the primary 

particle mass, charge and energy. Also the yield is affected by the cristallinity and the 

topography of the specimen, while the yield of secondary atoms varies according to the 

element and to its chemical state. 

The obtained spectra show intensity vs mass, the scale is unified atomic mass unit (u), 

defined as 1/12 of the mass of 12C. 

3.5.2 Instrumentation 

The ToF-SIMS spectrometer used in this work is a TOF.SIMS 5 system manufactured 

by ION-TOF GmbH, and shown in Figure 3.24. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

It uses a field ionisation source or liquid metal ion source. A very thin tungsten tip (< 

µm) is close to an extremely high local electronic field. A thin layer of liquid metal is 

let to flow over the tip. A diagram of the extraction region of the source is shown in 

Figure 3.25. The extraction field will distort the liquid in a cone (Taylor’s cone) towards 

the exit and a plasma ball structure of the metal on the tip. Primary ions of the metal are 

stripped away from the tip. The metals used are gallium or bismuth. These sources have 

high brightness and a 20-200 nm spatial resolution. In the pulsed ToF SIMS mode the 

Figure 3.24. TOF.SIMS 5, by ION-TOF GmbH 
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resolution is towards the higher value. Other sources are surface ionisation sources, 

which produce caesium ion beams, plasma sources of noble gases or oxygen, electron 

bombardment, using usually argon or xenon, and a C60 ion gun, very efficient for 

sputtering. 

 

 

 

 

 

 

 

 

 

 

 

The analyser is a time of flight analyser, where the secondary ions are accelerated to a 

potential (3 to 8 kV) in a way that all the ions possess the same kinetic energy, they will 

then drift along a field free space (flight tube) before striking the detector. Heavier 

masses will be slower in this “flight”, thus, the time of flight is proportional to the mass 

according to the following relation: 
2/1

2
⎟
⎠
⎞

⎜
⎝
⎛=

zV
mLt  

where t is the flight time, L is the flight path length, m/z is the mass to charge ratio and 

V is the potential applied to accelerate the ions. A mass spectrum is electronically 

generated from a time spectrum. Mass resolution depends on the pulse length of the 

secondary ions, which depends on the pulse of the primary beam (of the order of 

nanoseconds). The resolution is also affected by the energy distribution of the secondary 

ions: ions with the same mass can have slightly different energy. An ion mirror is 

placed in the flight tube to compensate for this imbalance. The ions are counted with a 

microchannel plate detector. A schematic diagram is given in Figure 3.26. [94] 

Figure 3.25: Diagram of the extraction region of the liquid metal ion source [93]. 
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Figura 3.26: schematic diagram of a ToF SIMS instrument [94]. 

 

3.5.3 Experimental 

The SIMS spectra were acquired with a TOF.SIMS 5 spectrometer, manufactured by 

IonTof GmbH, Münster, Germany, using Bi3
+ ion beam in the high current bunched 

mode of operation which provides high spectra resolution data. The analysed area was 

100 x 100 μm2 in size. 

 

3.6 Conclusions 
The majority of the work described in the following chapters was performed using 

mainly AES, XPS and EDX. An overview of these techniques has been given in this 

chapter. To a limited extent attention was given to the adsorption properties of some of 

the materials under study. For this purpose ToF-SIMS was employed, hence a concise 

description of the technique was also presented. 

In the next chapter the materials analysed in this work will be introduced through multi 

technique characterisation and the condition of the surfaces at all the steps of the 

coating process will be discussed: bare alloy surface, cleaned surface and treated 

surface. 
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Chapter 4 

The treatment of Al alloys with inorganic and hybrid 

conversion coatings 

4.1 Introduction 
Prior to any attempt of gaining a closer insight of the corrosion reactions which affect 

aluminium alloys, with or without a conversion coating, it is essential to acquire 

familiarity with the materials involved in this work. A careful examination of the 

surface of the three alloys of interest (Al2219, Al7075, Al5083) will also imply the 

observation of any surface modification through the stages of the coating process. At 

first a characterisation of the polished alloy surface was obtained by SEM, AES and 

EDX, gaining compositional information with major emphasis on the second phase 

precipitates embedded at the surface. The second stage in the coating process is the 

cleaning of the surface, always performed before the coating is applied. A comparison 

between two different cleaning agents was conducted, N-Kleen Etch, and Novaclean 

Al86, both manufactured by Henkel. The three alloys were characterised by XPS and 

SIMS before and after the cleaning process with each of the considered products. The 

final stage is the application of the coating itself. Four coatings were examined: Alodine 

1200S (Henkel), Alodine 5700 (Henkel), Iridite NCP (MacDermid) and Nabutan 

STI/310 (NABU Oberflächentechnik GmbH). The coatings were applied at three 

different temperatures and analysed to assess any relevant variation as a function of 

process temperature. 



Chapter 4                                                                              The treatment of Al alloys with inorganic and hybrid conversion coatings 
 

Rossana Grilli 
 

61

4.2 The alloy surface 
4.2.1 Experimental 

Three different aluminium alloys were analysed by AES, SAM and EDX using the 

Thermo Scientific Microlab 350 scanning Auger microscope: Al 2219, Al 7075 and Al 

5083. These alloys are typically employed in the spacecraft industry because of their 

desirable properties [7], and their composition can be seen in the following table. 
 
Table 4.1: Chemical composition of the alloys (wt%) [13] 

Alloys Al Cu Mg Mn Fe Zn Cr Si Ti 
Al2219 Bal. 5.8-6.8 0-0.02 0.2-0.4 0-0.3 0-0.1 - 0-0.2 0.02-0.1 

Al7075 Bal. 1.2-2.0 2.1-2.9 0-0.3 0-0.5 5.1-6.1 0.18-0.28 0-0.4 0-0.2 

Al5083 Bal. 0-0.1 4.0-4.9 0.4-1.0 0-0.4 0-0.25 0.05-0.25 0-0.4 0-0.15 

 

The alloy 2219 also contains vanadium (0.05-015 wt%) and zirconium (0.1-0.25 wt%). 

Three different specimens, one for each alloy, of about 1 cm2 area were wet ground with 

600, 1200, 2500 and 4000 grit silicon carbide papers, and then they were polished with 

diamond solutions to 1 μm finish. They were ultrasonically cleaned in acetone and 

rinsed in ultra pure water. Sites of inclusions were identified for AES, SAM and EDX 

analysis. The beam energy of 10kV was used for the acquisition of Auger data and 

15kV for the EDX spectra and maps.  The AES survey spectra (30 -1700 eV) were 

recorded with a retard ratio of 4 (1eV channel width), whilst a retard ratio of 2.8 was 

used for SAM, the topographic effects were minimised by mapping the ratio (P-

B)/(P+B) of each transition, where P is the Auger peak intensity and B is the 

background intensity. Thermo Avantage datasystems were used for the acquisition and 

processing of SAM and AES data, Noran System Six was used for EDX.  

Kinetic energy values will be given for the Auger peaks in the survey spectra, although 

they should not be considered rigorous as a result of both the low energy resolution of a 

survey spectrum and the intrinsic broad shape of an Auger peak. Such kinetic energies 

are intended to be used as confirmation of the elemental identification of the peak. In 

the case of the aluminium peak this information, together with considerations on the 

shape of the peak, will allow to distinguish the metal state from the oxide state, and high 

resolution spectra will be acquired as confirmation. 

The Al2219 alloy was analysed by transmission electron microscopy (TEM) using a 

Philips CM200. The alloy was cut in pieces of 0.5 mm thickness, which were ground 
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down to 150-100 µm. Discs of 3 mm in diameter were cut to fit the instrument, and 

electropolished in a bath of nitric acid in methanol. 

 

4.2.2 Al 2219 

A visual examination of the surface of the 2219 aluminium alloy by SEM images 

showed the presence of particles of various sizes, from 0.1 to 30 μm.  

Figure 4.1 shows an example of point analysis performed, on an intermetallic group and 

the surrounding region. The central image is a SEM micrograph of the cluster. The 

dimensions of this intermetallic particle are approximately 30 μm along the major axis 

and 20 μm on the minor axis. Several points where chosen, on and around the particle 

for AES and EDX analysis. Auger/EDX spectra from four points are shown in the 

Figure. Figure 4.1 (a) and (g) are AES spectra representative of the matrix. They exhibit 

large Al KLL and O KLL peaks at kinetic energies of 1388 and 506-7 eV respectively, 

and less intense C KLL and Cu LMM peaks at kinetic energies of 267-8 and 918-9 eV 

respectively. Figure 4.1 (b) and (h) are the EDX surveys from the same points. They 

both show a high intensity Al Kα peak and small Cu Kα/Lα peaks. Figure 4.1 (d) and (f) 

are AES spectra from the intermetallic, they exhibit large Cu KLL peaks and low 

intensity O KLL and Al KLL peaks. The corresponding EDX spectra in Figure 4.1 (c) 

and (e) show a strong Al Kα peak, the Cu Kα/Lα peaks are now more intense and small 

peaks of Fe and Mn are also present. The average composition of the inclusions was 78 

at% Al, 16 at% Cu, 5 at% Fe and 1 at% Mn. Figure 4.2 shows a magnification of the 

small peaks in the EDX spectra. 

Figure 4.3 shows Al KLL, O KLL, Cu LMM and C KLL maps and Figure 4.4 shows Al 

Kα, Cu Kα, Fe Kα and Mn Kα maps. The EDX maps show the high intensity of Cu, Fe 

and Mn over the whole intermetallic, indicating the particle to be comprised of a single 

Al-Cu-Fe-Mn phase. In the Auger maps, Cu is also strong over the intermetallic region, 

though it would appear that some of the particle is buried below the surface. In general 

the Al and O signals are high from the matrix and low on the particle, but there are 

some small areas where Al and O signals are more intense on the particle. As the Al 

EDX intensity is low over the whole particle and the regions of higher Auger Al and O 

intensity on the intermetallic tend to coincide with cracks or furrows, it is thought that 

this increase in the Al and O intensity may occur due to some Al becoming trapped at 

these sites during the polishing process.  
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Figure 4.5 shows a high resolution spectrum of Al KLL peak of a point on the matrix 

before the corrosion experiment. Two strong KL23L23 components are evident and the 

energies of the peaks are 1393.6 and 1386.4 eV corresponding to Al metal and Al oxide 

respectively. 

Figure 4.6 shows TEM images of two intermetallics on Al2219. The matrix shows the 

presence of needle like precipitates. These are the strengthening precipitates of θ' and θ" 

CuAl2, and their presence is expected in the T6 and T8 tempers. Figure 4.6 shows two 

EDX spectra recorded from two different intermetallics. They both contain oxygen, 

aluminium, copper, magnesium and iron, but the one shown in Figure 4.7 a is richer in 

iron and the one shown in Figure 4.6 b is richer in manganese. The alloy then contains 

intermetallics with different composition. 

 

 



Chapter 4                                                                              The treatment of Al alloys with inorganic and hybrid conversion coatings 
 

Rossana Grilli 
 

64

1.00E+05

2.00E+05

3.00E+05

4.00E+05

200 400 600 800 1000 1200 1400 1600

C
ou

nt
s 

/ s

Kinetic Energy (eV)

Point 1

Cu LMM 

O KLL

AES 

EDX
(c) 

(d) 
6.00E+04

8.00E+04

1.00E+05

1.20E+05

1.40E+05

1.60E+05

1.80E+05

2.00E+05

2.20E+05

200 400 600 800 1000 1200 1400 1600

C
ou

nt
s 

/ s

Kinetic Energy (eV)

Point 6

O KLL 

Al KLL

AES 

EDX 

(a) 

(b) 

6.00E+04

8.00E+04

1.00E+05

1.20E+05

1.40E+05

1.60E+05

1.80E+05

2.00E+05

2.20E+05

200 400 600 800 1000 1200 1400 1600

C
ou

nt
s 

/ s

Kinetic Energy (eV)

Point 7

O KLL 

Al KLL

AES 
(g) 

(h) 
EDX

1.00E+05

2.00E+05

3.00E+05

4.00E+05

5.00E+05

200 400 600 800 1000 1200 1400 1600

C
ou

nt
s 

/ s

Kinetic Energy (eV)

Point 3

Cu LMM 

AES 

EDX

(f) 

(e) 

Figure 4.1: SEM image and AES/EDX point analysis from the area on and around a recently 
polished Al-Cu-Fe-Mn intermetallic second phase particle in the 2219 alloy. 
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Figura 4.2: EDX spectra from Figure 4.1 with small peaks in evidence. 
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Figure 4.3: SAM maps of C KLL, O KLL, Cu LMM, 
Al KLL, of the second marked intermetallic on 
Al2219 and the corresponding. 

Figure 4.4: EDX maps of Al Kα, Cu Kα, Fe Kα, Mn Kα, of 
the intermetallic on Al2219. 
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Figura 4.6: TEM images of intermetallics and surrounding matrix of Al2219 

Figura 4.7: EDX spectra recorded with a Philips CM200 of two different intermetallics: a) an iron 
rich intermetallic and b) a manganese rich intermetallic. 
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Figure 4.5: Auger high resolution spectrum of Al KLL from a point on the matrix. The two 
strong components at 1393.6 and 1386.4 eV correspond to Al metal and Al oxide respectively. 

The peaks marked as B are bulk plasmon losses. 
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4.2.3 Al 7075 

The alloy surface showed the presence of particles of various sizes, from 0.1 to 20 μm, 

and of different morphologies, often present in clusters. The intermetallics seem to be 

divided in two appearance-related types. Two second phase particle groups, one for 

each type, were chosen for analysis.  

4.2.3.a First intermetallic group 

Figure 4.8 shows the SEM micrograph and a set of point analyses performed, on the 

first intermetallic group and the surrounding region. It seems to be composed of three 

clusters of approximately 5 to 10 μm diameter. Figure 4.8 (d) is an AES spectrum 

representative of the matrix. It exhibits large Al KLL and O KLL peaks at kinetic 

energies of 1389-90 and 506-7 eV respectively, and low intensity C KLL and Zn LMM 

peaks at kinetic energies of 267-8 and 992-3 eV respectively. Figure 4.8 (c) is the EDX 

survey from the same point. It shows a high intensity Al Kα peak, a small Mg Kα peak 

and traces of Cu and Zn. Figure 4.8 (a), (f) and (h) are AES spectra from the different 

intermetallics. They all show the presence of Cu LMM (918-9 eV) and O KLL (507-8 

eV) with different intensities, Fe LMM (646-7 eV) is clearly observed in spectrum (f), 

together with Al KLL (1388-9 eV). Carbon contamination is always observed, with 

variable intensity. The corresponding EDX spectra are showed in Figure 4.8 (b), (e) and 

(g) and they all show a very strong Al Kα peak. Spectrum (b) exhibits traces of silicon, 

copper, iron, chromium and zinc; spectrum (c) shows traces of magnesium, copper and 

zinc; spectrum (e) shows traces of copper and iron and spectrum (g) shows traces of 

copper and iron. Figure 4.9 shows the EDX spectra expanded so that low intensity 

peaks are readily observed. 

Figure 4.10 shows C KLL, O KLL, Fe LMM, Cu LMM, Zn LMM and Al KLL maps and 

Figure 4.11 shows Al Kα, O Kα, Mg Kα, Fe Kα, Cr Kα and Zn Kα maps. The Auger 

maps, supported by the point analyses spectra, give information about the surface 

composition, while the EDX data are representative of the bulk. 

A comparison of the two data sets lead to the following considerations: the matrix is 

confirmed to be mainly of aluminium, with small amounts of magnesium, copper and 

zinc as alloying metals; the surface has a thin layer of aluminium oxide (the aluminium 

metal peak is detected) and traces of zinc. Carbon is present as a contamination, one 

assumes from the polishing process. The intermetallics seem to have similar top layers 

and significantly different bulk composition. Aluminium and oxygen decrease from the 
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periphery to the centre of the groups, while copper and carbon seem to increase moving 

to the centre. Iron and zinc appear to be uniformly present on the precipitates surface, 

although in small concentration. The three groups have very different bulk composition: 

the bigger one (top) is composed of silicon, iron and chromium, with traces of copper 

and zinc; the two small ones at the bottom seem to be mainly composed of copper and 

iron. Also there seem to be two other small precipitates, the first, close to the bigger 

precipitate with magnesium as main component, the second at the bottom left of the 

mapped area, with Mg and Si as main components, which are not visible in the SEM 

micrograph. Though Si KLL and Mg KLL maps were not acquired, the SAM maps in 

Figure 4.11 do not show any depletion of the mapped element in those positions, thus it 

is believed that these precipitates are not exposed, but covered by an alloy layer of at 

least 5-10 nm. 
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Figure 4.8: SEM image and AES/EDX point analysis from the area on and around a recently 
polished Al-Cu-Fe-Mn intermetallic second phase particle in the 7075 alloy. 
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Figura 4.9: EDX spectra from Figure 4.8 with small peaks in evidence. 
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Figure 4.10: SAM maps of C KLL, O KLL, Fe LMM, Cu LMM, Zn LMM, Al KLL of the first marked 
intermetallic on Al7075. 

 

Figure 4.11: EDX maps of Al Kα, Cu Kα, Si Kα, Mg Kα, Fe Kα, Cr Kα, Zn Kα of the first marked 
intermetallic on Al7075. 
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4.2.3.b Second intermetallic group 

Figure 4.12 shows the point analyses relative to the second group. The central SEM 

micrograph shows four clusters of different dimensions. Figure 4.12 (f) and (e) are the 

AES and EDX spectra representative of the matrix and they are similar to the spectra 

from the matrix near the first inclusion. The x-ray spectrum shows iron instead of 

copper. Figure 4.12 (a), (d) and (h) are AES spectra from the different intermetallics. 

They all show high intensity O KLL peak with energies that slightly shift with the 

environment: in spectrum (a) the oxygen energy is 504-5 eV, in the presence of Si KLL 

(1609-10 eV); in spectrum (d) oxygen KE is 505-6 eV, with Al KLL (1386-7 eV) and Si 

KLL (1610-11 eV); in spectrum (h) the oxygen energy is 509-10 eV, in the presence of 

Al KLL only (1389-90 eV). Carbon contamination is present in all the three spectra. 

The corresponding EDX spectra are shown in Figure 4.12 (b), (c) and (g). Spectrum (b) 

exhibits a high intensity Al Kα peak and traces of Zn, Mg and Si; spectrum (c) shows 

high intensity Al Kα peak, less intense Mg Kα, Si Kα and O Kα peaks, and traces of Zn; 

spectrum (g) shows high intensity Si Kα, Mg Kα and O Kα peaks and a small Al Kα 

peak. 

Figures 4.13 and 4.14 show the SAM and EDX maps of the observed elements. 

From the results shown it can be concluded that the matrix, as previously, shows 

aluminium oxide/metal on the surface, with zinc, probably oxide, and carbon 

contamination, with the bulk composed of aluminium with traces of zinc, magnesium, 

and copper. The surface of the second phase particles is not homogeneous, carbon 

contamination is higher on the particles, but it does not cover them uniformly, the same 

can be said for silicon, aluminium (present as oxide) and oxygen. The O KLL map 

shows some depletion areas that could be coupled with higher intensity areas of carbon. 

The bulk of the precipitates is mainly made of oxygen and silicon, high concentration of 

magnesium is detected from part of the precipitates. The Fe Kα map shows clusters of 

the metal not detected by SEM or SAM, this implying that these particles are at least 5-

10 nm in depth. 
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Figure 4.12: SEM image and AES/EDX point analysis from the area on and around a recently 
polished Al-Cu-Fe-Mn intermetallic second phase particle in the 7075 alloy. 
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Figure 4.14: EDX maps of O Kα, Al Kα, Mg Kα, Fe Kα, Cr Kα, Zn Kα, Si Kα of the first marked 
intermetallic on Al7075 and the corresponding SEM micrograph with 1800 x magnification. 

 

Figure 4.13: SAM maps of C KLL, O KLL, Zn LMM, Al KLL, Si KLL,  of the second marked 
intermetallic on Al7075 and the corresponding SEM micrograph with 3000 x magnification. 
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4.2.4 Al 5083 

Similarly to the Al7075, this alloy shows a variety of inclusion clusters on its surface, 

from 0.1 to 20 μm. The intermetallics seem to be divided in two appearance-related 

types. Two groups, one for each type, were chosen for analysis.  

4.2.4.a First intermetallic group 

The SEM micrograph in Figure 4.15 shows two main clusters of different dimensions. 

Figure 4.15 (d) is an AES spectrum representative of the matrix. It exhibits large O KLL 

and Al KLL peaks at kinetic energies of 506-7 and 1387-8 eV respectively, and low 

intensity Mg KLL and C KLL peaks at kinetic energy of 1180-1 eV and 267-8 eV 

respectively. Figure 4.15 (c) is the EDX survey from the same point. It shows a high 

intensity Al Kα peak and traces of Mg. Figure 4.15 (a), (f) and (h) are AES spectra from 

the different groups, they show similar composition, exhibiting large O KLL (506-7 eV) 

and C KLL (264-6 eV) peaks and less intense Al KLL (1386-7 eV) and Si KLL (1609-10 

eV) peaks. The corresponding EDX spectra are shown in Figure 4.15 (b), (e) and (g). 

They exhibit a high intensity Al Kα peak and less intense Si Kα, O Kα and Mg Kα. 

Figure 4.16 and 4.17 show SAM and EDX maps of the relevant elements 

The matrix is composed of aluminium with traces of magnesium as alloying metal, with 

an aluminium oxide layer on the surface, magnesium, probably in the form of oxide 

also, and carbon as contamination. The intermetallic group is composed of silicon and 

oxygen in the bulk and the same elements plus aluminium (as an oxide) on the surface. 

Two small clusters of magnesium are detected by EDX mapping in the vicinity of the 

precipitate group. These clusters are not visible in the SEM micrograph and in the SAM 

map of Mg KLL, thus they are 5-10 nm in depth. 
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Figure 4.15: SEM image and AES/EDX point analysis from the area on and around a recently 
polished Al-Cu-Fe-Mn intermetallic second phase particle in the 5083 alloy. 
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Figure 4.17: EDX maps of O Kα, Al Kα, Mg Kα, Cr Kα, Mn Kα, Si Kα of the first marked 
intermetallic on Al5083 and the corresponding SEM micrograph with 1800 x magnification. 

 

Figure 4.16: SAM maps of C KLL, O KLL, Al KLL, Si KLL, Mg KLL of the first marked 
intermetallic on Al5083 and the corresponding SEM micrograph with 5000 x magnification. 
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4.2.4.b Second intermetallic group 

In Figure 4.18 a cluster of precipitates of different dimensions is observed. Figure 4.18 

(d) and (f) are AES spectra representative of the matrix. They both show similar 

composition to the matrix in the vicinity of the first inclusion group. Figure 4.18 (c) and 

(e) are the EDX surveys from the same points. They show high intensity Al Kα peak 

and less intense Mg Kα peak. Figure 4.18 (a) and (h) are AES spectra from the different 

intermetallics, they show similar composition, with large O KLL peak (507-8 eV) and 

less intense Al KLL (1387-8 eV), Fe LMM (645-7 eV) and C KLL (265-8 eV) peaks. 

The corresponding EDX spectra are showed in Figure 4.18 (b), and (g). They exhibit a 

high intensity Al Kα peak and traces of, Mg, Mn, Fe and Cr. Two of the EDX spectra 

are magnified in Figure 4.19 to highlight the smaller peaks. 

Figure 4.20 and 4.21 show SAM and EDX maps of the observed elements. 

The matrix around this inclusion shows the same composition observed in the previous 

analysis, as expected. The intermetallics show a different composition: they are treated 

with aluminium oxide and iron (probably oxide) and carbon as contamination, while the 

bulk is composed by iron, manganese and chromium. 
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Figure 4.18: SEM image and AES/EDX point analysis from the area on and around a recently 
polished Al-Cu-Fe-Mn intermetallic second phase particle in the 5083 alloy. 
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Si 

Intermetallic (from spectrum g) 

Si 

Intermetallic (from spectrum b) 

Figura 4.19: EDX spectra from figure 4.18 with small peaks in evidence. 
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Figure 4.20: SAM maps of C KLL, O KLL, Al KLL, Mg KLL, Fe LMM of the second marked 
intermetallic on Al5083 and the corresponding SEM micrograph with 3000 x magnification. 

 

Figure 4.21: EDX maps of Al Kα, Mg Kα, Si Kα, Mn Kα, Fe Kα, Cr Kα of the second marked 
intermetallic on Al5083 and the corresponding SEM micrograph with 3000 x magnification. 
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4.2.5 Conclusions 

Three alloys relevant for aerospace industry were polished and analysed by SEM, Auger 

and EDX. The surfaces showed the diffuse presence of second phase intermetallics with 

size variable in the range 1-30 µm. Based on a visual examination of SEM micrographs 

one type of intermetallic was identified on the Al2219 alloy, two types on the Al7075 

and two types on Al5083. This conclusion was supported by Auger and EDX point 

analysis repeated on different intermetallics chosen randomly across the surface of the 

specimens.  

The Al2219 alloy showed one type of second phase precipitate, composed by Al, Cu, Fe 

and Mn, embedded in an aluminium matrix with copper as alloying metal. Iron and 

manganese are impurities of the system.  

The Al7075 showed two visually distinct types of second phase precipitates, a first one, 

composed by Si, Fe, Cu and Cr, in different proportions, and a second one, composed 

by Si, O and Mg, all embedded in an aluminium matrix with Zn and Cu and Mg as 

alloying metals. Chromium is an additive, usually to improve weldability, and silicon 

and iron are impurities in this alloy also. In the surrounding area of both inclusions 

smaller features are present, one made of Mg and Al, and the other made of iron and 

aluminium. 

 The Al5083 showed two visually distinct types of second phase precipitates, a first one, 

composed of Fe, Si, Mn and Cr, and a second one, composed by Si and O, embedded in 

an aluminium matrix with Mg as alloying metal. Manganese and chromium are 

additives, they both improve weldability, iron and silicon are impurities. Close to the 

silicon/oxygen inclusion there are small Al/Mg clusters, not visible on the surface in the 

SEM micrograph. 
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4.3 Cleaning agents 
Prior to the application of any sort of pre-treatment onto an aluminium alloy surface, it 

is advisable to perform a proper cleaning and deoxidation of the surface to be treated.  

Cleaning has the aim to remove extraneous oil and dirt, which would obstruct the 

deposition of the conversion coating or other treatment. The cleaning agent should be 

non-etching, to avoid the deposition on the surface of elements from the alloy, such as 

copper. With the deoxidation process, oxides and other inorganics are removed. [47]  

An investigation was made, to compare two different cleaning agents that are 

commercially available, and to monitor how the surface of the alloy evolves through the 

steps of the coating procedure.  

 

4.3.1 Experimental 

The cleaning agents under investigation were: 

N-Kleen Etch (manufactured by Henkel) is a hydrochloric acid based etch cleaner that 

eliminates oils and other foreign matter, leaving the surface deoxidized and free of 

residues. 

Novaclean Al86 (manufactured by Henkel) combines a degreasing and deoxidizing 

character and contains phosphoric acid. 

A total of nine specimens were prepared at the Materials Laboratory of ISQ, Oeiras, 

Portugal, sub-contracted by ESA. Of the alloys previously described (2219, 7075 and 

5083) one of each were cleaned with N-Kleen Etch, one of each with Novaclean Al86, 

and one of each were left untreated to be used as references. It should be noted that no 

attempt was made by the suppliers to remove any contamination from the “as received” 

specimens, leaving the task to the cleaning chemical treatments only. Thus, the 

specimens supplied by ISQ are not directly comparable with these used for the 

microstrucural characterisation presented earlier in the chapter. 

These specimens were then analysed by XPS, and ToF.SIMS. XPS measurements were 

performed using a modified VG Scientific ESCALAB Mk II, equipped with a Thermo 

Alpha 110 electron energy analyser and a Thermo XR3 digital X-ray source.  Al Kα X-

rays at 340 W power were used, and the electron take off angle was set at  45°, for the 

XPS survey spectra a pass energy of 100 eV (channel width of 0.5 eV) was employed 

and for the high resolution spectra a pass energy of 20 eV (channel width of 0.1) was 
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used. The unfunctionalised C1s peak, set at a binding energy of 285.0 eV (aliphatic 

carbon), was taken as reference to correct for any electrostatic charging.   

ToF-SIMS was used for the analysis of specimens where the additional chemical 

specificity of this technique was required.  An ION TOF GmbH TOF.SIMS 5 system 

was used with a Bi3
+ primary source. The analysed area was 100x100 μm2 at a 

resolution of 128 x 128 pixels. 

 

4.3.2 Al2219 

The XPS results of the analysis of the aluminium alloy samples as received show the 

following photoelectron peaks: C1s, O1s, Zn2p, Al2p, Fe2p, Mg1s, F1s, Ca2p, N1s, and 

S2p (Figure 4.22). The surface composition, as atomic percentages of the elements on 

the surface, is listed on the Table 4.2.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.22: Survey spectrum of the as received Al2219 surface. 
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the alloy itself, but on the surface it is in the form of oxide. The aluminium peak shows 

two chemical states: Al(III) and Al(0), as shown in Figure 4.23. The signals come from 

different depths of the sample; the Al3+ is from the outer passivation layer of alumina, 

which covers the metal alloy. The iron comes from the alloy as an impurity and it is 
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present on the surface as an oxide (Fe2O3); the magnesium is part of the alloy as well. It 

is likely to be present on the surface as MgO and MgF2, as confirmed by the binding 

energy value of the F1s peak (685.9 eV).  ToF-SIMS analysis was also carried out to 

obtain more detailed analysis of the surface chemistry and the spectrum confirms the 

presence of these two compounds (Figure 4.24 a). The sulphur peak energy (168.9 eV) 

would indicate a sulphate; the ToF-SIMS analysis shows the fragmentation pattern of a 

dithionate (S2O6
2-) (Figure 4.24 b) its counter ion being Ca2+. The relative intensities of 

the peaks with the S- fragment are too high to be from the sulphate ion. The nitrogen 

peak energy corresponds to an organic matrix which may come from some lubricant 

used in the alloy processing. 

 

 
Figura 4.23: Curve fitting of the high resolution spectrum of Al2p for Al 2219. 
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Figure 4.24: Details of the ToF SIMS spectrum of Al2219: a) peak of the MgF2

- fragment; b) 
fragmentation pattern of dithionate. 
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shift from the Cu2p3/2 peak and the other at 8 eV shift from the Cu2p1/2 [96]. The peak 

at 935.8 may correspond to CuF2 or CuS2O6.  

 

 

 

 

 

 

 

 

 

 

 

 

A small intensity fluorine 1s peak seems to be present between the copper Auger peaks, 

but the presence of its Auger peak indicates that it is on the surface, and this is 

confirmed by SIMS analysis showing the presence of the F- fragment. The fluorine 

comes probably from the cleaning agent.  It is the expected behaviour from a copper 

rich Al alloy to reveal a surface enrichment of copper following a chemical pre-

treatment. In the case of an anodizing pre-treatment it is well documented that copper 

atoms migrate to the alloy/oxide interface, then, because of the higher mobility of the 

copper ions compared to the Al3+ through the interface, these will be incorporated at the 

surface [97]. The aluminium is apparently increased, this is partly due to the removal of 
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Figure 4.25: Curve fitting of the Cu 2p peak. 
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appearance of copper again, but in a smaller amount than the previous sample. This 

indicates that Novaclean has a milder effect on the surface, but still sufficient to remove 

the contaminations.  Aluminium is present as oxide and metal indicating that the oxide 

layer is thin, presumably an air formed passive film with a thickness of ca. 2 nm. 

 
Table 4.2: Surface composition (at%) for Al 2219 

 C O Al P N S Zn Fe Mg Cu F Ca Cl

Untreated 43.8 39.0 13.2 - 1.0 0.5 0.3 0.2 0.2 - 0.7 0.8 - 

N-Kleen 21.8 37.1 33.1 - 0.8 - - - - 6.9 - - 0.2

Novaclean 28.2 47.0 20.4 2.4 1.1 - - - - 1.0 - - - 

 

4.3.3 Al7075 

The XPS results of the analysis of the as received aluminium alloy sample show the 

following photoelectron peaks: C1s, O1s, Zn2p, Al2p, Fe2p, Mg1s, N1s, S2p (Figure 

4.26). The surface composition, as atomic percentages of the elements on the surface, is 

listed on the Table 4.3. 

The carbon peak corresponds to organic contamination; the oxygen peak is composed 

by oxides (mainly Al2O3) together with contamination. The zinc is present as ZnO, the 

iron as Fe2O3 and the sulphur as S2O6
2-. The dithionate counter ion could be the 

calcium, as in the previous sample. The main calcium photoelectron peak (Ca2p at ca. 

347 eV) is hidden by the MgKLL peaks, but its presence is clear from the ToF-SIMS 

spectrum. The nitrogen is from an organic matrix due to contamination. Since the 7075 

alloy is Mg rich, this specimen has magnesium on its surface. The surface segregation 

of Mg is a common phenomenon for Mg-containing aluminium alloys, and the metal 

appears in the oxide layer in the form of MgO and possibly MgAl2O4 (spinel), in a 

proportion that varies according to the Mg concentration in the alloy [98]. 

The binding energy of the Mg1s peak (1304.3 eV) does not enable the compound to be 

recognised, it could be MgO, or MgAl2O4. The aluminium is present only in its oxide 

state (Figure 4.27), indicating that the passivating inorganic layer is thicker than the 

characteristic analysis depth of XPS for the Al2p electrons which is of the order of 8 

nm.  
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Figure 4.26: Survey spectrum of the as received Al 7075 surface. 

 
 

 
Figura 4.27: High resolution spectrum of Al2p for Al 7075. 
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shows that the actual aluminium fraction is about half in area. Contributions from both 

the oxide and the metal can be distinguished; hence the cleaning agent has effectively 

removed enough outer layers so that the underlying metal could be detected. The 

magnesium level is reduced. The nitrogen, from an organic contamination, is decreased 

as well. The copper peak, absent in the as received specimen, appears more complex 

than the one of the previous alloy. The curve fitting shows the contribution of four 

peaks instead of three: one at BE of 932.2 eV (Cu/Cu2O), one at 933.7 eV, which 

corresponds to Cu(II) (CuO), also confirmed by the presence of its 2p shake up 

satellites, one at 935.9 eV, which may correspond to CuF2, and a new peak at 934.7 eV, 

which may correspond to Al2CuO4. This compound has the same crystal structure of the 

spinel [99], hence it may have grown on it in an epitaxial way during the migration of 

copper on the surface. Fragments involving the three elements Al, Cu and O have been 

detected with very low intensities in the ToF-SIMS spectrum; this could confirm the 

presence of Al2CuO4. The Pb peak has the energy of an oxide (Pb3O4), the source is 

unknown. 

The XPS results of the analysis of the aluminium alloy sample cleaned with Novaclean 

Al86 showed the following photoelectron peaks: C1s, O1s, Zn2p, Al2p, Mg1s, N1s, 

Cu2p and P2p. The surface composition, as atomic percentages of the elements on the 

surface, is listed on the Table 4.3. 

The carbon contamination is reduced, the oxygen level is increased, it comes from the 

carbonaceous contaminations, from the metal oxides and from the metaphosphate, as 

shown by the energy of the P2p peak. The phosphorus compound comes from the 

cleaning agent. The zinc is in the form of an oxide (ZnO). The aluminium is detected as 

oxide and as metal, this means that the passivating layer that covers the alloy is thinner 

than the as received specimen. The magnesium is present, probably as MgO and very 

small amount of spinel (MgAl2O4). The nitrogen level is lower than for the as received 

surface. The copper level is lower than the previous sample, but still significant, 

compared to the Al2219 cleaned with the same product. The Al2219 is richer in copper 

than the Al7075, but for some reason, the copper level in the last one is greater. This 

may be explained with the presence of spinel. A possibility is that the migration of 

copper on the surface to epitaxially continue the spinel lattice with Al2CuO4, could be 

an energetically convenient reaction, but the SIMS spectrum does not confirm its 

presence. 
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Table 4.3: Surface composition by XPS (at%) for Al 7075 

 C O Al P N S Zn Fe Pb Mg Cu 

Untreated 45.0 41.9 4.0 - 2.1 1.3 1.0 0.5 - 4.3 - 

N-Kleen 23.4 37.5 29.4 - 1.2 - 0.6 - 0.2 1.5 6.1 

Novaclean 15.2 53.9 21.0 4.0 1.5 - 0.4 - - 1.7 2.3 

 
4.3.4 Al5083 

The XPS results of the analysis of the aluminium alloy sample as received showed the 

following photoelectron peaks: C1s, O1s, Zn2p, Al2p, Mg1s, Fe2p and S2p (Figure 

4.28). The surface composition, as atomic percentages of the elements on the surface, is 

listed on the Table 4.4. 

The carbon is from aliphatic and oxygenated contamination. The oxygen is from 

contamination and from the metal oxides. The zinc is present as ZnO. The magnesium 

is present mainly as MgO. The aluminium peak is composed by the contribution from 

the oxide peak and the contribution from the metal peak. The ratio Alme/Alox (Figure 

4.29) is bigger compared with the as received Al2219 and Al7075, signifying a thinner 

layer of the alumina on the alloy. The iron is present as Fe2O3 and the sulphur, as shown 

by ToF-SIMS, is in the form of calcium dithionate. 
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Figure 4.28: Survey spectrum of the as received Al 5083 surface. 

 
 

 

 
Figura 4.29: Curve fitting of the high resolution spectrum of Al2p for Al 5083. 
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 The XPS results of the analysis of the aluminium alloy sample treated with Novaclean 

Al86 showed the following photoelectron peaks: C1s, O1s, Al2p, P2p, Mg1s, Cu2p, 

Zn2p, and F1s. The surface composition, as atomic percentages of the elements on the 

surface, is listed on the Table 4.3. 

The carbon contamination is diminished. The oxygen is increased together with the 

aluminium (oxide and metal). A new peak corresponding to phosphorus appeared, with 

the energy of a methaphosphate, it comes from the cleaning agent. The magnesium 

percentage is reduced, but higher than the previous specimen. The copper is again on 

the surface, but in minor amount. Traces of zinc (it was not completely removed from 

the surface) and fluorine (from the treatment) were also detected. 

Table 4.4: Surface composition by XPS (at%) for Al5083 

 C O Al P N S Zn Fe Mg Cu F 

Untreated 43.1 40.0 6.7 - - 1.0 0.5 0.5 6.6 - - 

N-Kleen 23.7 45.4 22.6 - 1.5 - - - 1.3 2.3 2.8

Novaclean 12.9 58.5 19.8 2.8 - - 0.4 - 4.1 0.6 0.9

 
Comparing the results of the surface composition of the different alloys “as received” 

the main difference is the amount of magnesium. In the Mg rich alloys (7075, 5083) the 

magnesium oxide content on the surface is higher, and the aluminium is less exposed. 

When the surfaces are cleaned MgO is partially removed (N-Kleen is more effective in 

this), uncovering the aluminium oxide. In all the alloys copper is not detected on the as 

received surfaces, neither on the Cu rich alloy (2219). Surprisingly it appears after the 

treatments (in major extent after N-Kleen etch) in all three the alloys with the same 

intensity. 



Chapter 4                                                                              The treatment of Al alloys with inorganic and hybrid conversion coatings 
 

Rossana Grilli 
 

95

4.3.5 Conclusions 

This preliminary investigation on the efficacy of cleaning agents for aluminium alloys 

provides a comparison of two products: N Kleen Etch and Novaclean Al86, both 

produced by Henkel. The Al substrates, supplied by ISQ, sub-contractor by ESA, 

presented a significant amount and variety of contaminants of not known origin. 

They both remove the contamination quite effectively, with a slightly better 

performance of Novaclean. The N Kleen Etch presents an unexpected phenomenon in 

all three the alloys: the surface concentration of copper increases considerably even in 

the Al 5083 alloy, which should contain only traces of the metal. For this reason this 

agent may be considered too aggressive on the surface, thus not likely to be used, since 

such surface enrichment of copper compounds could affect, negatively, the adhesion of 

further treatments and/or can represent an initiating site of pitting corrosion. 

The specimens were supplied by a third party, thus it should not be excluded that the 

enrichment in copper could be attributed to contamination from water rinsing using 

water that is not been purified.  

The AES point analysis of the Al5083 specimen shows also that there is not a uniform 

layer of aluminium oxide this indicating a localized dissolution of the passivation layer 

during the cleaning treatment. 

The Novaclean treatment, being a degreasing agent only, could be more suitable for the 

purpose, since its gentle action does not cause further chemical activity on the surface 

than the simple removal of organic contaminants and for this reason was chosen for 

further investigation in combination with inorganic and hybrid chemical conversion 

coatings. 
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4.4 Coating application 

After the aluminium alloy surface is cleaned the protective conversion coating is 

applied. Among all the pretreatments available on the market three chromium-free 

conversion coatings were chosen, to assess the anti corrosion performance in 

comparison to the widely used chromium based Alodine 1200S, Alodine 5700, Nabutan 

STI/310 and Iridite NCP. An XPS study of the treated surfaces was conducted in order 

to acquire their chemical composition, to confirm the total coverage of the substrate and 

to identify any variations that different substrates could lead to. In addition for each 

treatment a comparison of three different bath temperatures, in the range suggested by 

the manufacturer, was made, to assess any influence on the coating. 

4.4.1 Experimental 

A total of 36 specimens were prepared for analysis by XPS, 12 for each of the three 

alloys being studied. Each specimen was cleaned using Novaclean Al86 (Henkel). Upon 

the completion of the cleaning process the alloys were treated with four different 

conversion coatings. Three specimens were prepared for each pre-treatment, so that the 

role of temperature could be investigated. Three different temperatures of application 

were chosen in a range suggested by the producers in the Technical Process Bulletin, 

see [4, 8-10].  The conversion coatings used are the following: 

Alodine 1200S (by Henkel) the coating is composed of chromic acid, potassium 

fluoroborate, potassium ferricyanide, sodium fluoride and potassium fluozirconate [4].  

The specimens were produced by immersion at three different temperatures: 25, 30 and 

35°C. 

Alodine 5700 (by Henkel) is a water based conversion coating [8].  The specimens have 

been produced by immersion at three different temperatures: 25, 30 and 35°C. 

Nabutan STI/310 (by NABU Oberflächentechnik GmbH) is a mixture of inorganic and 

organic acids, one of which is fluorotitanic acid [9]. The specimens have been produced 

by immersion at three different temperatures: 25, 35 and 45°C.  

Iridite NCP (by MacDermid) contains an inorganic fluoride compound [10].  The 

specimens have been produced by immersion at three different temperatures: 25, 35 and 

45°C. 
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The specimens were cut, cleaned and treated at the Materials Laboratory of ISQ, Oeiras, 

Portugal. XPS measurements were performed using the same equipment and 

methodology described previously. 

4.4.2. Results 

4.4.2.a Alodine 1200S 

The XPS analysis of the Al 2219, Al 7075 and Al 5083 alloys treated with Alodine 

1200S at 25, 30 and 35ºC shows the presence of the following photoelectron peaks: 

C1s, N1s, O1s, Fe2p, Cr2p and Al2p. The samples with Al5083 as a substrate show also 

the F1s photoelectron peak, with a small intensity. Figure 4.30 shows a survey spectrum 

of Al 7075 treated with alodine 1200S at 25°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.30:  XPS survey spectrum of Al 7075 treated with Alodine 1200S at 25ºC. 
 

The surface composition, as atomic percentages of the elements on the surface, are 

listed on the Table 4.5.  An observation of the background shape suggests that the 

surface is covered by a layer of carbon contamination, but also oxygen and nitrogen lie 
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The nitrogen peak corresponds to the cyanide species and the surface concentration is a 
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treatment solution, but the binding energy of its photoelectron peak corresponds to the 

reduced species of potassium ferrocyanide (K4Fe[CN]6). Potassium ferricyanide is 

known as a strong oxidizing agent, therefore, at some point of the coating process, the 

trivalent iron has been reduced to Fe2+. 

Both the oxygen and chromium peaks correspond to oxides and the shape of the latter 

suggesting that two chemical states are present: Cr+3 and Cr+6, which form the 

protecting layer. This indicates that the conversion coating is a mixture of chromate (or 

possibly CrO3) and Cr2O3 (Figure 4.31) [100, 101]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.31: Curve fit of Cr2p3/2 photoelectron peak 
 
The unexpected presence of the Al2p photoelectron peak shows that the coating layer is 

not uniform on the substrate, or that the chromate layer is not very thick (less than 3-5 

nm). An inspection of the background would lead to the second possibility, but the 

small intensity, together with the Cr3s peak overlapping make the interpretation 

difficult.  For the same reason the surface concentration of Al is slightly overestimated, 

but the presence of the Al2s photoelectron peak confirms that the amount is not 

negligible. 
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Table 4.5: Surface composition (at%) by XPS for Alodine 1200S treatment 

Sample C O Al F N Cr Fe 

  25°C 34.6 36.3 nr - 15.0 10.9 3.2 

Al 2219 30°C 34.6 36.3 nr - 15.0 10.9 3.2 

  35°C 35.6 37.6 nr - 14.1 10.1 2.6 

  25°C 31.4 34.2 7.3 - 14.3 10.0 2.9 

Al 7075 30°C 31.8 35.4 6.4 - 13.7 10.0 2.6 

  35°C 31.2 32.4 7.6 - 16.4 9.3 3.2 

  25°C 39.4 33.6 5.6 0.3 11.5 8.2 1.3 

Al 5083 30°C 34.4 36.0 6.3 0.8 12.2 8.1 2.2 

  35°C 36.7 35.8 5.9 0.9 11.0 7.9 1.8 

4.4.2.b Alodine 5700 

The XPS analysis of the Al2219, Al7075 and Al5083 alloys treated with Alodine 5700, 

at 25, 30 and 35 ºC shows the presence of the following photoelectron peaks: C1s, O1s, 

Al2p, F1s, N1s, Zr3d, Ti2p. In addition to these peaks the spectrum relative to Al2219 

shows the Cu2p signal, the spectrum for Al7075 shows Cu2p and Zn2p and the 

spectrum for Al5083 shows the signal of Si2p. Figure 4.32 shows a survey spectrum of 

Al 2219 treated with Alodine 5700 at 25°C. 

 
Figure 4.32: XPS survey spectrum of Al2219 treated with Alodine 5700 at 25ºC. 
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The surface concentrations of the elements are listed in Table 4.6. The oxygen is present 

as an oxide and as organic matrix. The carbon is present mainly as aliphatic 

contamination. The binding energy of the titanium peak corresponds to the titanium 

dioxide (TiO2) and it is a compound from the coating; the zirconium is part of the 

coating as well. Fluorine is present in different amounts according to the alloy. There is 

no quantitative correlation between these three elements that may suggest that they are 

elements of the same compound. Nitrogen is present in small amounts and in two 

different chemical states, one, at 400 eV, is of an organic matrix, and the other, 402 eV, 

possibly corresponds to an ammonium salt. The aluminium from the Al 2219 is 

overestimated, because its photoelectron peaks (2s and 2p) overlap with Cu3s and 

Cu3p. Its presence suggests that there is some damage in the coating or that it is not 

uniform. The specimens made on Al7075 show the presence of zinc, which diffuses 

from the alloy to the surface. Copper is present in the specimens made with Al2219 and 

Al 7075, both containing copper in different percentages. The atomic percentages on the 

surfaces reflect this difference. Silicon is present in a few of the specimens and is due to 

contamination. There is no significant difference in the chemical composition of the 

surfaces of the specimens made with the same alloy treated at different temperatures. 

The main differences between the alloys are the presence of Zn and Cu and the amount 

of fluorine, which is 12.3% average for the Al2219; 5.9% for Al7075 and 1.1% for 

Al5083. The carbon has different percentages as well: 24.3% average for Al2219; 

39.0% for Al7075 and 62.1% for Al5083, thus possibly an increased level of 

contamination makes the fluorine less detectable. 
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Table 3.6: Surface composition (at%) by XPS for the Alodine 5700 treatment 

Sample C O Al F N Si Zr Zn Ti Cu 

  25°C 18.8 36.9 22.6 14.1 - - 0.7 - 1.2 5.7 

Al 2219 30°C 28.7 36.0 15.2 9.7 1.0 2.4 1.0 - 1.9 4.2 

  35°C 25.3 36.6 18.4 13.0 0.9 - 0.7 - 1.1 3.8 

  25°C 41.8 35.1 6.5 5.4 2.4 - 0.2 4.7 3.1 0.8 

Al 7075 30°C 30.0 29.5 6.38 6.7 1.8 - 0.2 5.7 1.8 1.1 

  35°C 45.2 34.3 5.3 5.5 2.6 - 0.3 2.7 2.4 0.8 

  25°C 61.5 28.9 0.5 1.3 3.7 0.2 0.1 - 3.6 - 

Al 5083 30°C 62.4 28.4 0.5 0.9 3.7 0.2 0.2 - 3.8 - 

  35°C 62.5 27.3 0.7 1.2 3.6 0.3 0.1 - 4.1 - 

4.4.2.c Nabutan STI/310 

The XPS analysis of the Al2219, Al7075 and Al5083 alloys treated with Nabutan 

STI/310, at 25, 35 and 45 ºC shows the presence of the following photoelectron peaks: 

C1s, O1s, Al2p, F1s, N1s, Ti2p. Figure 4.33 shows a survey spectrum of Al 2219 

treated with Nabutan at 25°C. 

 
Figure 4.33: XPS survey spectrum of Al2219 treated with Nabutan STI/310 at 25ºC. 
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 Zn2p appears in the Al7075 samples and Cu2p is present in both the Al2219 and 

Al7075 alloys. Mg1s is present in Al7075 and Al5083. 

The surface compositions determined by XPS for these specimens are listed in Table 

4.7. Carbon is present as a contamination in the aliphatic and oxygenated chemical 

states. The oxygen peak is the overlap of three chemical states with the following 

binding energies: 530.2 eV, which corresponds to the titanium and copper oxides; 531.9 

eV, which corresponds to Al2O3, hydroxides and carbonates; and 533.2 eV, which 

corresponds to organic material (Figure 4.34). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.34: O1s peak fit for the Al2219 treated with Nabutan STI/310 at 35ºC. The fit shows three 
contributions: A from Ti and Cu oxides; B from Al oxide, hydroxide and carbonates; C from 

organic material. 
 
The titanium peak is made of a single chemical state and its binding energy (458.4 eV) 

corresponds to TiO2, which is probably the treatment itself.  Traces of fluorine are 

detected on the surface of all the samples, the source may be the coating itself.  Traces 

of nitrogen are detected as organic contamination. 

In Al2219 the copper 2p peak is the overlap of two peaks which correspond to the two 

copper oxides CuO (the Cu(II) state is confirmed by the presence of its satellites) and 

Cu2O (as confirmed by an estimate of its Auger parameter), or also a mixed Al-Cu 

compound like CuAl2. The copper for some reason diffuses from the alloy to the 

surface. 

In Al2219 the aluminium concentration is overestimated because the main 

photoelectron lines overlap the Cu3s (Al2s) and Cu3p (Al2p) peaks. For this reason it is 
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difficult to assess the surface concentration of Al correctly, nevertheless its presence on 

the surface indicates that the coating is not homogeneous.  In the other two alloys 

copper is not detected, therefore the aluminium peak is easily assessable. Aluminium is 

present as an oxide or bonded with copper where it is present. 

The Al7075 alloy, which contains zinc, shows the presence of this metal on the surface 

in small concentrations and with the binding energy of an oxide (ZnO).  Both Al7075 

and Al5083 alloys show traces of magnesium, which diffuses from the bulk of the 

alloys to the surface (oxide) layer.  There is no relevant difference in composition or in 

chemical states of the elements for the same alloy in the three different temperatures of 

deposition. 
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Table 4.7: Surface composition (at%) by XPS for the Nabutan STI/310 treatment 

Sample C O Al F N Zn Ti Mg Cu 

25°C 34.6 40.9 12.1 1.5 0.6 - 5.4 - 4.6 

35°C 35.0 42.3 13.9 - - - 4.3 - 4.5 Al 2219 

45°C 28.1 46.9 16.2 - - - 3.5 - 5.3 

25°C 26.8 53.2 11.4 1.9 - 1.7 2.7 0.9 1.4 

35°C 42.8 41.0 10.0 0.6 0.6 1.0 3.7 0.2 - Al 7075 

45°C 31.1 47.3 12.7 1.6 0.8 1.3 4.3 0.4 - 

25°C 39.2 47.2 5.2 1.0 0.5 - 5.6 1.2 - 

35°C 40.4 46.7 5.2 1.3 0.3 - 5.1 1.0 - Al 5083 

45°C          
 

4.4.2.d Iridite NCP 

The XPS analysis of the Al2219 alloy treated with Iridite NCP, at 25, 35 and 45ºC 

shows the presence of the following photoelectron peaks: C1s, O1s, F1s, Cu2p, Zr3d 

and W4f. Figure 4.35 shows a survey spectrum of Al 5083 treated with Iridite NCP at 

35°C. 

 
Figure 4.35: XPS survey spectrum of Al5083 treated with Iridite NCP at 35ºC 
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The Al2p photoelectron peak overlaps with the W5s peak and the Cu3p peak, so is 

difficult to estimate its atomic percentage. 

The spectra of the Al7075 and Al5083 alloys treated at 25 and 35ºC are qualitatively 

very similar. The aluminium surface concentration is overestimated, since the peak still 

overlaps with W5s and Cu3p, but the smaller amount of copper allows a better estimate 

than previous samples.  The spectra of Al7075 treated at 45ºC and Al5083 treated at 

45ºC were not as expected; both show a high silicon contamination on the top of the 

surface, attenuating the W and the Zr peaks that are characteristic of the coating. Figure 

4.36 shows the survey spectrum of Al 5083 treated with Iridite at 45°C. 

 
Figure 4.36: XPS survey spectrum of Al5083 treated with Iridite NCP at 45ºC. 
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probably the treatment itself, whilst the copper comes from the alloy. The zirconium 

and the tungsten come from the treatment and they are on the surface as oxides, ZrO2 

(Zr3d= 182.7 eV) and WO3 (W4f7/2 = 35.8 eV).  There is no apparent connection 
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between fluorine, zirconium and tungsten, the ratio of relevant surface concentrations is 

not constant, thus they are not present in the same compound.  In this case there is no 

relevant difference of composition of the surface for the 3 temperatures for the Al2219 

alloy. For the Al7075 and the Al5083 the highest temperature shows high level of 

silicon contamination, thus their surface composition are not included in the Table. 
 
Table 4.8: Surface composition (at%) by XPS for the Iridite NCP treatment 

Sample C O Al F Zr W Cu 

25°C 23.8 50.7 - 7.8 10.9 1.2 5.7 

35°C 24.5 50.9 - 7.9 11.9 0.5 4.3 Al 2219 

45°C 28.4 52.1 - 4.9 10.8 1.2 2.6 

25°C 20.2 48.5 5.8 10.0 13.0 1.2 1.1 

35°C 25.9 49.4 2.5 7.0 12.0 2.6 0.5 Al 7075 

45°C        

25°C 37.5 42.7 2.6 5.1 9.9 1.4 - 

35°C 28.8 58.5 1.8 9.6 12.8 0.9 0.3 Al 5083 

45°C        

 

The quantification of the aluminium in the presence of copper in XPS is not a 

straightforward procedure, since the main photoelectron peak of aluminium, the 2p, at 

about 74 eV binding energy, overlaps with two secondary peaks of copper, the 3p 

doublet, 3p1/2 and 3p3/2, which lie at about 77 and 79 eV binding energy. The Al2s 

peak (BE = 119 eV) also overlaps with the 3s peak of copper, thus it cannot be used for 

quantification either. The Bremmstrahlung induced Al KLL peak, which lies at about 

100 eV in the binding energy scale (about 1385 eV KE) is an aid to confirm the 

presence of the metal, but it is not useful in terms of quantification and it is not always 

detected with concentrations of aluminium below a certain limit.  A valid solution for 

aluminium quantification in the presence of copper would be the excitation of the Al1s 

peak, but its energy is too high (BE = 1558 eV) for a Mg or Al anode and it requires 

high energy X-rays, such as Zr Lα. A mathematical method was proposed by Hazell to 

solve the problem [102]. The method is based on the valuation of the Cu3s and Cu3p 

peak areas from the Cu2p and the subtraction of this area from the Al2s and Al2p peak 

areas. It is specified by the author that the quantification would be incorrect, as anything 
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that possesses a heterogeneous depth comparable to the XPS analysis depth, because of 

the bigger attenuation of the Cu2p signal, compared to the Cu3s-3p. The method was 

applied but it did not give a plausible result, probably because of the low amount of 

aluminium.  

4.4.2.e Conclusions 

A comparative study by XPS of three different alloys, Al2219, Al 7075 and Al5083, 

treated with four different treatments, Alodine 1200S, Alodine 5700, Nabutan STI/310 

and Iridite NCP, each one applied at three different temperatures, was performed. 

Alodine 1200S appears to give a layer composed of chromium in two different chemical 

states, Cr3+, in the form of chromium oxide, and Cr6+, in the form of chromate. The 

layer contains also the reduced form of the oxidising agent ferricyanide. The coating is 

not homogeneous, or it is only few nanometers thick. The composition of the coating 

seems not to be affected by either the bath temperature or the different alloy 

compositions. 

The main constituents of Alodine 5700 appear to be titanium oxide and zirconium, 

possibly oxide also. Fluorine is present as etching agent. The coating is not 

homogeneous and the main alloying metals of Al2219 (Cu) and Al7075 (Zn) seem to be 

exposed on the surface in small amounts. The temperature of the bath has no effect. 

Nabutan STI/310 gives a coating made of an organic polymer and titanium oxide, with 

traces of fluorine from the fluorotitanic acid. The fluoride ion has an etching action. The 

coating is not homogeneous and the main alloying metals of Al2219 (Cu), Al 7075 (Zn) 

and Al 5083 (Mg) are detectable. The temperature does not make any difference. 

Iridite NCP coating is based on zirconium and tungsten, with fluoride as etching agent. 

Zirconium oxide is largely reported in literature as a possible chromium replacement, 

but the little research performed with tungsten gave evidence of poor anti corrosion 

performance. Its addition to the coating seems to be more related to pigmentation (as 

WO3) or improvement of electrical conductivity (WO2).  The coating is not 

homogeneous and only copper as alloying metal is detectable on the surface of Al2219, 

and in traces on Al7075. The specimens with the coating applied on Al 7075 and 5083 

at 45°C has a composition dominated by silicon contamination (PDMS); no sensible 

variation is noticed for the other temperatures and for the total set of temperatures on 

the Al2219.  
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4.5 Concluding remarks 
The first stages of the coating process were examined. A better knowledge of three alloy 

surfaces relevant to aerospace industry was obtained (Al2219, Al7075, Al5083), 

revealing the wide presence of second phase precipitates with variable dimension and 

composition. The effect of two cleaning agents, Novaclean Al86 and N-Kleen Etch, 

with different active agents was investigated, to highlight the consequences on the 

contamination and on the alloy itself. The application of four different coatings on the 

mentioned alloys was explored, Alodine 1200S, Alodine 5700, Iridite NCP and Nabutan 

STI/310, and the effect of the bath temperature on the coating composition was 

assessed. 

In the next chapter some of the properties of the coatings will be examined. The 

stability of the coatings in a space-like environment concerning UV radiation and 

temperature will be tested, monitoring mass, thermo-optical properties and composition; 

and the adsorption properties of Alodine 1200S and Nabutan STI/310 will be examined, 

observing the adsorption of an epoxy resin on the coatings. 
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Chapter 5 

Adsorption of organic molecules and UV exposure of Al2219 

alloy treated with conversion coatings 

5.1 Introduction 
Any material used in aerospace industry has to meet specific requirements for space 

use, in order to grant stability in both terrestrial (prior to launch) and mission 

environment. Spacecraft designers have a series of constraints in selecting the materials 

to use, which involve a series of factors such as temperature, thermal cycling, vacuum 

outgassing, toxicity, flammability, radiation, electrical charge and discharge, corrosion 

and so on. Corrosion protection conversion coatings also have to satisfy such 

requirements in order to be applied on spacecraft components. In addition to that they 

should exhibit good adhesion properties for further application of paints or adhesives 

[7]. In this chapter the properties of some of the materials described in chapter 4 are 

explored. Two studies are presented in this Chapter; the first work investigates the 

adsorption of an epoxy acrylate resin, used for UV cured coatings on two of the 

proposed coatings, Alodine 1200S and Nabutan STI/310; the second work, carried out 

in partnership with ESTEC laboratories, Noordwijk, The Netherlands, investigates the 

effects of temperature and UV radiation on the composition and the thermo-optical 

performance of the materials.  

 

5.2 Adsorption 
One of the main characteristics of polymers is that they can readily adsorb onto high 

surface energy solid surfaces. This property is the basis of the successful use of organic 

coatings and adhesives. They are usually applied as low viscosity liquids to inorganic 

substrates and they produce chemical and/or configurational interactions in the 

interphase region between substrate and coating. The understanding of these 

interactions is useful to improve the performance of the coatings. 

The adsorption from the gas phase is well known, but when the polymer is in the form 

of a liquid solution the process is not so simple, since a competition between the 

polymer and the solvent molecules for the active sites on the substrate may take place. 
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A well established method of obtaining information concerning polymer adsorption is 

the construction of adsorption isotherms, plots of the uptake of a compound at constant 

temperature versus its partial pressure (in gas phases) or concentration (in liquid 

solutions). 

In gas phase adsorption the amount adsorbed is expressed as fractional coverage θ: 

available]sitesof[number
occupied]sitesadsorptionof[numberθ

⋅⋅⋅
⋅⋅⋅⋅

=  

which can be expressed in terms of volume of gas adsorbed on the solid surface, V, and 

volume of the gas adsorbed when a monolayer coverage is reached, V∞, at a specific 

pressure: 

 

 

According to the energies of the bonds involved, the adsorption phenomenon can be 

distinguished as physisorption (weak van der Waals bonds) or chemisorption (donor-

acceptor bonds, such as hydrogen bonds) with the physisorption process being less 

exothermic than chemisorption. An important difference between the two kinds of 

interaction is the effect that heat has on them: it reduces physisorption, breaking the 

weak bonds, which form as a result of adsorbate and substrate proximity, while it 

increases chemisorption, which has significant activation energy.  

An important model that describes well the majority of adsorption behaviour is the 

Langmuir model. Such a model is based on the following assumptions: 

1) a site can be empty or occupied 

2) the adsorption process will terminate with monolayer coverage 

3) all sites are equivalent 

4) there are no lateral interactions between adsorbed species 

5) adsorption is reversible. 

The last assumption implies that the process will reach a dynamic equilibrium, when the 

rate of adsorption equals the rate of desorption. This rate is proportional with the 

equilibrium pressure of the gas. 
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In mathematical therms: 

Adsorption:         m + v → o.s.            rads = k1 [m][v] 

                         Desorption:         o.s. → m + v            rdes = k2 [o.s.] 
where m are the number of molecules, v are the number of vacant sites and o.s. are the 

number of occupied sites, rads and rdes are the rates of adsorption and desorption and k1 

and k2 are the kinetic constants. 

At equilibrium then: 

 

rads = rdes = k1 [m][v] = k2 [o.s.] → 
[o.s.]
[v] = 

[m]k
k

1

2 = 
K[m]

1      with K = 
2

1

k
k  

 
The total number of sites is t.s. = v + o.s, the fractional coverage θ is then: 
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Applying the ideal gas law: 
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Replacing V with a more general term Γ: 
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where K10 and K20 are frequency factors, Eads and Edes are the energies of adsorption and 

desorption and  Q is the interaction energy. 
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When the equilibrium is reached and P is constant the extent of adsorption is given by 

the value of K, which will increase with a reduction of the system temperature and with 

an increase of interaction energy (stronger bonds between molecules and sites). 

In the case of adsorption from a liquid solution the Langmuir equation becomes: 

∞∞
+=
Γ
c

KΓ
1

x
c         Equation 1 

Plotting the quantity of solute adsorbed, x, against its concentration, c, the result would 

be a curve that describes the capacity of the surface for the adsorbate and thus describes 

the thermodynamics of the adsorption process. By plotting c/x against c a straight line 

would result, with gradient 1/Γ∞ and intercept 1/KΓ∞. 

The usual procedure is direct analysis of the liquid phase, but it can only lead to relative 

results since there is competition between the solute and the solvent for the active sites. 

The use of a surface analysis method ensures the amount of adsorbate at the substrate 

surface can be measured directly. 

An important limit of the Langmuir model is the assumption that the adsorption 

enthalpy is not dependent on the coverage. Surfaces are often inhomogeneous, and even 

if they are not, as in the case of single crystal surfaces, as the coverage increases lateral 

interactions between adsorbed molecules and unoccupied sites would affect the heat of 

adsorption. Other two models take into account this important variation: Temkin and 

Freundlich. The Temkin isotherm assumes a linear relationship between P and ΔHads: 

( )Pclncθ 21=          Equation 2 

where c1 and c2 are constants. The Freundlich model assumes that the heat of adsorption 

logarithmically decreases with the coverage [103, 104]: 
21/c

1Pcθ =              Equation 3 
The aim of this work is to compare the adsorption of an epoxy acrylate resin of the type 

used for UV-cured coatings (this resin is an experimental formulation based upon a 

standard low molecular weight diglycidyl ether of bisphenol A which has been only 

partially acrylated to ensure a degree of epoxy functionality is retained), on two 

different substrates: aluminum alloy treated with Alodine and the same alloy coated 

with Nabutan.  The epoxy acrylate resin is supplied as a 50:50 mix with a reactive 

diluent (iso bornyl acrylate), so that the resin can be processed readily.  
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The structure of the reactive diluent is shown below: 

 

 
 

Information about the interactions between the resin and the substrate can be obtained 

by the construction of adsorption isotherms. Time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) was used to measure the uptake of the adsorbate directly. 

5.2.1. Experimental 

Eight substrates of Al2219 were treated with Alodine 1200 and eight substrates of the 

same alloy were treated with Nabutan STI/310, using standard procedures described 

elsewhere [105, 106]. They were then cleaned in an ultrasonic bath for 25 minutes in 

acetone and for 25 minutes in toluene. One of the specimens was put aside and used as a 

reference. Seven solutions of an epoxy acrylate resin in toluene were prepared by 

progressive dilution, with the following concentrations: 10, 2, 0.4, 0.04, 0.008, 0.0008 

and 0.00016 g/L (listed in Table 5.1). Each specimen was immersed in a different 

solution for 20 minutes and then washed in toluene three times, each time with an 

immersion of three minutes, using fresh solvent for every immersion, to remove any 

weakly adsorbed species. The samples were then analyzed with a TOF.SIMS 5 (IonTof 

GmbH, Münster, Germany) spectrometer using a Bi3
+ ion beam in the high current 

bunched mode of operation which provides high spectral resolution data. Positive and 

negative ToF-SIMS spectra were acquired in the range 1-600 u. To represent the epoxy 

functionality the following ions were used; C6H5
+ (77 u), C9H11O+ (135 u) and C13H19

+ 

(165 u), and the negative ions employed were C6H5O- (93 u), C8H5O- (117 u), C9H9O- 

(133 u), and C14H11O2
- (211 u). These peaks are all characteristic of the DGEBA chain 

and are thus useful in establishing the uptake of the epoxy acrylate resin on the 

pretreated aluminium surfaces.  The intensities of such peaks, normalized to the total 

intensity to provide RPI (Iadsorbate/Itot), were used to build the adsorption curves. The 

acrylate functionalities, mainly indicative of the iso bornyl acrylate reactive diluent, 
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were assessed using the C3HO+ (57 u) and the following anions C2HO- (41 u), C3H3O- 

(55 u), C3H3O2
-  (71 u) and C5H3O3

- (111 u).  
   Table 5.1: Concentrations (g/L) of the epoxy acrylate resin solutions prepared. 

Solution 1 2 3 4 5 6 7 

Conc  (g/L) 10 2 0.4 0.04 0.008 0.0008 0.00016 

 

5.2.2. Results 

Figure 5.1a shows a positive SIMS spectrum, in the range 0-200 u, of Al2219 treated 

with Alodine 1200S after immersion in the 10 g/L solution of the epoxy resin. Figures 

5.1b, c and d are the high resolution spectra of the ions characteristic of the epoxy 

acrylate molecule C6H5
+, C9H11O+ and C13H19

+ from Al2219 treated with Alodine 

1200S prior to any exposure; Figures 5.1e, f and g are the same peaks after exposure to 

a 10 g/L solution of the resin. Figure 5.2 shows a negative SIMS spectrum in the range 

of 0-230 u, of Al2219 treated with Alodine 1200S after immersion in the 10 g/L 

solution of the epoxy resin. Figures 5.2b, c, d and e are the peaks relative to C6H5O-, 

C8H5O-, C9H9O- and C14H11O2
- from Al2219 treated with Alodine 1200S prior to any 

exposure; Figures 5.2f, g, h and i are the same peaks after exposure to a 10 g/L solution 

of the resin. 
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Figure 5.1: a) Positive SIMS spectrum of Al2219 treated with Alodine 1200 immersed in a 10 g/l 
solution of the resin (0-200 u); b-c-d) C6H5

+, C9H11O+ and C13H9
+ peaks from the reference specimen; 

e-f-g) the same peaks after immersion in a 10 g/L solution of the epoxy resin. 
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Figure 5.2 a) Negative SIMS spectrum of Al2219 treated with Alodine 1200 immersed in a 10 g/l solution 
of the resin (0-230 u); b-c-d-e) C6H5O-, C8H5O-, C9H9O- and C14H11O2

- peaks from the reference 
specimen; f-g-h-i) the same peaks after immersion in a 10 g/L solution of the epoxy resin. 
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Figure 5.3 shows the adsorption curves of the epoxy acrylate resin on Nabutan STI/310 

and Alodine 1200S as indicated by the C6H5
+ peak intensity, plus an indication of the 

level at which this fragment is detected on the reference samples. The relative intensity 

was plotted against the solution concentration. The Alodine curve shows a monotonic 

behaviour, constantly increasing until it reaches a plateau, while the Nabutan curve 

shows a more complex behaviour: it increases at first, reaches a maximum, exhibits a 

small drop and increases again without reaching a plateau in the concentration range 

considered. Figure 5.4 displays the adsorption curves for the two coatings deduced from 

the intensity of the C9H11O+ peak, plus the reference data. The shape of the Nabutan 

curve is similar to the one in Figure 5.3, while the isotherm on Alodine has a different 

pattern, with an initial steep rise to a maximum, a drop and a slight increase below the 

maximum. The same trend is shown in Figure 5.5 for both the isotherms, monitoring the 

C13H19
+ peak this time, with the difference that the Alodine curve increases gradually 

towards the maximum.  
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Figure 5.3: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C6H5
+ relative peak intensity. 
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Figure 5.4: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C9H11O+ relative peak intensity. 
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Figure 5.5: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C13H9
+ relative peak intensity. 

+ 
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Figures 5.6, 5.7, 5.8 and 5.9, corresponding to the negative ions C6H5O-, C8H5O-, 

C9H9O- and C14H11O2
- show very similar isotherm behaviour, the Alodine curve 

increases first, then reaches a plateau, as in Figure 5.3. The Nabutan curve recalls the 

shape of Figures 5.3-5.5, with a maximum point and a second increase, with the only 

exception of Figure 5.6, where it does not show any peak, but a rapid rise followed by a 

gentle increase. 
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Figure 5.6: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C6H5O- relative peak intensity 
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Figure 5.7: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C8H5O- relative peak intensity 
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Figure 5.8: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C9H9O- relative peak intensity. 
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Figure 5.9: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C14H11O2
- relative peak intensity. 
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The reference points from the substrates show the absence of most of the fragments on 

the surface before the immersion in solution. Only two fragments were detected on the 

bare surface at a significant intensity: C6H5
+ and C13H19

+. These fragments can be 

associated to the toluene used to clean the surface, therefore they represent 

contamination.  The adsorption of the iso-bornyl acrylate reactive diluent is relatively 

small compared with the epoxy acrylate molecule on the Alodine 1200 treated substrate 

and for this reason it is appropriate to consider the behaviour of this system in terms of 

the adsorption of the DGEBA based resin.  The standard test procedures [107] were 

used to assess the conformity of the adsorption of epoxy acrylate resin on Alodine 1200 

treated Al2219 using the total ions as representative of the adsorbate.  The Langmuir 

curve, according to Equation 1, was obtained plotting the ratio of the concentration by 

the relative peak intensity (c/RPI) versus solution concentration (c); the Temkin curve, 

according to Equation 2, was obtained plotting the relative peak intensity (RPI) versus 

the natural logarithm of the solution concentration (lnc); the Freundlich curve, 

according to Equation 3, was obtained plotting the natural logarithm of the relative peak 

intensity (lnRPI) versus the natural logarithm of the solution concentration (lnc). The 

more similar the adsorption process is to the ideal model, the closer the new curves will 

be to a straight line. The linear least squares method was used to fit the curves and the 

R2 values are displayed in Table 5.2, which clearly indicates that using all ions 

considered, adsorption conforms to the Langmuir model.  An example fit showing 

Langmuir behaviour for the C6H5O- anion is shown in Fig 10. 

 
Table 5.2: R2 of the Langmuir, Temkin and Freundlich modelled curves for the Alodine coated 
specimens. 

Alodine 
1200S C6H5

+ C9H11O+ C13H9
+ C6H5O- C8H5O- C9H9O- C14H11O2

-

Langmuir 0.9999 0.9966 0.9977 0.9999 1 0.9997 1 

Temkin 0.9387 0.8538 0.9271 0.8237 0.9233 0.8999 0.893 

Freundlich 0.9697 0.9262 0.9495 0.7778 0.9298 0.9243 0.93 
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Figure 5.10: a) Langmuir; b) Temkin and c) Freundlich models and least square fittings for Al2219 

coated with Alodine 1200S, relative to the C6H5O- relative peak intensity. 
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A similar procedure was carried out for the resin adsorbed on the Nabutan pretreated 

Al2219 and, rather surprisingly, similar results are obtained as indicated in Table 5.3.  

This result is rather unexpected as all ions, but one, characteristic of DGEBA show a 

“dip” at low concentrations.  Inspection of the behaviour of ions characteristic of the 

reactive diluent, Figures 5.11 – 5.14 show that the “dip” in the DGEBA intensity is 

complemented by a concomitant rise in the reactive diluent intensity at the same 

concentration.  It can also be seen that the data for the Alodine 1200 substrate is at a 

much lower intensity, reinforcing the observation, relating to the DGEBA adsorption, 

that the inorganic conversion coating has a much lower propensity to adsorb organic 

molecules than does the hybrid conversion coating. 
Table 5.3: R2 of the Langmuir, Temkin and Freundlich modelled curves for the Nabutan coated 
specimens. 

Nabutan 
STI/310 C6H5

+ C9H11O+ C13H9
+ C6H5O- C8H5O- C9H9O- C14H11O2

-

Langmuir 0.9968 0.8932 0.9902 0.9879 0.9844 0.9766 0.9094 

Temkin 0.582 0.5413 0.6539 0.8608 0.734 0.7109 0.6223 

Freundlich 0.6136 0.7392 0.7528 0.9606 0.908 0.9143 0.8302 
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Figure 5.11: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C2HO- relative peak intensity. 
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Figure 5.12: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C3H3O- relative peak intensity 
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Figure 5.13: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C3H3O2
- relative peak intensity 
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Figure 5.14: Adsorption curves of Al2219 coated with Alodine 1200S (blue) and Al2219 coated with 

Nabutan STI/310 (pink), using the C5H3O3
- relative peak intensity 
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5.2.3. Discussion 

The two conversion coatings compared in this study are very different in nature. The 

Alodine is an inorganic chromate-based coating and its main component is chromium 

oxide. The Nabutan is an organic coating, a mixture of organic and inorganic acids, 

fluorotitanic acid being one of them [9]. It was expected that they would have different 

adsorption behaviours.  All the adsorption curves relating to the Alodine treated 

substrate display the same trend, with the exception of two. The curves obtained from 

the peaks C6H5
+, C6H5O-, C8H5O-, C9H9O- and C14H11O2

- exhibit a monotonic increase 

with a plateau, when the monolayer coverage was probably reached. The R2 values in 

Table 2 give confirmation of the very good agreement with the Langmuir model, which 

implies monolayer coverage and no lateral interactions. The peaks C9H11O+ and C13H9
+ 

give unusual curves, they show a maximum at the concentration 0.4 g/L, then a drop 

and a rise, without reaching saturation of the surface in the range considered.  The 

curves relative to the reactive diluent on Alodine 1200 all follow the same general form 

which is similar to that of ions diagnostic of the DGEBA.  It would appear that for the 

inorganic conversion coating the DGEBA and reactive diluent molecules adsorb in 

concert, possibly by a coadsorption phenomenon.  This is clearly not the case for the 

Nabutan treated substrates. 

Considering firstly the ions relating to DGEBA, all the curves relative to Nabutan have 

the same characteristics, they do not reach saturation and they have higher RPI values 

than the Alodine curves. Another feature of those curves should be noticed: they all 

display a maximum, followed by a minimum (a “dip”) at low concentrations, apart from 

the peak C6H5O-.  This behaviour is reminiscent of the oscillatory behaviour that has 

been studied extensively by Quinton and Dastoor [108-110]. They observed the same 

shape when studying the kinetics of adsorption of organosilanes on iron and aluminium 

oxide surfaces and concluded that the system must be determined by two or more 

dynamical variables that could be the concentrations of two different adsorption species. 

They assumed that the two species were monomers and dimers of the compound studied 

and they developed a model which defines the phases of the process: a first adsorption 

of the monomer, up to a maximum, then its desorption by displacement (drop) and a 

new and slower adsorption of dimers or larger species, which would form a stronger 

bond with the surface. 
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In the current study, however, the binary nature of the adsorbate solute allows the study 

of the behaviour of the two molecular species independently. The data of the iso-bornyl 

acryl ate (IBA) species shows quite clearly the “dip” in the DGEBA is associated with a 

maximum in the reactive diluent behaviour.  This points to the source of the behaviour 

being a competitive adsorption process between the two solute molecules in the 

solution.  The adsorption process as a function of concentration, i.e. in terms of the 

thermodynamics, can be considered as follows: in very dilute solutions there is a 

paucity of adsorbate (of both types) arriving at the substrate surface and all molecules 

are readily adsorbed.  As the solution concentration increases so does the adsorption of 

both species until, at a critical concentration the IBA is adsorbed at the expense of 

(perhaps displacing) the DGEBA.  As the solution concentration increases further the 

IBA is displaced by the DGEBA which continues to increase as a function of solution 

concentration.  Such behaviour is related to the substrate properties, rather than solution 

behaviour, as it is singularly absent from the Alodine 1200 substrate results.  The 

behaviour is thought to result from two properties of the adsorbing molecules, the 

relative concentration of functional groups and the ease with which conformational 

changes can occur, the IBA may be impeded by steric hindrance which will not present 

such a problem to the more flexible, linear, DGEBA molecule.  

In this study the use of commercial pretreatments has meant that the functionality of the 

substrate cannot be defined with the precision that one would ideally like to see in 

investigations of this type.  The organic nature of the Nabutan pre-treatment is expected 

to play an important role in the process, giving rise to undocumented interactions with 

the components of the resin, or even with the solvent, which is also organic in nature, 

and consequently increasing the number of dynamic variables in the system.  For this 

reason the competitive adsorption process observed is also related to the heterogeneous 

nature of the substrate and it is inevitable that the observed behaviour reflects 

adsorption on both types of adsorption site. One must also recall that the adsorbate is 

more correctly described as a binary mixture of the modified DGEBA and a reactive 

diluent. 

A major difference between this study and the experiments conducted by Quinton and 

Dastoor is that while they monitored only the kinetic behaviour (adsorption vs time), in 

this work the thermodynamic aspect has been observed (adsorption vs concentration of 

adsorbate).  Bearing in mind this relevant distinction, Quinton and Dastoor’s 
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interpretation of their results was useful in developing a hypothesis to explain the results 

presented here. Sharing the basic concept that an increased number of variables should 

determine the system, a more careful observation of the used substrates and adsorbate is 

needed to identify them. The adsorbate consists of a mixture, in equal parts by volume, 

of the epoxy acrylate resin based on bisphenol A and iso bornyl acrylate. Considering 

the chemistry (functionality) of the two solutes it can be assumed that a small molecule 

from this epoxy resin would have from one to three functional groups: the epoxy group, 

the hydroxyl group and the carboxylic group, whereas the IBA will have the two 

oxygens of the ester grouping. In addition, every DGEBA molecule will have a reactive 

functional group at both sides of the chain, as the DGEBA is partially acrylated, there 

will be an epoxy group at one end and an acrylate moiety at the other. Along the chain 

positive and negative sites alternate at a molecular scale, providing instantaneous 

dipoles. The Alodine 1200 surface is mainly chromium oxide, so an ideal surface (not 

taking into account any sort of defect in the coating) consists of a matrix of Cr and O 

atoms that alternate in the two dimensions. Reactive sites consist of the “positive” 

chromium and to a lesser extent the “negative” oxygen alternating at the atomic scale as 

most of the organic functional groups are nucleophilic with a few electrophilic such as 

the electron depleted carbon of the acrylate functional groups. The Nabutan coating is a 

commercial treatment made of titanium dioxide, mixed with an organic polymer which 

is not fully defined. However it can be assumed that the surface would have well 

defined polarity at the molecular scale (as a result of the polymer) and at least two 

active sites: the positive titanium and one (or probably more) functional group from the 

polymer. 

It is evident that the system is rather complex. In order to propose a possible behaviour 

mechanism a few considerations on the adsorption curves should be made. Figures 5.7, 

5.8 and 5.9 are the most representative of the substrates and have the lower level of 

presence of the fragment monitored in the reference specimen. According to the curve 

behaviour the concentration axis can be divided in two ranges for the Alodine and three 

for the Nabutan. Looking at the Alodine curves the adsorption grows monotonically in 

the range 0.00016 to 0.4 g/L, and it reaches a plateau in the range 0.4 to 10 g/L.  This 

indicates that in this system there is a tendency for only one site to be active on the 

substrate, and probably only one active site from the adsorbate, since only the functional 

group with the major affinity with the Cr site will react, unless reactive sites from the 
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adsorbate are equivalent in energy. At 0.4 g/L the surface is saturated. The Nabutan 

curve is more complex. It grows monotonically in the range 0.00016 to 0.04 g/L. At 0.4 

g/L the adsorption shows a drop, and then at 2 to 10 g/L it increases again, without 

reaching a plateau. Overall the RPI is higher than for Alodine. The higher adsorption of 

Nabutan may be explained by the fact that the substrate has more active sites, compared 

with the Alodine/resin system.  

At low solution concentrations small molecules will freely approach the substrate, 

giving several possible interaction schemes between substrate and adsorbate so that the 

adsorption increases with concentration. At 0.4 g/L the adsorption of the DGEBA 

decreases, whilst that of the IBA increases.  This implies that at this concentration it is 

more advantageous for adsorption of the IBA as it is a smaller, although more rigid, 

molecule that the DGEBA, and attachment via the acrylate functionality is relatively 

straightforward.  As the concentration of the solution is increased so it becomes more 

advantageous for the DGEBA molecules, with their plethora of bonding sites and 

relatively flexible molecular architecture, to adsorb on the unoccupied adsorption sites 

and then displace the IBA species which are tethered to the substrate via the single 

acrylate group.  The DGEBA has potential bonding functionalities at each end of the 

molecule (epoxy and acrylate) as well as hydroxyl groups along the chain, thus 

providing more secure attachment than the single acrylate group of the IBA.  In this 

manner the adsorption curves exemplify complementary behaviour typical of 

competitive adsorption. 

To summarize, the adsorption of two systems was studied: epoxy resin/Alodine and 

epoxy resin/Nabutan. The first system follows the Langmuir model closely, all sites are 

equivalent, there are no interactions other than the reaction between one active site from 

the adsorbate and one active site of the substrate and the process terminates with 

apparent monolayer coverage, of the substrate by both DGEBA and IBA, indicative of a 

coadsorption . The second system is more complex, with competitive adsorption 

occurring between DGEBA and IBA, most importantly  the adsorption process does not 

terminate with monolayer coverage. This leads to a more complex behaviour where 

different factors become more or less relevant according to the solution concentration, 

and the result is an irregular adsorption pattern and a higher adsorption level. 
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5.2.4. Conclusions 

The adsorption of an acrylate epoxy resin on coated aluminium alloy was studied at 

different resin concentrations. Two coatings were used, the chromium based Alodine 

1200S, and the Cr-free Nabutan STI/310, containing organic components. 

The two coatings displayed a different behaviour, the Alodine showed a monotonic 

increase, reaching the monolayer coverage; while the Nabutan gave evidence of an 

oscillatory nature of the process and it did not reach a plateau. This difference is 

attributed to the organic nature of Nabutan.  

With respect to the resin, the overall adsorbate concentration is higher on the Nabutan 

than on Alodine, probably because of the greater affinity between the polymer and the 

coating, being both organic compounds. The implication is that Nabutan seems to be a 

better substrate for epoxy resin based coatings, with a higher capacity of the surface for 

the adsorbate coatings. 

Further studies are needed to establish the reactions involved, and adsorption sites on 

the substrate could be identified using an adsorbate with known composition as a probe. 
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5.3 UV exposure 
An investigation on the combined effect of UV and temperature on polished and treated 

aluminium specimens has been conducted. Thermo-optical properties, mass and 

composition of the coating surfaces were monitored, before and after the exposure, to 

observe how UV radiation and temperature affect these parameters. The importance of 

this sort of testing of materials to be used in aerospace applications lays on the 

requirement of stability of such materials in space environment. Any variation in mass 

and composition need to be controlled to prevent any undesirable consequence 

according to the application. In the case of conversion coatings a mass loss or a 

variation in composition could affect the uniformity and the properties of the coating 

layer, leading to failure of adhesion, lack of corrosion protection or reduction of 

electrical conductivity. 

The thermo-optical properties are related with the attitude of a material to increase its 

temperature under UV radiation. The temperature that materials can stand is a crucial 

point in the choice of materials for aerospace, many sorts of transitions take place due to 

temperature, phase transitions, ductile-brittle transitions for metals, glass transitions for 

polymers are an example. Since the adsorption of electromagnetic radiation leads to an 

increase of temperature, it is desirable for coatings to be able to reflect it.  The termo-

optical properties monitored were the total solar reflectance and the normal thermal 

emittance. The total reflectance is composed by the specular reflectance (mirror-like) 

and the diffuse reflectance (in different directions). From the total reflectance values of 

solar absorbance, αS, are derived by weighting the reflectance spectrum with the solar 

spectrum: 
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∫
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where: 

Rλ is the spectral reflectance of the specimen 

Sλ is the spectral solar irradiance 
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dλ is typically in the range 1 nm below and 2 nm above 800 nm 

λ1 is 250 nm 

λ2 is 2500 nm 

The emittance, ε, is defined as the ratio of the radiant intensity of the specimen to that 

emitted by a black body radiator at the same temperature and under the same geometric 

and wavelength conditions. The normal emittance εN is relative to the case of an 

incident solid angle normal to the specimen [111]. It is obtained as follows: 

SN R−= 1ε  

4
IR

D
S T

I
R

σ
=  

where: 

RS is the sample reflectance 

ID is the energy of the specimen seen by the reflectometer detector 

σ is the Stefan-Boltzmann constant 

TIR is the infrared source temperature 

σ TIR
4, according to the Stefan-Boltzmann law, is the total energy irradiated, per unit 

surface area per unit time,  by a black body at the specified temperature [111]. 

The ratio between the absorbance and the emittance (αS /εN) was then calculated. This 

value indicates the ability of a material to increase its temperature under UV radiation. 

In this experiment the temperature and UV radiation conditions found in the earth orbit 

environment were recreated and Al2219 alloy specimens, untreated and treated with 

Alodine 1200S, Nabutan STI/310 and Iridite NCP, were exposed and the mentioned 

properties monitored before and after the test. 
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5.2.1 Experimental 

Four specimens of Al2219 were prepared at The Surface Analysis Laboratory, 

University of Surrey, UK. They were cut in squares of 19 × 19 mm2 surface and 

polished to 1 µm finish. Three of them were treated with Alodine 1200S, Nabutan 

STI/310 and Iridite NCP. The thermo-optical and mass measurements and the UV 

exposure were performed in the ESTEC laboratories, The Netherlands, afterwards the 

surface composition was monitored by XPS in the University of Surrey. 

The UV exposure was performed in a facility named CROSS2 in ESTEC TEC-QEM, 

and shown in Figure 5.10. 

Figure 5.10: CROSS2 facility at ESTEC-QEM laboratories, The 
Netherland 
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which consists in a chamber held in high vacuum (<2.5×10-6 mbar) by a turbo pump, 

with a cold shroud purged with liquid nitrogen to condense contaminants and keep the 

environment clean. The samples were mounted on a sample plate shown in Figure 5.11 

equipped with two heaters and a liquid nitrogen cooling system. The plate was heated at 

an average temperature of 101.0°C and the temperature was monitored by four sensors 

mounted on the plate (blue circles in Figure 5.11) and the radiation by six UV detectors 

(red rectangles). The samples were positioned under the top grid (purple circles). 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.11: Sample plate of the ESTEC facility CROSS2 [112] 

 
Two gold foils were placed on the sample plate and on the cold shroud to check the 

level of contamination after the exposure with XPS analysis. The UV source was a 

group of eight arc discharge lamps held at a voltage of 2.4 V, emitting in the range over 

200-400 nm. They provided a radiation of 12.8 SC (solar constant), that is to say an 

intensity of 12.8 times the solar intensity in earth orbit. The total exposure time was 100 

hours, equal to 1280 esh (equivalent solar hours). 

The solar reflectance was measured in the wavelength range 250-2500 nm with the Cary 

500 (UV/VIS/NIR) spectrometer fitted with an integrating sphere to include the diffuse 

portion. It is a double beam spectrometer operating in the wavelength range of 175-
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3300 nm. It has a tungsten halogen Vis/NIR source and a deuterium arc UV source. The 

detectors are a photomultiplier (UV/Vis) and cooled PbS photocell (IR). A standard 

mirror was used as reference. 

The normal thermal emittance εN at room temperature was calculated with an infrared 

reflectometer, type TEMP 2000A of AZ technology. The specimen is alternately 

irradiated by IR radiation emitted by two heat sources, one at room temperature and the 

other at a slightly higher T. All the surfaces in the optical path irradiate energy, but only 

the energy reflected by the specimen surface is not constant. The detector is made to 

respond to this modulated signal. 

The composition of the surface was detected by XPS analysis. 

Thermo-optical and mass measurements and visual inspection were determined before 

and after the UV exposure. The composition of the specimens was analysed after the 

test only to avoid any possible degradation caused by the x-ray exposure.  
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5.2.2 Results and discussion 

The specimens did not show any visual degradation after the test. No mass loss was 

detected, as shown in Table 5.4.  

Table 5.4: Mass measurements of exposed samples before and after test. 

Specimen Mass before test 
(mg) 

Mass after test 
(mg) Mass loss (%) 

Just polished 4577.141 4577.063 0.00 
Alodine 1200S 4582.522 4582.350 0.00 

Nabutan STI/310 4605.047 4605.007 0.00 
Iridite NCP 4460.258 4460.206 0.00 

 

The spectra of the total solar reflectance are shown in Figure 5.12. 

 
Figura 5.12: Reflectance spectra of the specimens before test (BOT: beginning of time) and after 
test (EOT: end of time). The curves are labelled with numbers: [1] is the just polished alloy; [2] is 

the Alodine 1200S; [3] is Nabutan STI/310 and [4] is Iridite NCP [112]. 
 

The just polished aluminium alloy and the specimen treated with Nabutan STI/310 

showed a similar behaviour. They both have high reflectance values (> 0.65) and they 

both remain constant after the test. Alodine and Iridite have smaller reflectance values. 

Alodine seems to be the most influenced by the exposure. The calculated absorbance 

values, before and after the exposure, are shown in Table 5.5. 
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Table 5.5: Solar absorbance values before and after the test [112]. 

Specimen αS before test αS after test ΔαS (%) 
Just polished 0.13 0.17 25 

Alodine 1200S 0.43 0.58 37 
Nabutan STI/310 0.13 0.17 26 

Iridite NCP 0.21 0.25 17 
 

The emittance values before and after the test are shown in table 5.6. The specimens 

show very low emissivity which are decreasing after the exposure. 
Table 5.6: Emittance values of the specimens before and after the test [112]. 

Specimen εN before test εN after test ΔεN (%) 
Just polished 0.03 0.02 -20 

Alodine 1200S 0.04 0.03 -35 
Nabutan STI/310 0.03 0.03 4 

Iridite NCP 0.03 0.03 -11 
 

The ratio of the absorbance to the emittance, are then calculated before and after the 

test. The values are shown in Table 5.7. It is evident that the specimen most influenced 

by the combined exposure of UV radiation and temperature is the Alodine 1200S. The 

least affected sample is Nabutan STI/310. 
Table 5.7: Absorbance/emittance ratio values of the specimens before and after the test [112]. 

Specimen αS /εN before test αS /εN after test Δ (%) 
Just polished 4.40 6.88 56 

Alodine 1200S 9.61 20.14 110 
Nabutan STI/310 4.81 5.83 21 

Iridite NCP 6.98 9.15 31 
 

The XPS survey spectra are shown in Figures 5.13. All the spectra exhibit high levels of 

carbon contamination and a double peak of fluorine (686.2 and 688.4 eV) also attributed 

to contamination, as confirmed by the XPS analysis of the gold foils placed on the 

sample plate and on the cold shroud. 

Figure 5.13a shows the spectrum of the bare aluminium alloy. The spectrum was 

compared with XPS spectra acquired from other specimens of Al2219. No relevant 

difference was highlighted.  

Figure 5.13b shows the spectrum of the alloy treated with Alodine 1200S. Figure 5.13c 

shows the spectrum of the alloy treated with Iridite NCP.  Figure 5.13d shows the XPS 

wide spectrum of the alloy treated with Nabutan STI/310. Comparing these spectra with 

the respective spectra in Chapter 3 the only differences detected are: a lower amount of 
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copper, probably caused by the polishing of the specimens preceding the application of 

the coatings, and a higher level of aluminium, which means that the coating is not 

homogeneous.  

It has been observed that the polishing procedure influences the deposition of a coating. 

Probably the smoothness of the surface means also lack of effective nucleation sites. 

Figure 5.14 a is a SEM image of Al2219 polished to 1 µm finish, Figure 5.14 b is a 

SEM image of the same area after the Alodine 1200S bath. Two indentation marks (red 

and green circles) were used to relocate the area. It can be seen how the coating 

develops around rough areas (precipitates). The indentation mark in the red circle does 

not show any sign of coating deposition, the indentation mark in the green circle shows 

deposition of the coating around the inclusion close to it. The purple and blue rectangles 

mark the position of some of the inclusions in the area. It is evident that the initiation 

sites of the coating deposition are the precipitates, which represent rough sites. The 

deposition then evolves radially around the inclusions in a twirling filament pattern.
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Figure 5.13: XPS wide spectra of the Al 2219 alloy a) just polished; b) treated with Alodine 1200S; c) treated with Iridite NCP; d) treated with Nabutan STI/310, after the test. 
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Figura 5.14: SEM image of Al2219 polished to 1 µm finish: a) untreated; b) treated with Alodine 1200S 
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5.4 Concluding remarks 
In this chapter some properties of the anticorrosion pretreatments for aluminium alloys 

were investigated. An adsorption study on Nabutan STI/310 and Alodine 1200S on an 

Al2219 substrate was conducted. The adsorbate was an epoxy acrylate resin used in UV 

cured coatings. They showed different behaviours: the Alodine showed monotonic 

increase and it reached a plateau, the Nabutan showed an oscillatory behaviour, 

probably due to its organic nature. Nabutan seems to be a better substrate for this resin, 

giving higher adsorption compared to Alodine.  

The same substrate, untreated, and treated with Alodine 1200S, Nabutan STI/310 and 

Iridite NCP were exposed to UV radiation and high temperature, reproducing the 

conditions of sun exposure in space. The materials proved to be stable under such 

conditions, in respect to their composition and thermo-optical properties. 

In the next Chapter the behaviour of the Al2219 alloy, untreated, in a saline solution 

will be described as a function of time, with emphasis on the electrochemical activity in 

proximity of second phase precipitates.   
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Chapter 6 

Corrosion of aluminium: the role of intermetallics 

6.1 Introduction 
The behaviour of the 2219 aluminium alloy surface after progressive exposure to a 

3.5% NaCl solution has been studied. The composition of this alloy is Cu 5.8-6.8 wt.%, 

Mn 0.2-0.4 wt.%, Fe 0.0-0.3 wt.% and Al to balance. The major second phase 

precipitates are Al-Cu-Fe-Mn, with variable composition and they are considered 

cathodic with respect to the matrix. The characterisation of these particles was presented 

in Chapter 4. Since the main form of corrosion for aluminium alloys is localized 

corrosion, AES, SAM and EDX analysis was undertaken on regions containing 

intermetallics. The alloy was immersed in the NaCl solution for different time intervals 

and the same intermetallics were located and analysis repeated at exactly the same point 

after each exposure, in order to follow the corrosion process as a function of exposure to 

saline solution. This procedure has been developed in order to monitor changes in shape 

and composition caused by corrosion. The behaviour of three Al-Cu-Fe-Mn 

intermetallics was followed and will be described in this chapter.  

 
6.2 Experimental 
One specimen of Al2219 of about 1 cm2 area was wet ground with 600, 1200, 2500 and 

4000 grit silicon carbide papers, and then was polished with diamond paste to a 1 μm 

finish. Subsequently it was ultrasonically cleaned in acetone and rinsed in ultra pure 

water. Inclusion sites were identified and marked using a Vickers microhardness tester, 

to give indentations around the intermetallics of interest. This allowed the inclusion 

groups to be readily re-located for subsequent AES, SAM and EDX analysis. Three 

inclusion groups were chosen on the same specimen, different in size and aspect ratio, 

to observe how the size influences the corrosion process. The specimen was 

manipulated with the aid of stage motors, which allowed to shift along the X and Y 

directions and to control the azimuthal rotation, setting the same orientation of the 

groups for every analysis. 

A solution of sodium chloride (3.5%) was prepared from analytical grade NaCl and 

ultra-pure water. The specimen of Al 2219 was immersed in this solution for different 

periods of time and after each immersion it was washed in ultra-pure water. The sample 
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was removed from the water, placed on its side and the water drained  onto blotting 

paper and then analyzed by means of AES, SAM and EDX. 

Before the first analysis the surface of the specimen was lightly sputtered with argon 

ions with a 1kV voltage for 5-10 seconds, in order to remove the adventitious carbon 

contamination.  

 

6.3 Results 
Before exposure of the specimen to the 3.5% NaCl solution a visual examination of the 

surface by SEM, within the Auger microscope, showed the presence of particles of 

various sizes, from 0.1 to 30 µm. Three second phase particles (Figure 6.1), different in 

size, were marked with a microhardness indenter, in order to monitor the development 

of the corrosion after exposure to NaCl solution. They were first characterized as 

previously described by SEM, AES, SAM and EDX, then the same set of analyses are 

repeated after the following cumulative immersion times in NaCl solution: 15 minutes, 

45 minutes, 2 hours, 4 hours and 8 hours. After 32 hours of immersion none of the 

marked particles could be located, as a result of the substantial deposition of corrosion 

products. The average composition of the intermetallics is: 78 at% Al, 16 at% Cu, 5 at% 

Fe and 1 at% Mn.  

 

0.5µm2.0µm4.0µm4 µm 2 µm 0.5 µm 

Figura 6.1: SEM micrographs of three second phase intermetallic groups of different sizes on the 
surface of the Al2219 alloy. 
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6.3.1 First intermetallic group 

Figure 6.2 shows the SEM micrographs and the SAM map sequences of aluminium, 

oxygen, copper and iron for the particle as a function of exposure time. Examining the 

images in a row, morphological and compositional variations due to the progression of 

corrosion can be monitored, each micrograph/map representing the intermetallic 

environment in a specific instant in time during the corrosion process. The SEM 

micrographs (first row) showed a progressive deposition of corrosion products with 

time, mainly after the first two hours of exposure, which is concentrated around the 

intermetallic. Considering the Auger data, the Al and O images are similar and indicate 

that, as expected, there is a general deposition of aluminium oxide based corrosion 

products as the exposure time increases. However, examination of the point analysis in 

Figure 6.3 shows that the Al/O intensity on the matrix shows no clear change as a 

function of exposure time, but on the intermetallic the Al/O intensity drops as the 

exposure time increases (probably due to the formation of other oxide based corrosion 

products in addition to Al(OH)3). In contrast, the Fe, which prior to exposure exhibited 

a negligible intensity on the intermetallic, shows an increase in the Fe/O ratio as the 

exposure time increases. The initial high intensity of Cu on the intermetallic drops to 

much lower values after 45 minutes, but then shows a relatively constant intensity with 

exposure time. In Figure 6.2, the Cl KLL peak intensity (at 181 eV) was seen to be 

negligible after 45 minutes and 4 hours, but after 8 hours Cl intensity was observed in 

the SAM data. The map shows the aggregation of Cl around the intermetallic site.  
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Figure 6.2: SEM micrographs (first row) and SAM maps of Al, O, Cu, Fe and Cl at different times 
of immersion in the 3.5% NaCl solution for the first intermetallic. The scale bar at the bottom of 

each column is valid for the SEM and SAM images of the column. 
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Figure 6.3: Comparison of AES survey spectra recorded after 45 minutes, 4 hours and 8 hours, 
from a point on the intermetallic (top) and a point on the matrix (bottom) – analysis point 

marked by a cross on the inset SEM image. 
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Figure 6.4 shows SEM images again, together with the EDX maps for Al, O, Cu, Fe, 

Mn. The Al maps are generally unchanged as a function of exposure time, but the area 

of the intermetallic becomes less well-defined as corrosion products are deposited 

around this site. Oxygen exhibits an interesting behaviour. After 15 minutes, the O 

signal is most intense at the periphery of the intermetallic particle, but after 45 minutes, 

the intensity is more evenly distributed over the intermetallic. Then as the exposure 

progresses further, the O intensity tends to be associated with the larger fragments of 

corrosion products which deposit on the matrix close to the intermetallic. However, at 

the matrix/intermetallic interface where the corrosive attack is most aggressive, the O 

signal is reduced and the particle is highlighted by a ‘narrow halo’ of low intensity O.  

The Cu map shows very little change during the exposure, the Cu intensity remaining 

intense just at the site of the intermetallic. Fe, on the other hand, at longer exposure 

times, shows enrichment in the larger corrosion deposits on the matrix.   

The Mn signal is generally weak and decreases in intensity with exposure time, but like 

Cu appears to remain intense just at the intermetallic site. The Cl intensity is also weak, 

but unlike Mn increases in intensity with exposure time. The Cl is mostly concentrated 

on the intermetallic, but for long exposure times, Cl is also observed in the larger 

corrosion deposits. Although chlorine is clearly detectable in the EDX analysis, its peak 

does not appear in the Auger spectra. Since AlCl3 is a soluble compound it is easily 

removed from the outer layers by water when the specimen is washed. The chlorine 

detected by EDX is from AlCl3 trapped in the pores of the corrosion deposits. 
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Figure 6.4: SEM micrographs and EDX maps of Al, O, Cu, Fe, Mn and Cl for the first intermetallic. 
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6.3.2 Second intermetallic group 

A second intermetallic group, smaller in size than the previous, was marked and 

analysed. The particle is 4.4 μm wide and 18 μm long.  

Figure 6.5 shows the SEM micrographs and the SAM map sequences of aluminium, 

oxygen, copper and iron for the particle The first image of the first row corresponds to 

the intermetallic directly after polishing. The second micrograph corresponds to the 

same particle after 15 minutes of immersion in the 3.5% NaCl solution. It shows some 

deposits at its base which point spectra revealed as NaCl, possibly due to an ineffective 

washing procedure after immersion. After 45 minutes of immersion the sodium chloride 

deposit has disappeared but corrosion products are now appearing in the surrounding 

area. More substantial accumulation of deposits can be seen after 2 hours of immersion.  

After 4 and 8 hours the intermetallic was completely covered by corrosion products. 

The area could only be identified because one of the four indentation marks was still 

visible. After 32 hours of immersion none of the marked particles could be located, as a 

result of excessive corrosion. 

The Auger maps show a similar behaviour for Al and O, as for the first intermetallic, 

with the difference that this time the precipitate is completely covered by corrosion 

products after 4 hours. A longer exposure (8 hours) does not make any significant 

difference. Copper from the intermetallic is visible up to 2 hours, but then it is no longer 

observable in the Auger maps. Iron appears after 15 minutes, its intensity increasing 

progressively on and around the intermetallic, then also after 2 hours no signal is 

observed. 

Figure 6.6 shows the EDX map sequences for aluminium, oxygen, copper, iron, 

manganese and chlorine, plus the SEM sequence again as a reference (first row). 

Aluminium is detected mainly on the matrix, defining the shape of the intermetallic 

(lack of Al) up to 2 hours. After 4 and 8 hours three different areas of intensity are 

distinguished: the matrix, (the most intense), the intermetallic (less intense) and an 

intermediate intensity area spread around and over the intermetallic.  

No oxygen was detected before immersion in the solution. After 15, 45 min. and after 2 

hours the maps show progressive oxide/hydroxide deposition, at the intermetallic 

periphery, than around and over the intermetallic. After 4 and 8 hours the intermetallic 

is completely covered by the oxide/hydroxide deposits. Up to 2 hours of immersion the 

copper signal is very uniform, located just at the site of the intermetallic. After 4 and 8 
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hours the intensity distribution, although still located at the inclusion site, is fragmented. 

Iron is localized on the intermetallic up to 2 hours. After 4 and 8 hours iron seems to be 

diffused around the intermetallic and the contour of the particle is lost. Manganese is 

also localized on the intermetallic, but with a lower concentration, and the signal 

becomes weaker after 2 hours. After 2 hours of immersion Cl is detected on the 

intermetallic and after 4 and 8 hours the chlorine has spread around the particle. 
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Figure 6.5: SEM micrographs (first row) and SAM maps of Al, O, Cu, Fe and Cl at different 
times of immersion in the 3.5% NaCl solution for the second intermetallic. 
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Figure 6.6: SEM micrographs and EDX maps of Al, O, Cu, Fe, Mn and Cl for the second 
intermetallic. 
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6.3.3 Third intermetallic group 

A third intermetallic was studied, however only commencing the observation after 15 

minutes of exposure to the NaCl solution. It was decided that observing the corrosion 

processes at a particle of a smaller size would make a useful comparison with the 

behaviour of inclusion groups 1 and 2. This intermetallic had a spherical shape of about 

0.8 μm diameter. 

Figure 6.7 (a) shows the SEM micrographs and the SAM map sequences of aluminium, 

oxygen, copper and iron for the particle. The first image set corresponds to the 15 

minute exposure. In the SEM image the particle appears smooth. After 45 min exposure 

there is some deposition of corrosion products on the particle, which is still of the same 

size, but appears to be corrosively undermined. After 2 hours there is further deposition 

of corrosion product deposits, and the intermetallic now seems to have been removed 

from the surface of the specimen. 

From the Auger maps it can be seen that aluminium and oxygen signals show some 

correlation. The Al and O maps after 15 minutes show depletion in intensity on the 

intermetallic but an enrichment at its periphery. After 45 minutes and 2 hours exposure 

the intensity distribution appears less defined. Copper, unexpectedly, is hardly visible 

after 15 minutes of exposure. However after 45 minutes the intensity is stronger and is 

located on the particle. After two hours the intensity distribution is still on and around 

the intermetallic, but is now more diffuse. Iron is not detected before 45 minutes of 

exposure. After 45 minutes it appears deposited mainly around the edges of the 

intermetallic and after 2 hours it is similar to the Cu map, its intensity is weaker and the 

distribution is more diffuse. After 4 hours of exposure the area could not be located. 

Figure 6.7 (b) shows the SEM micrographs and the EDX map sequences of aluminium, 

oxygen, copper, iron and manganese for the particle. The distinct spherical shape of the 

intermetallic matches the lower intensity area of the aluminium in the maps recorded 

after 15 and 45 minutes. After 2 hours of exposure just a halo remains. Oxygen at first is 

present only on or close to the intermetallic, then after longer exposure (45 min and 2 

hours) it accumulates as corrosion products over a wide area. The Cu maps show a high 

intensity on the inclusion up to 45 minutes exposure, then after 2 hours the elemental 

distribution is more diffuse around the particle. Iron and manganese can be 

distinguished only after 15 minutes exposure at the intermetallic site. 
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Figure 6.8 shows AES and EDX point analysis spectra of the intermetallic group after 

15 minutes of exposition: 6.7 (a) and 6.7 (b) are AES and EDX spectra from the matrix, 

Al and O peaks can be seen on the surface, while Al and Cu are detected in deeper 

layers; 6.7 (c) and 6.7 (d) are AES and EDX spectra from the intermetallic, the surface 

is still characterized by Al and O mainly, the bulk presents higher Cu peak intensity. 
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Figure 6.7: Time resolved image sequences for the third intermetallic. (a) SEM micrographs 
with Auger maps of Al, O, Cu and Fe; (b) EDX maps of the same elements plus Mn. 
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Intermetallic d) 

Figure 6.8: AES and EDX point analysis spectra of the third intermetallic group after 15 minutes 
exposure to the NaCl solution: a) AES of the matrix; b) EDX of the matrix; c) AES of the 

intermetallic; d) EDX of the intermetallic 
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6.4 Discussion 
The Al 2219 alloy surface shows the presence of many second phase intermetallics of 

various sizes with an inhomogeneous distribution. From the EDX spectra the 

intermetallic bulk contains aluminium, copper, iron and manganese. The surface is rich 

in copper, with the presence of some aluminium oxide.Three intermetallics were chosen 

to be monitored during the corrosion experiment, to study the effect of the size on the 

corrosion behaviour. 

6.4.1 First intermetallic group 

The SEM sequence in Figure 6.2 visibly shows the progressive deposition of corrosion 

products on, but mainly around the intermetallic. 

After an exposure to the 3.5% NaCl solution for 15 minutes, the Auger/EDX maps 

indicate general inactivity of all elements except O. The EDX O map exhibits the 

deposition of corrosion products in the periphery of the second phase particle, indicating 

that attack is concentrated at the intermetallic/matrix interface, resulting in the 

dissolution of the Al alloy close to the intermetallic. Consequently, in agreement with 

previous work, the SEM and Auger/EDX results show that the Al-Cu-Fe-Mn 

intermetallic is cathodic with respect to the matrix [13, 18, 114]. 

After 45 minutes exposure, the SEM images, Auger/EDX maps and spectra show that 

corrosion products of Al and Fe are being deposited on top of the second phase particle 

in addition to the area surrounding the particle. Consequently, it is apparent that there is 

some attack of the intermetallic particle, in addition to the matrix. It is likely that this 

occurs mainly in the crevice formed between intermetallic and matrix, where the pH 

will be progressively lowered by the accumulation of chloride ions. This attack of the 

intermetallic in addition to the matrix continues as the exposure time increases. It is 

interesting to note the different behaviour of the different elements involved. 

Al is being deposited as an Al(OH)3 corrosion product both on top of the intermetallic 

and the matrix region around the pitting attack. Fe is behaving in a similar manner with 

the deposition of iron oxide based corrosion products both on the matrix side of the pit 

(evident from the Fe EDX map) and on the intermetallic (evident from the Auger 

maps/spectra). For both Al and Fe, dissolution results in the release of Al3+ and 

Fe2+/Fe3+ ions. Hydrolysis of the Al chloride and Fe chloride corrosion products results 

in the precipitation of iron oxide/hydroxide and Al(OH)3 as solid corrosion products 

around the pit mouth and on the surface of the intermetallic where the pH is raised by 
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reduction of oxygen [115]. Cu exhibits a different behaviour. The Auger/EDX maps and 

spectra show that both Cu and Cl are observed on the surface of the intermetallic, but 

not in the corrosion deposits on the matrix side of the pit mouth. Castle has shown that 

when immersed in a chloride containing solution, a copper cathode can acquire a layer 

of insoluble cuprous chloride [116]. Chloride ions, in contact with copper from the 

intermetallic, at neutral pH, will form an insoluble salt, cuprous chloride (CuCl), which 

will cover the particle. In concentrated chloride solution Cu will form a complex: 

CuCl2
-.  When the specimen is taken out of the corrosion medium and rinsed with ultra 

pure water, the mobile Cl- or complex ions on the outer surface will be washed away, 

while the complex ions detected in the inner layers are trapped in the pores of the 

corrosion products. The presence of cupric chloride on the surface of the intermetallic is 

excluded since this salt is soluble in water. 

6.4.2 Second intermetallic group 

In this case also the corrosion products deposit on and around the intermetallic. But 

after four hours of immersion in the NaCl solution the particle is completely covered by 

the deposits, while the first particle was still visible after eight hours. This difference is 

probably due to the difference in size of the intermetallics, the smaller one being 

covered first. An alternative explanation could be a difference in polarity between the 

two intermetallics, due to a difference in composition. The aluminium and oxygen maps 

display the same behaviour as the first intermetallic up to two hours of exposure. After 

4 and 8 hours the intermetallic is covered in Al(OH)3 deposits, forming a porous layer 

over the particle. The copper does not have any activity, apart from the formation of 

cuprous chloride after 2 hours of exposure. The iron activity is limited to the first stages 

of the corrosion process, then any further oxidation involves aluminium only. The 

limiting factor may be the small concentration of the iron in the intermetallic. The 

manganese seems to be inactive in this particle as well. It appears that the insoluble 

cuprous chloride required more time to form, compared to the first particle. An 

examination of AES spectra from the two intermetallics, recorded before any immersion 

in the corrosion medium, showed that while copper is the main element on the surface 

of the first particle, on the second its peak is weaker, with Al and O showing stronger 

intensities. Thus, the reason for a formation of CuCl in the latest stages of the corrosion 

sequence may be associated with a lower Cu concentration being exposed at the 

intermetallic surface. After 4 and 8 hours it is evident that the chlorine distribution in 
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the EDX maps is not related to that of copper, but instead is directly correlated with the 

oxygen distribution around the intermetallic. This may be explained by the fact that an 

intermediate state of aluminium in the corrosion reaction is the formation of a chlorine 

complex. While the pH on the intermetallic (cathode) increases as a result of the 

reduction of oxygen, in the crevice the pH decreases, because of the reaction of Al3+ 

with water. The Al3+ released in the crevice by the anodic reaction, plus the increasing 

concentration of H+ ions, attracts the highly mobile Cl- in solution forming the complex 

[AlCl4]-, which becomes trapped in the pores of the deposits around the intermetallic 

[113]. Comparing the sets of micrographs and maps for the long exposures (4 and 8 

hours), it appears that there is no observable activity at the surface in this time interval. 

This may be consistent with the theory that when the pit is “sealed” by the corrosion 

products, there is no further exchange of reactants and the localized corrosion stops 

[113].  

6.4.3 Third intermetallic group 

This much smaller intermetallic showed very different behaviour mainly as a result of 

its reduced size. The particle was corrosively undermined after 2 hours of exposure, 

leaving just some Al, Cu and Fe based corrosion deposits on the surface, and a 

depression in the surface where the particle has been removed. 

 
6.4.4 Corrosion mechanism 

In Figure 6.9 a schematic diagram of the corrosion process is given. Figure 6.9 (a) 

shows the intermetallic just after the alloy was polished where a thin layer of aluminium 

oxide covers the alloy matrix. Figure 6.9 (b) shows the reactions involved in the 

corrosion process once the metal is immersed in the solution. The main anodic reaction 

is the oxidation of aluminium. Iron oxidises also but to a lesser extent. The cathodic 

reaction is the reduction of water to oxygen and hydroxide ions. Figure 6.9 (c) shows a 

final state where the intermetallic is completely covered by corrosion deposits. Figure 

6.10 is a representation focusing on the equilibriums in the crevice, which explain how 

the chlorine is involved. Not identified in the diagram are a series of intermediate 

reaction products, such as mixed chloride/hydroxide compounds of aluminium. 
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Figure 6.9: Schematic diagram of a) an intermetallic after polishing, b) corrosion reactions in the 
NaCl solution, c) after long exposure to the solution. 
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To confirm the cathodic nature of the Al-Cu-Fe-Mn intermetallic a new Al2219 

specimen was polished to 1 µm finish and immersed in a 3.5% solution of MgCl2 for 15 

minutes, the insoluble Mg(OH)2 (Kps = 1.5 × 10-11) is expected to precipitate at the 

cathodic site, due to a local increase of the pH. The specimen was then rinsed in ultra 

pure water and intermetallics were analysed by AES and SAM. Figure 6.11 shows a 

SEM micrograph and SAM maps of C KLL, O KLL, Al KLL, Cu LMM, Fe LMM and 

Mg KLL, relative to one of these second phase particles. From the SEM image is 

evident the presence of deposits on the two bigger intermetallics. The SAM maps 

identify magnesium and oxygen as components of the deposits, and, as expected, 

aluminium, copper and iron as intermetallic constituents and aluminium and oxygen on 

the matrix. Carbon is present all over the surface as contamination, its map showing a 

depletion of intensity over the area of the more recent deposits. These results confirm 

the expectations of a precipitation of Mg(OH)2 on the cathodic area according to the 

following cathodic reactions: 

H2O + ½O2 + e- → 2OH- 

Mg2+ + 2OH- → Mg(OH)2↓ 

Figure 6.10: schematic diagram of the reactions inside the pit, section of the crevice 
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6.4.5 Electrostatic charging of the deposit 

A consequence of the progressive deposition of corrosion products is the reduction of 

the sample conductivity and of the surface smoothness. The deposition of insulating 

products will affect the capacity of the specimen to discharge electrons to ground, and 

the degradation of the surface smoothness will affect the angle of incidence of the 

primary beam. Both these effects will produce a charge build-up at the surface and in 

the near-surface region, depending on the difference of the total number of electrons 

arriving (primary electrons) and departing (secondary electrons). The altered surface 

potential will generate charge shifts of Auger peaks. The main affected peaks are Al 

KLL and O KLL, both shifting in the same direction (lower KE) and with the same 

energy difference. The amount and the direction of the energy shift seem to be 

dependent on the position of the acquisition. Figure 6.12 shows a set of O KLL maps of 

Cu Mg Fe 

C O Al 

Map

4.0µm

SEM 

Figure 6.11: SEM micrograph and SAM maps of C KLL, O KLL, Al KLL, Cu LMM, Fe LMM, 
and Mg KLL, relative to a Al-Cu-Fe-Mn intermetallic on a 2219 alloy immersed in a 3.5% MgCl 

solution for 15 minutes. 
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the first intermetallic, acquired after 4 hours of immersion in the 3.5% NaCl solution. 

After examination of the AES point analysis spectra from that area at that stage of the 

experiment four different kinetic energies where chosen to acquire the same number of 

oxygen SAM maps: 510, 507, 505 and 500 eV. The results suggest that the oxygen from 

the corrosion deposits on the intermetallic will give preferentially a positive shift, while 

the oxygen from the deposits on the matrix will give preferentially a negative shift. 

 

 

 

 

 

 

 

 

 

From the point analysis survey spectra (not shown) it is noted that whenever the oxygen 

and aluminium peaks are shifted the copper is not. This is possibly due to a different 

and opposite effect of the insulating layer of aluminium hydroxide on the copper Auger 

electrons when they approach the layer and when they move away from it. The 

conductive copper lies underneath the insulating deposit layer. This top layer will 

accumulate negative or positive charge, according to the thickness and the orientation of 

the surface. When the electrons are approaching the charged layer they will be retarded 

or accelerated, depending on the type of charging. Once the electrons leave the surface 

they will be affected in the opposite way, if they were retarded by a negative charge, 

now they will be accelerated, if they were accelerated by a positive charge, now they 

will be retarded. The overall effect is that the motion of the electron towards the 

analyzer remains unchanged. 

The effect of charging has not affected the results of this work, since, when needed, 

more than one map for the same element was acquired, setting different peak energies. 

This practice prevented a misinterpretation of the results, due to incomplete information 

on the Al and O distribution. 

 

 

Figure 6.12: SAM maps of O KLL transition of the first intermetallic group after 4 hours of 
immersion in a NaCl solution. The maps were acquired at different peak energies because of 

the different charge shift in different areas of the surface. 
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6.4.6 Phase analysis by EDX. 

The software used for EDX acquisition, Noran System Six, offers the possibility of 

processing the acquired x-ray maps to extract a number of distinct “phases”, with the 

application of principal component analysis. The methods were developed by Sandia 

National Laboratories and are covered by patents. 

PCA is a mathematical method used to simplify complex data sets. With the use of 

advanced statistical analysis algorithms, applied to a spectral imaging data set, it is 

possible to locate areas with the same spectral fingerprint and extract compositionally 

distinct components. In this way a new set of images is obtained, each image displaying 

how areas with the same composition are correlated.  Such data processing could 

represent a helpful tool to gain additional information regarding the “phases” present on 

the sample, should they be actual physical phases (matrix and intermetallic) or just 

different compounds occupying the same area (corrosion deposits). In discussing these 

results it should be remembered that a three dimensional system is represented by a two 

dimensional image, which does not take into account that the system could be formed 

by different layers of materials. The identified compositions could then arise from a 

homogeneous phase as well as from the sum of the compositions of different phases.  

Figure 6.13 shows the phases obtained for the second intermetallic group before 

immersion in the NaCl solution. The composition of the phases is given in table 6.1. 

 

 

 

 

 

 

 

 

 

 
Table 6.1: weight% composition of the phases shown in Figure 6.13. 

Phases O Al Cu Fe Mn 
Phase 1 0.9 93.1 5.4 0.3 0.3 
Phase 2 - 63.1 25.9 9.2 1.8 
Phase 3 - 65.5 28.6 4.5 1.4 

 

Figure 6.13: Phase analysis for the second intermetallic group before immersion in a NaCl 
solution. 
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Three phases are identified: one phase for the matrix, which has the composition 

expected for the Al2219 alloy, plus traces of oxygen from a thin outer passivation layer; 

two phases for the intermetallic, with the major difference being the iron content, and 

reflect the heterogeneity of the intermetallic group. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.2: weight% composition of the phases shown in Figure 6.14. 

Phases O Al Cu Fe Mn Cl 
Phase 1 26.8 68.1 4.5 0.4 0.2 - 
Phase 2 23.9 70.9 4.7 0.3 0.2 - 
Phase 3 31.7 26.6 35.3 5.3 0.5 0.6 
Phase 4 28.0 27.6 37.4 5.8 0.5 0.7 
Phase 5 40.2 32.7 16.3 9.1 0.7 1.0 
Phase 6 52.1 36.1 7.5 3.1 0.2 1.0 
Phase 7 33.3 49.8 11.3 4.2 0.6 0.8 
Phase 8 47.6 46.6 2.8 0.8 0.1 2.1 

 

Figure 6.14 shows the phase analysis for the second intermetallic group after immersion 

in a 3.5% solution of NaCl for 8 hours. The phase compositions are given in table 6.2. 

A total of eight phases are identified. Two of them (Phase 1 and 2 in Figure 6.14) can be 

correlated with the matrix. A comparison of the composition of these two phases with 

the composition of phase 1 in table 6.1 gives evidence of an oxide/hydroxide layer 

deposition. The main difference of the two phases is the O/Al ratio, which, in both 

cases, is too low to account for oxide (3/2) or hydroxide (3/1) only, part of the signal 

Figure 6.14: Phase analysis for the second intermetallic group after 8 hours of immersion in a 
3.5%  NaCl solution. 



Chapter 6  Corrosion of aluminium: the role of intermetallics 
 

Rossana Grilli 
 

164

still comes from the matrix, indicating a deposit layer thinner than 1 µm. Phase 1 and 2 

in Figure 6.14 show a vertically striped distribution. This pattern can be related to the 

polishing of the sample, showing the dependence of the corrosion products deposition 

on the morphology of the surface. 

Phases 3 and 4 in Figure 6.14 can be correlated with the intermetallic area and have 

very similar composition. The O/Al ratio for these phases is also significantly smaller 

than the oxide/hydroxide, this meaning that aluminium is still detected from the 

intermetallic, the overall effect is an attenuation of the aluminium signal, from 63-65 

wt% of the unexposed surface to the 26-27 wt% of the exposed one. This attenuation 

trend is not followed by the copper signal, rising from 26-29 wt% to 35-37 wt%. Such 

behaviour can only be explained by the presence of copper on the outer layers, probably 

a consequence of back deposition of the metal that follows the progressive dissolution 

of aluminium from the intermetallic. 

Phases 5 and 6 in Figure 6.14 cover an area inbetween the intermetallic and the matrix. 

The O/Al ratio, still far from the stoichiometry of the deposits, shows a greater presence 

of oxygen, compared to the matrix and to the intermetallic, suggesting, as expected, that 

the region between the intermetallic and the matrix is the area where the deposits first 

appear. Copper content is still high, but decreasing with increasing distance from the 

intermetallic, and iron content is rather high too, implying its reactivity in the corrosion 

process.   

Phases 7 and 8 cover an area in the intermetallic surroundings. The deposits are still 

thinner than the depth of analysis. Phase 7 still contains high amounts of Cu and Fe, 

becoming sensibly reduced in phase 8.  

Phases 3 to 8 all show the presence of chlorine, which grows going from the 

intermetallic to the matrix. 

Overall the phase analysis results confirmed what was already seen from the single 

element maps, and, in addition, it gives an indication of the deposition sequence of the 

products and the elements involved. From the phase analysis though the role of copper 

in the corrosion process is clearer: neither the x-ray maps nor the Auger maps could 

detect a significant variation of copper, while from the phase composition it is evident 

that the metal back-deposits on the intermetallic and the immediate surroundings. 
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6.5 Conclusion 

Three intermetallic groups were identified and marked on an Al 2219 surface after 

polishing to 1 μm finish. They were very different in size, ranging from > 25 μm to < 1 

μm in diameter. The surface was exposed to a 3.5% NaCl solution and the behaviour of 

the particles was observed as a function of time of exposure, by SEM, AES, SAM and 

EDX analysis. 

These Al-Cu-Fe-Mn second phase particles are found to act as pitting initiation sites. 

They are cathodic with respect to the Al alloy matrix and the pitting attack is 

concentrated at the Al matrix adjacent to the intermetallic.  

Initially, after a 15 minute exposure in 3.5% NaCl, just the matrix is attacked, but after 

45 minutes and up to 8 hours exposure, the intermetallic is found to also be attacked.   

Corrosion products of Al(OH)3, Fe oxide/hydroxide are observed at the Al alloy matrix 

side of the pit mouth and on the surface of the intermetallic, resulting from the 

hydrolysis of Al and Fe chlorides. An insoluble cuprous chloride corrosion product 

deposits directly on the surface of the intermetallic. 

After 2 hours the smaller intermetallic was corrosively undermined and removed from 

the surface. After 4 hours the medium size intermetallic is completely covered by 

corrosion products, while the largest intermetallic needed 32 hours to reach a similar 

condition. 

The experimental procedure described in this chapter was repeated on the same 

aluminium alloy (Al2219) treated with the currently used chromium VI based anti 

corrosion conversion coating Alodine 1200S, and the same analysis procedure was 

performed. In the next chapter the detailed results of this experiment are presented. 
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Chapter 7 

Corrosion of aluminium treated with Alodine 1200S 

7.1 Introduction 
In this chapter the same experiment described in Chapter 6, undertaken on the same 

alloy (Al2219) treated with Alodine 1200S is described. The alloy treated with the 

chromate conversion coating was immersed in the NaCl solution for different time 

intervals, the same intermetallics were relocated and analysis repeated after each 

exposure. Changes in shape and composition of the precipitates as a result of corrosion 

were monitored. The behaviour of two Al-Cu-Fe-Mn intermetallics was followed. 

Since, the results were very similar, only the results for one of them are presented. 

7.2 Experimental 
A specimen of Al2219 of approximately 1 cm2 area was wet ground with 600, 1200, 

and 2500 grit silicon carbide papers, then subsequently ultrasonically cleaned in acetone 

and rinsed in ultra-pure water. The specimen was then treated by immersion at room 

temperature with Alodine 1200S, a chromate conversion coating offered by Henkel. 

Intermetallic sites were identified and marked using a Vickers microhardness tester, to 

give indentations around the intermetallic particles of interest. This allowed the 

intermetallic groups to be readily located for subsequent AES/EDX analysis. 

A 3.5% NaCl solution was prepared from analytical grade NaCl and ultra-pure water. 

The specimen of Al 2219 was immersed in this solution for different periods of time 

and after each immersion it was washed in ultra-pure water. Each time the sample was 

removed from the water, it was dried by being placed on its side and the water drained 

onto blotting paper. It was then immediately introduced into the scanning Auger 

microscope prior to analysis. 

7.3 Results 
Figure 7.1 shows an SEM micrograph of the chromate treated surface. The intermetallic 

precipitates are still visible by SEM, because of the different morphology of the coating 

formed on the matrix and on the intermetallic group. The group appears to be formed of 

two precipitates, the larger precipitate on the right has a diameter of 4-5 µm and the 

second precipitate, lying fairly to the left, has a diameter of about 2.5 µm. While the 
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coating on the precipitate looks compact and uniform, the coating on the matrix 

appeared cracked and irregular, typical of a chromate treated surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The four points from which AES and EDX spectra were acquired are indicated on 

Figure 7.1. The Auger spectra are presented in Figure 7.2. Figures 7.2(a) and 7.2(b) 

correspond to points 1 and 2 respectively in Figure 7.1 and are spectra from the two 

intermetallics. Both spectra show strong Cr LMM and O KLL peaks together with 

smaller Cu LMM and C KLL peaks. Figures 7.2(c) and 7.2(d) are from the surrounding 

matrix (points 3 and 4 respectively in Figure 1). Figure 7.2 (c) shows the Auger 

spectrum from the general chromate coating surface and Figure 7.2 (d) from one of the 

many cracks of the chromate coating. In both cases, the spectra are similar, with strong 

Cr LMM and O KLL peaks and smaller N KLL and C KLL peaks. The Cu KLL is absent. 

No Al KLL peak (at around 1390 eV) can be seen on the intermetallic or the matrix, 

indicating a chromate coating thickness greater than the AES depth of analysis (≈ 5 nm) 

at all points on the surface. Figure 7.2(e) is a magnification of the area inset in Figure 

2.0µm                   2.0 µm      

4 

1 

2 

3 

Figure 7.1: SEM micrograph of the intermetallic group after coating with Alodine 
1200S. The positions of the point analysis are indicated. 
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7.2(d), showing the peaks more clearly. Figure 7.3 shows EDX spectra acquired from 

the same four points.  

Figure 7.2: Auger spectra of the specimen treated with Alodine 1200S; a) point 1 on the 
intermetallic; b) point 2 on the intermetallic; c) point 3 on the matrix; d) point 4 on the matrix; 

e) is the magnification of the peaks in the point 4 spectrum. 
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Figures 7.3(a) and 7.3(b) from the intermetallics, exhibit intense Al Kα and Cu (Kα and 

Lα) peaks and a very low intensity Cr Kα peak. Figures 7.3(c) and 7.3(d) from the 

matrix show a very intense Al Kα peak and smaller Cu Kα signal than that observed on 

the intermetallics. The Cr Lα peak also has a low intensity. It should be noted that traces 

of iron and zirconium were also detected by EDX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 shows high resolution XPS spectra of the Fe 2p3/2 and N 1s peaks, acquired 

for the characterisation of Al2219 treated with Alodine 1200S (Chapter 4). The Fe peak 

has a binding energy of 708.8 eV, which is characteristic of the ferrocyanide species 

(Fe[CN]6
4-) [117]; the nitrogen binding energy is 398.3 eV, consistent with the presence 

of ferrocyanide on the surface [117]. 

 

 

 

 

 

 

 

 

 

 

Intermetallic Pt 1 a Intermetallic Pt 2 b

Matrix Pt 4 dMatrix Pt 3 c 

Figure 7.3: EDX spectra of the specimen treated with Alodine 1200S; a) point 1 on the 
intermetallic, b) point 2 on the intermetallic, c) point 3 on the intermetallic, d) point 4 on the 

intermetallic. 

C1

5.00E+03

1.00E+04

1.50E+04

2.00E+04

2.50E+04

392394396398400402404

C
ou

nt
s 

/ s

Binding Energy (eV)

N1s

N1s

3.40E+04

3.60E+04

3.80E+04

4.00E+04

4.20E+04

4.40E+04

4.60E+04

4.80E+04

705706707708709710711712713714

C
ou

nt
s 

/ s

Binding Energy (eV)

Fe2p3
Fe2p3Fe2p3/2 N1s 
BE = 708.8 eV BE = 398.3 eV 

Figure 7.4: XPS high resolution spectra of Fe2p3/2, Ni1s and C1s of Al2219 alloy treated with 
Alodine 1200S. 
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Figure 7.5 shows the Auger images (Figure 7.5(a)) and the EDX images (Figure 7.5(b)) 

from the same region of interest. The Auger images were recorded using the C KLL, O 

KLL, N KLL, Cr LMM, and Cu LMM peaks. The carbon is more intense on the 

intermetallic than on the surrounding area and on the matrix it reflects the morphology 

of the coating, being more intense on the general chromate coating surface than in the 

cracks. The nitrogen distribution is similar to carbon, with the exception that the 

difference in intensity between the intermetallic and the matrix is less pronounced. 

Oxygen and chromium have a similar distribution, being more intense on the coating 

than on the intermetallic, and on the matrix they both seem to be more intense in the 

cracks (though this may simply be due to the slightly lower carbon overlayer intensity 

in the cracks). Cu can be seen to have a high intensity at the intermetallic site. With 

regard to the EDX images, Cu is clearly just located at the intermetallic site. The O and 

Cr images are again similar, showing a low intensity from the intermetallic region, and 

an enhanced intensity from the chromate coating general surface compared to that in the 

cracks. The Al image in contrast shows a higher intensity from the cracks than from the 

general chromate coating surface. Hence, it is clear that the chromate coating is thinner 

in the cracked regions (as suggested by the SEM image). 

 

C O N Cr Cu 

a) 

Al O Cr CuAl b) 

Figure 7.5: a) SAM maps and b) EDX maps of the intermetallic group after coating with Alodine 
1200S. 
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Figure 7.6 shows the SEM micrographs and the Auger images for O, Cr, Cu Al and Mn 

acquired after 0, 0.75, 4, 26 and 42 hours in 3.5 % NaCl solution. Data acquired after 

exposures of 15 minutes, 2 hours and 8 hours are not shown because they do not display 

significant variation from the previous exposure. Figures 7.7-7.9 show the 

corresponding Auger spectra from points 1 (intermetallic) and 3 (matrix) after 4, 26 and 

42 hours and should be considered together with the images. After 45 minutes of 

exposure Cu is no longer detected, the Al and O signals are more intense around and on 

the intermetallic site and the Cr signal correspondingly reduced in these areas. After 4 

hours, only Al and O (and C), are detected (beyond 45 minutes of exposure in the NaCl 

solution, Cr is no longer detected on the surface). After 26 hours, the Cu signal 

reappears at the intermetallic site and manganese (detected on the surface for the first 

time) is also observed at the intermetallic. After 42 hours, the Cu signal is more intense 

and has now spread onto the matrix in addition to the intermetallic. The Mn intensity is 

now less intense from the intermetallic. It should be noted that Fe was also observed on 

the intermetallic after 42 hours of exposure (see Figure 7.8(a)), however no image was 

recorded.  
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Al 

Mn

C

O

N

Cr

Map

2.0µm

45 min NaCl 
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2.0µm

4 h NaCl 
Map

2.0µm

Map

26 h NaCl 42 h NaCl 
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SEM
Treated 

Figure 7.6: SEM micrographs and SAM maps of C KLL, O KLL,  N KLL, Cr LMM, Cu 
LMM, Al KLL, Mn LMM after coating and after different exposure times to the NaCl 

solution. 

Cu
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Figure 7.7: Auger spectra from point 1 (intermetallic) and point 3 (matrix) after 4 hours in NaCl 
l ti
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Figure 7.8: Auger spectrum from point 1(intermetallic) after 26 hours of immersion in NaCl 
solution (left) and a magnification of the area included in the rectangle (right). 
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Figure 7.9: Auger spectra from point 1 (intermetallic) and point 3 (matrix) after 42 hours in NaCl 
solution 
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Figure 7.10 shows the Al Kα and Cl Kα EDX images of the intermetallic after 4 hours 

of exposure. Although EDX images of all the relevant elements after all exposure times 

were acquired, only the two which display some variation are shown. Cl was first 

detected by EDX after 45 minutes, but only after 4 hours was it found to assume the 

halo shape distribution, being concentrated at the periphery of the intermetallic, as 

shown in Figure 10. Comparing the Al Kα image in Figure 7.10 with the Al image of 

the as-treated surface in Figure 7.5(b), it is evident that aluminium intensity distribution 

has been modified by the presence of Cl on the surface of the intermetallic.  

 

 

 

 

 

 

 

 

 

Figure 7.11 shows EDX spectra of the treated surface (Figure 7.11a), the surface after 4 

hours of exposure in the chloride solution (Figure 7.11b) and the surface after 42 hours 

of exposure (Figure 7.11c). The spectra have been enlarged to highlight Cr Kα peak (5.4 

keV). The intensity of this peak does not show any significant variation through the 42 

hours of exposure. 

 

Al Cl 

Figure 7.10: EDX maps of Al and Cl after 4 hours in 
NaCl solution. 
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a) Treated with Alodine 1200S 

b) After 4 hours in NaCl solution 

c) After 42 hours in NaCl solution 

Figure 7.21: x-ray spectra of point 1 on the intermetallic (see Figure 1) a) after 
treatment with Alodine 1200S; b) after 4 hours in the NaCl solution; c) after 42 

hours in the NaCl solution. 
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In Figure 7.12(a), an SEM micrograph of the intermetallic group after 42 hours of 

exposure is shown. There is no evident difference in morphology from the image in 

Figure 7.1, but increasing the magnification in an area just below the large intermetallic 

where a high intensity of Cu was observed in the Cu Auger image of Figure 7.6, the 

presence of very fine particles on the surface is evident (Figure 7.12(b)).  

Figure 7.32: a) SEM michrograph of the intermetallic group after 4 hours of exposure; b) 
magnification of the area in the red rectangle.  

0.6µm                 0.6 µm     

2.0µm          2.0 µm     
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Figure 7.13(a) shows a higher magnification SEM micrograph of these particles, 

together with Auger spectra from one of the particles (Figure 7.13(b)) and from the 

matrix Figure 7.13(c). From the Auger spectra, it is clear that these are Cu rich particles 

being deposited onto the surface from solution. 

 

Figure 7.43: a) SEM micrograph of an area treated in Copper; b) AES spectrum of the white sphere; c) AES 
spectrum of the matrix. 
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In Figure 7.14 the phase analysis the intermetallic group is shown. As shown in Chapter 

6, a function of the software Noran System Six allows the extraction of phases from x-

ray image data sets through a mathematical procedure based on principal component 

analysis. As a result areas with similar composition are outlined. In this case two phases 

(Figure 7.14a and b) were identified on the area of the intermetallic inclusion. The x-ray 

spectra corresponding to these phases show a different ratio of the intensity of the peaks 

of aluminium and copper. 

 

Figure 4.54: Phase analysis for the intermetallic group before immersion in a NaCl solution. 
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7.4 Discussion 
The SEM, Auger and EDX data from the Alodine treated specimen show the presence 

of the chromate coating on both the matrix and intermetallic, but the EDX images in 

Figure 7.5, indicate a thicker coating being found on the matrix. This is in agreement 

with the results of Juffs et al [36] and Campestrini et al [37]. The Auger spectra in 

Figure 7.2 (a) and (b) indicate that Cu is incorporated into the chromate layer on the 

intermetallic, in agreement with the results of Liu et al [38]. Thus, the chromate layer 

formed on the intermetallic is both relatively thin and defective.  

Carbon seems to be most intense on the intermetallic. Hydrocarbon contamination is 

well known to be more prevalent on high energy surfaces and its higher concentration 

on the intermetallic is probably a result of the incorporation of Cu into this oxide, 

leading to an increased metallic character of intermetallic surface oxide, compared to 

the pure chromate coating formed on the matrix [118]. In the surrounding area carbon is 

more intense on the conversion coating than in the cracks. Nitrogen shows the same 

distribution; in fact the two elements are present together in the ferri/ferrocyanide ion. 

The presence of the ferrocyanide species was confirmed by the XPS analysis shown in 

Figure 7.4. Chromium and oxygen are also related in the Cr2O3/Cr2O7
2- species. They 

are more intense in the cracks. This would probably indicate that the ferricyanide 

activity as a catalyst is confined to the surface of the coating layer, without being 

incorporated in it. The distribution of Cr and O in the outer layers of the surface is the 

inverse of that observed in the bulk (EDX maps of Cr and O in Figure 7.5c show higher 

concentration on the grains than in the cracks). 

After immersion in a 3.5% NaCl solution for 15 minutes, the Auger results (not shown) 

show that Al appears on the surface of the intermetallic, and after 45 minutes, Cu is no 

longer detected. After 4 hours of exposure, it is evident from Figure 7.6 that a layer of 

corrosion products rich in Al and O has been deposited onto the surface on and around 

the intermetallic. Chloride attack (see Figure 7.10) is initially leading to preferential 

dissolution of Al from the intermetallic periphery but, as Al is the most 

electrochemically active and has the highest concentration of all the elements in the 

intermetallic, it dissolves also from the inclusion. Al3+ ions are reacting to form 

insoluble Al(OH)3 corrosion products which are precipitating onto the surface on and 

around the intermetallic. After 26 hours of exposure, it is evident that the chromate 

coating is no longer detectable on the intermetallic surface, its presence is still 
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confirmed by the unchanged intensity of the Cr Lα (Figure 7.11), thus indicates its 

stability. As the intermetallic is attacked, all the elements are being dissolved into 

solution, but the preferential dissolution of Al results in the intermetallic surface 

becoming enriched in the other intermetallic elements. Manganese, being the less noble 

after aluminium, appears to have dissolved. After 42 hours, Fe, Mn and Cu are all 

clearly observed in the Auger spectra. Iron dissolved in the same way as manganese.  

The back deposition of elemental Cu particles onto the surface is a result of the 

reduction of Cu2+ to Cu, which is to be expected, considering its noble nature. Not so 

straightforward is the reason why it dissolves, being a noble metal. Buchheit et al [119] 

studied synthesized intermetallic particles θ Al2Cu and Al2CuMg in NaCl solution, and 

proposed that after de-alloying the particles undergo nonfaradic release of mechanically 

and electrically isolated Cu clusters in solution. These clusters, can reach the corrosion 

potential, and in presence of oxygen they oxidize to Cu2+. Buchheit et al [119] also 

observed that the formation of the copper chloride complex CuCl2
- contributes to the 

dissolution of copper. Cu dissolves from the Cu rich intermetallic after dissolution of 

Al, Mn and Fe. Consequently, both Al(OH)3 and Cu are being precipitated as corrosion 

products from solution during corrosive attack of the intermetallic.  

It is clear from these results that the large Al-Cu-Fe-Mn intermetallics in Al2219 are 

regions where the chromate coating is thinner and defective. Exposure to chloride 

containing solutions, results in preferential corrosive attack at these intermetallic sites. 

Initially, Al(OH)3 only, and then Al(OH)3, Mn and Fe oxides and Cu are being 

precipitated as corrosion products on and around the intermetallic surface. The 

unexpected intermetallic activity could be explained by the fact that the particle is not 

homogeneous (Figure 7.14), thus not only the intermetallic/matrix interface will 

develop potential difference, hence galvanic corrosion. Deposition of aluminium 

corrosion products on the matrix surface also gives the evidence that the coating is not a 

total barrier, confirming the porous and cracked nature observed by Lunder et al [41]. 
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7.5 Conclusion 
The formation of an Alodine 1200S chromate conversion coating on and around a group 

of two Al-Cu-Fe-Mn intermetallic particles in Al2219 has been studied. The corrosive 

behaviour of this chromate treated surface in 3.5% NaCl solution has then been 

followed at regular intervals up to 42 hours. 

After the Alodine treatment, the chromate coating is found to be thinner and more 

defective (due to the incorporation of Cu into the layer) on the second phase particles. 

On exposure to 3.5% NaCl, chloride attack of the intermetallic initially leads to Al 

being preferentially dissolved and Al(OH)3 deposited on and around the intermetallic. 

The intermetallic surface gradually becomes enriched in Cu, Fe and Mn and after 42 

hours both Al(OH)3 and elemental Cu droplets are being deposited onto the 

intermetallic and surrounding areas as corrosion products.  

The chromate coating does not offer strong resistance to corrosive attack of the Al2219 

Al-Cu-Fe-Mn intermetallic particles in  3.5% NaCl solution.  
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Chapter 8 

Corrosion of aluminium treated with Nabutan STI/310 

8.1 Introduction 
In Chapter 6 the behaviour of the 2219 aluminium alloy surface after progressive 

exposure to a 3.5% NaCl solution was studied by means of SAM and EDX analysis, 

giving attention to the reactivity of areas with second phase precipitates. The same 

experiment was performed on the same alloy treated with the current anticorrosion 

pretreatment, Alodine 1220S, and the results were discussed in Chapter 7. In this 

chapter the same experiment, undertaken on the same alloy treated with Nabutan 

STI/310 is described. The alloy treated with the hybrid conversion coating was 

immersed in the NaCl solution for different time intervals, the same intermetallics were 

relocated and analysis repeated after each exposure. Changes in shape and composition 

of the precipitates as a result of corrosion were monitored. The behaviour of three Al-

Cu-Fe-Mn intermetallics was followed. Since, in the case of two of the three 

intermetallics, the results were very similar, only the results for two of them are 

presented. 

8.2 Experimental 
A 1 cm2 specimen of the 2219 aluminium alloy was wet ground with 600, 1200, 2500 

and 4000 grit silicon carbide papers, and then polished with diamond paste to a 1 μm 

finish. This was followed by ultrasonic cleaning in acetone and rinsing in ultra pure 

water. Sites of intermetallic particles were identified and marked using a Vickers 

microhardness tester. This allowed these regions to be readily located for subsequent 

analysis. The specimen was then analysed by means of scanning Auger microscopy and 

energy dispersive x-ray spectroscopy, in the same microscope. The alloy was then 

treated with Nabutan and the analytical procedure was repeated. The 3.5% NaCl 

solution was prepared from analytical grade NaCl and ultra-pure water. The Al 2219 

specimen was immersed in this solution for different periods of time and after each 

immersion it was washed in ultra-pure water, vertically drained onto blotting paper and 

then analyzed by means of AES, SAM and EDX. Before the experiment the surface of 

the specimen was lightly sputtered with 1kV argon ions for 5-10 seconds, in order to 

reduce carbon contamination.  
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8.3 Results 
Before exposure of the specimen to the 3.5% NaCl solution an examination of the 

surface by SEM showed the presence of particles of various sizes, from 0.1 to 30 µm. 

Three second phase particles were marked, in order to assess the development of the 

corrosion after exposure to NaCl solution. SEM, AES, SAM and EDX spectra and 

images were recorded from features of interest, and then the same set of analysis was 

repeated after the application of Nabutan on the surface and after the following 

immersion times: 15 minutes, 45 minutes, 2 hours, 4 hours and 8 hours. After 32 hours 

of immersion the marked particle could not be located, as a result of the substantial 

deposition of corrosion products.  

Figure 8.1 shows point analysis taken, before exposure, from a chosen intermetallic and 

surrounding region. The central image shows a SEM micrograph of the particle (4000x 

magnification), its maximum length being 10 μm. Several points where chosen, on and 

around the particle and AES and EDX spectra were recorded from them, with a spot 

size of 155 nm. Auger/EDX spectra from two points are shown in Figure 1, the spectra 

at the top (a-d) are from the as polished specimen, and the spectra at the bottom (e-h) 

are from the same points after coating with Nabutan. Figure 1 (a) and (g) are AES 

spectra representative of the matrix. Spectrum 1(a) exhibits large Al KLL and O KLL 

peaks and less intense C KLL and Cu LMM peaks. Spectrum 1(g) shows large C KLL, O 

KLL and Al KLL peaks, with lower intensity Ti LMM and F KLL. Figure 1 (b) and (h) 

are the EDX surveys from the same point. They both show high intensity Al Kα peaks 

and small Cu Kα/Lα peaks. The AES spectrum from the intermetallic 1(d) is dominated 

by large Cu LMM peaks, while spectrum 1(f) is similar to 1(g) (the treated matrix). The 

corresponding EDX spectra in Figure 1 (c) and (e) show strong Al Kα and Cu Kα peaks, 

indicating the thickness of the coating to be << 1µm.  
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Figure 8.1: A SEM image and AES/EDX point analysis from the area around a recently polished Al-
Cu-Fe-Mn intermetallic second phase particle in the 2219 Al alloy, The top spectra (a-b-c-d) are from 

the just polished surface; the bottom spectra (e-f-g-h) are from the same points after treating with 
Nabutan. 
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Figure 8.2 shows the high resolution Al KLL spectra from the matrix in a polished 2(a) 

and treated 2(b) condition. The Al peak of the as polished alloy has two components: 

1386 eV (oxide) and 1394 eV (metal). The spectrum from the treated specimen has a 

single peak at 1387 eV. The intermetallic does not show any aluminium for the as 

polished surface, and the Al spectrum for the treated specimen is similar to the one from 

the matrix. 
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Figure 8.2 Auger high resolution scans of Al KLL peak from a point on the matrix of the just 
polished surface (left) and of the treated surface (right). 
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Figure 8.3 displays the sequences (rows from top to bottom) of SEM micrographs and 

SAM maps for Al KLL, Cu LMM, O KLL, C KLL, Ti KLL, and the maps of F KLL and 

Cl KLL when these elements were detected. The columns from left to right are the SEM 

micrograph and SAM maps of the intermetallic before the application of the coating, 

after the coating with Nabutan, after immersion in a 3.5% NaCl solution for 15 minutes, 

after a 45 minutes immersion, after 2 hours, after 4 hours and after 8 hours.The SEM 

sequence shows the first corrosion deposits after 45 minutes of immersion in the 

corrosion medium. After 2 hours the surface of the matrix starts degrading progressively 

and after 8 hours it is extensively damaged. The aluminium, on the as polished surface, 

is located on the matrix. Once the surface is treated the Al distribution becomes 

irregular. After the immersions in the NaCl solution Al appears more intense on the 

deposits or on the damaged areas. Copper is sharply concentrated on the intermetallic. 

After the coating process the Cu LMM peak is no longer detectable. It reappears weakly 

after 2 hours of immersion all over the surface and after 8 hours it is concentrated on 

part of the damaged areas. Oxygen is concentrated on the matrix of the just polished 

surface. After the coating its pattern is inverted, being more intense on the intermetallic. 

After the immersion steps it concentrates on the deposit areas, in the same way that was 

observed with the aluminium. Carbon is initially concentrated on the intermetallic, 

almost certainly as a contamination. After the coating it is more intense on the matrix. 

With the first immersion the difference in intensity between the two areas 

intermetallic/matrix becomes weaker, and after 45 minutes of immersion carbon is 

uniformely spread across the surface, randomly covered by the corrosion deposits. 

Titanium makes its appearance after the coating process and is more intense on the 

matrix. After the first immersion there is no defined pattern for this element. After the 

coating process fluorine is detected, slightly more intense on the intermetallic, to 

disappear after the first immersion. After 8 hours in NaCl a weak chlorine signal is 

detected. This observation may be correlated to copper concentration and will be 

discussed later. 
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Figure 8.3: SEM micrographs (first row) and SAM maps of Al, Cu, O, C, Ti, F and Cl at different 
times of immersion in the 3.5% NaCl solution. 
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Figure 8.4a shows the SEM micrograph and EDX maps of the as polished surface. They 

display aluminium on the matrix and Cu, Fe and Mn on the intermetallic. Figure 8.4b 

shows the EDX map sequence of oxygen through the stages of the experiment. It is 

evident that a consistent deposition of corrosion products occurs on the matrix in the 2 

hour to 8 hour interval. Figure 4c shows the Cl Kα map of the surface after 8 hours of 

immersion. Chlorine species now cover the precipitate. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5 shows the SEM micrographs of a second intermetallic of the approximate 

dimensions of 2 µm along the horizontal axis × 1 µm along the vertical axis. Figure 8.5 

a is an image of the particle from the just treated specimen; Figure 8.5 b is the same 

precipitate after 4 hours of immersion in the NaCl solution and Figure 8.5 c is the same 

area magnified. It is evident how the matrix just around the particle (area exposed to the 

electron beam for longer period of time) is less degraded than the outer area, and the 

formation of a pit under the particle can be noted. Figure 8.5 d is the same particle after 

8 hours of immersion in the solution and Figure 8.5 e is the same detail magnified. 

There is further degradation and a clear deposition of corrosion products around the pit. 

Figure 8.4: (a) SEM micrograph and EDX maps of Al, Cu, Fe and Mn from the just polished 
surface; (b) EDX maps sequence of oxygen at different times of immersion in the 3.5% NaCl 

solution; (c) Cl Kα map after 8 hours in the solution. 
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Figure 8.5: SEM micrographs of a small second phase precipitate of a Al2219 alloy 
treated with Nabutan STI/310 a) before immersion in a 3.5% NaCl solution; b) after 4 

hours of immersion; c) magnified detail of b; d) after 8 hours of immersion; e) magnified 
detail of d.
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Figure 8.6 shows the SAM maps of the second intermetallic of Al KLL, O KLL and Cu 

LMM acquired after immersion of the specimen in the NaCl solution for 8 hours. 

Comparing the maps with the micrographs in Figure 8.5 d and e, the corrosion deposits 

around the pit can be easily identified with aluminium and oxygen species (aluminum 

oxide/hydroxide) and a significant backdeposition of copper is detected over the whole 

area, and appears complementary to both Al KLL and O KLL signals. 

Figure 8.7 shows the SAM maps of Cu LMM of the second intermetallic on the polished 

alloy and on the treated surface. The detection of copper on the sample after the 

application of the treatment indicates a thin coating layer, probably related to the small 

dimension of the inclusion. 

Al KLL O KLL Cu LMM 

Figure 8.6: SAM maps of Al KLL, O KLL and Cu LMM of the small intermetallic after 8 
hours of immersion in NaCl solution.

Just polished Treated 

Figure 8.7: SAM maps of Cu LMM of the small intermetallic on the Al2219 alloy just 
polished (left) and treated with Nabutan STI/310 (right). 
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8.4 Discussion 
The first intermetallic chosen was of an irregular shape, with a maximum length of 10 

µm. The intermetallic components are aluminum, copper and a minor amount of iron 

and manganese. The top layers (1-10 nm depth) are made almost exclusively by copper. 

The surrounding matrix is mainly aluminium, with smaller amounts of copper and iron, 

and a thin surface layer of Al2O3. Smaller precipitates (about 1 µm diameter) lay around 

the selected one; they are composed of iron and manganese. 

The application of the Nabutan coating does not make any significant change in the 

bulk of the alloy, indicating that the coating layer is less than 1 µm thick. Significant 

variations are found on the top layers of the coating. Aluminium, is now distributed in a 

non-specific pattern, uniformly in the oxidised state, as confirmed by the high resolution 

spectra of Figure 8.2. Copper is no longer detectable by Auger analysis, oxygen is now 

more intense on the intermetallic rather than on the matrix and carbon, increased in 

intensity, is concentrated on the matrix. Two new components appear: titanium, more 

intense on the matrix, and fluorine, concentrated on the intermatallic. 

Nabutan is a titanium based coating, the treatment contains hexafluorotitanic acid and 

organic acids [16]. Usually such a conversion coating for aluminium alloys contains 

HF, as it easily dissolves aluminum oxides. Its function is to etch the alumina surface 

layer, allowing the coating active component to react directly with the alloy. Nabutan 

STI/310 does not apparently contain HF. Having this information as starting point, a 

mechanism for the deposition of the coating is proposed based on the data. 

Hexafluorotitanate is a bivalent anion; titanium (Ti4+) is surrounded by six fluorine ions 

(F-) in an octaedral structure. The compound is a metal complex and all the bonds are 

equivalent coordinate covalent bonds. When the complex approaches the alloy surface 

layer the six fluorine atoms, the ligands, tend to form the same complex with aluminium 

as the central metal, giving a more stable complex. The titanium is released and will 

form an oxide layer on the alloy. The surface of the intermetallic is made of copper. The 

formation and precipitation of CuF2 does not occur since copper is not detected after the 

coating. The mechanism of reaction on a copper surface would lead to copper fluoride 

complexes, such as CuF3
-, CuF4

- and CuF6
-. If the first two are formed the titanium 

would react with the intermetallic surface with 2 or 3 F atoms still bound to it. This 

would explain the higher concentration of fluorine on the intermetallic. The titanium 

SAM map reflects the major affinity of the TiF6
- for aluminium oxide. The second step 
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of the mechanism is the deposition of an organic layer on top of the TiO2. The organic 

acid, probably a polymer, will be chemisorbed on the surface, to improve the adhesion 

of paints on the alloy. The level of chemisorption is higher on the matrix than on the 

inclusion. At some point in the deposition process there is an irregular deposition of 

Al2O3, as shown on the SAM map of the treated specimen. 

The progressive immersion of the alloy in a 3.5% NaCl solution produces the increasing 

deposition of Al(OH)3, as a result of the reaction between the Al surface and the 

solution, catalyzed by the chloride ion . The deposits gather across the matrix surface 

rather than around the Cu intermetallics, as would be expected. Titanium is more 

cathodic than copper. One possibility is the formation of metallic Ti at the interface 

alloy/coating: the Nabutan bath is acidic (pH 2.6 – 3), and in acid environment the ion 

TiO2+ could reduce to Ti(s) and water. The corresponding oxidation could be Al(s) to 

Al2O3, and this would explain the erratic distribution of the oxide after the coating.  Iron 

and manganese do not show any activity, and these elements are never detected by AES 

and the maps of Fe Kα and Mn Kα do not show any variation for the different 

immersion steps. Copper has disappeared from the AES spectra after coating, but it 

appears again after 2 hours of immersion. After 8 hours backdeposited Cu clusters are 

more evident, they probably come from the gradual dissolution of the alloy. Chlorine is 

also detected with the EDX analysis on the intermetallic. This indicates that the coating 

damage allows the mobile chlorine ion to reach the intermetallic and precipitate as 

insoluble cuprous chloride [116]. The C KLL maps show how the organic film degrades 

progressively with immersion time. The O Kα map sequence highlights how the oxygen 

concentration rises around a virtual rectangle containing the intermetallic (Figure 8.4b). 

This rectangle corresponds to the area where the electron beam was focused during the 

first two steps of analysis. Probably there was some sort of interaction between the 

electron beam and the polymer layer which made it more stable in the corrosive 

medium, such as localized cross-linking. 

The Nabutan coating layer was not uniform, as shown by the results of a second 

intermetallic of smaller dimensions. Copper from this intermetallic remained exposed 

after the treatment application, thus enhancing its cathodic performance. The rate of 

corrosion is higher than the previous precipitate, because of a discontinuous coating 

layer, leading to the formation of a pit underneath the precipitate after 45 minutes of 

immersion in the salt solution, and corrosion deposits concentrated around the mouth of 
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the pit and back deposited copper across the surface after 8 hours of immersion. In this 

case also the degradation of the surface is more important on the area external to the 

portion exposed to the electron beam in the first stages. This “stabilization” of the 

surface is not thought to be sufficient to prevent the pitting at the precipitate vicinity.  

8.5 Conclusion 
The 2219 Al alloy shows the presence of large Al-Cu-Fe-Mn precipitates (5-30 µm in 

size) and smaller Al-Fe-Mn precipitates (about 1 µm). The surface was analysed by 

means of SEM, SAM and EDX after every step of the experiment. 

The surface was treated with Nabutan. The coating preferentially deposited on the 

matrix rather than on the intermetallic and Al2O3 was found to be randomly deposited 

on the surface. 

Immersion of the treated specimen in a 3.5% NaCl solution produces deposition of 

Al(OH)3 deposits on the matrix and backdeposition of copper after 8 hours of 

immersion. 
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Chapter 9 

Variation of corrosion behaviour of the Al 2219 alloy with the 

nature of the conversion coating 

9.1 Introduction 

The replacement of Cr(VI) based conversion coatings with more environmentally 

friendly treatments for the corrosion protection of aluminium alloys is currently a 

widely studied topic, which as been investigated with various approaches.  

A large variety of alternatives were proposed by scientists, and even commercialised by 

companies, but at present none of the available ones has proven to fully reproduce the 

performance of the chromate treatments. 

Such coatings have not to be considered uniquely with regard to their anti corrosion 

properties. In order to prevent corrosion, treatments such as anodizing proved to give 

better results than the chromate conversion coatings (CCC). According to the 

application though, there are other requirements that need to be satisfied, and for what 

concerns the aerospace industry some of the requirements would be good adhesion with 

further treatments and electrical conductivity, thus the insulating oxide layer resulting 

from the anodizing process of aluminium alloys is a significant limitation. 

This work is focused on the ability of the coatings to prevent corrosion of the 

aluminium alloys and on the role of the intermetallic inclusions, always found on the 

surface of the alloys, in the corrosion process. The active part of the second phase 

precipitates in the corrosion of aluminium, and in general, of metal alloys, is widely 

recognised. They represent defective areas on the surface and sites where galvanic 

couples will develop, and for this reason they are considered as corrosion initiation 

sites. This work has the aim to understand the mechanisms that take place at these sites 

since the early stages of the corrosion process; to highlight any possible difference in 

the interaction of the coatings with the alloy matrix and with the inclusions; and to 

assess the importance of such differences in the anti corrosion performance of the 

coatings. 
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9.2 Choice of materials 

The materials studied in this work were selected from a set proposed by the European 

Space Agency as relevant for the aerospace industry. The set included three different 

wrought aluminium alloys, two cleaning products and four conversion coatings: a 

Cr(VI) based treatment and three chromium-free feasible alternatives.  

The aluminium alloys suggested were Al2219, rich in copper, Al7075, rich in zinc, and 

Al5083, rich in magnesium. The Al2219 is the most widely used of the three, the 

addition of copper improves its mechanical properties but it reduces its corrosion 

resistance. The strengthening second phase precipitate is a mixture of θ' and θ" CuAl2 

with a size below 1 µm, and it contains larger inclusions with variable concentrations of 

mainly Al, Cu, Fe and Mn, and less frequent traces of V, Zr and Ti. Another important 

alloy for aircraft applications is the Al7075. Its strength is very high, but it has poor 

resistance to corrosion. Its strengthening precipitate is MgZn2 and it contains a variety 

of inclusions with different composition and concentrations of the elements. Some of 

the observed compositions were: Mg-Si; Al-Fe-Cr-Cu; Al-Cu-Fe; O-Si-Mg; Al-O-Si-

Mg; Al-Fe. Finally the Al5083, with its lower strength it is used for non structural 

applications. It has good corrosion resistance, but it needs to be treated to improve 

adhesion of paints and electrical conductivity. The observed inclusion compositions 

were Al-O-Si; Al-Mg; Al-Mn-Fe-Cr. 

The Al2219 was chosen as a substrate to perform the investigation of exposure to a 

corrosive medium for the following reasons: 1) it is the most widely used alloy in 

aerospace applications; 2) it has poor resistance to corrosion; 3) its inclusions seem to 

be homogeneous and compact, thus a good starting point to develop a methodology of 

investigation and interpretation of the results; 4) little research has been conducted up to 

present on the Al2219 alloy compared with the other two. 

The two cleaning agents proposed were N-Kleen Etch, and Novaclean Al86, both by 

Henkel. Novaclean Al86 proved to be the best choice between the two, being a 

degreasing agent only. The etching action of the N-Kleen Etch proved to be too 

aggressive for the purpose, increasing the concentration of copper for all the three 

considered alloys. In any case a cleaning agent was not needed for the purpose of this 

study: because of the requirement of a smooth surface the substrates were mechanically 

polished. 
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The treatments proposed for investigation were Alodine 1200S; Alodine 5700, both by 

Henkel; Nabutan STI/310, by NABU, and Iridite NCP, by MacDermid. They are all 

commercial treatments for the protection of aluminium alloys from corrosion, and they 

are easily applied by immersion or spraying at room temperature. 

Alodine 1200S is a chromate based conversion coating, with fluoride as etching agent, 

to remove the native oxide layer on the alloys’ surface, and potassium ferricyanide as 

catalyser. It gives a yellow mixed Cr(III)/Cr(VI) oxide layer which proved to achieve a 

full coverage for all the selected alloys and good corrosion protection. It acts as a barrier 

for the alloy and has a self healing ability, because of the presence of unreduced Cr(VI) 

in the coating. This treatment will be investigated as a reference to assess the behaviour 

of the alternative treatments. 

Alodine 5700 gives a layer of fluorinated zirconium and titanium species. The resulting 

coating layer is not homogeneous for the alloys 2219 and 7075, and it seems to promote 

the migration of the alloying metals Zn and Cu to the surface. It appears to give a good 

coating layer on the Al5083.  

Nabutan STI/310 is a titanium oxide based coating containing an organic polymer, 

probably to improve the adhesion of paints. The coating seems to be not homogeneous.  

Iridite NCP gives a layer of fluorinated zirconium species, with tungsten oxide, added 

probably with the purpose of increasing the electrical conductivity of the coating. This 

treatment also does not seem to give a homogeneous coating. 

All these treatments were selected because they are known to give good adhesion as 

primers, to have a good electrical conductivity, and they have proved to be stable under 

UV radiation and in high temperature condition. Such conversion coatings can be 

considered as variations of the same type of chromium-free coatings: the titanium and 

zirconium based coatings. Ti and Zr are transition metals from the same group in the 

periodic table, thus they are expected to have similar reactivity, similar precursors 

(oxofluorocompounds), and similar protection mechanisms. Iridite is Zr based, Nabutan 

contains titanium and Alodine 5700 contains a mixture of the two.  

After the general characterisation only one of the Cr(VI)-free alternatives was selected 

for specific investigation, and this was Nabutan STI/310. The reasons for this choice 

were the following: 1) thermal cycling and salt spray testing performed on the coated 

alloys revealed that although all three chromium-free coatings did not match the 

Alodine 1200S behaviour, the Nabutan STI/310 appeared to give a slightly better 
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performance; 2) given that the three coatings are based on chemically similar systems 

(Ti and/or Zr compounds) the hybrid (organic/inorganic) nature of Nabutan was 

considered to be the more interesting variation, to be compared with the inorganic 

Alodine 1200S. The addition of tungsten in the Iridite was not considered relevant to the 

anticorrosion performance of the treatment. The mixture of the two transition metals 

could have been of interest, but Alodine 5700 proved to give a poorly coated surface. 

9.3 Exposure to corrosion environment 
Untreated alloy 

The corrosion of the unprotected 2219 aluminium alloy in a saline solution seems to 

start at the periphery of intermetallic inclusions, independently of their size. At the 

contact interface between the second phase precipitates and the matrix a potential 

difference will develop, due to the different affinity for electrons of the two phases, 

which will form a galvanic couple. In the presence of an electrolyte, as an areated NaCl 

solution, the two phases will act as cathode (intermetallic) and anode (matrix), the 

anode will dissolve, electrons will travel from the anode to the cathode and the 

reduction of oxygen will take place at the cathode. The basic electrode reactions are the 

following: 

Anodic reaction: 

Al0 → Al3+ + 3e-  

Catodic reaction: 

O2 +2 H2O + 2e- → 4OH- 

A series of reactions at the anodic site will lead to the deposition of corrosion products: 

Al3+ + 3H2O → Al(OH)3↓ + 3H+ 

The aluminium hydroxide is in its hydrated form, it appears as a white gel, and once 

dried it leaves a porous morphology. The electrode reactions produce an increase of pH 

at the cathodic site and a decrease at the anodic area. This opposite charge accumulation 

at different sites would decelerate, and eventually stop the anodic and cathodic reactions 

in the absence of an electrolyte in solution, or it may limit their velocity to the diffusion 

speed of the H+ and OH- species in solution. The high mobility of the chloride ion 

allows the differential charge to be neutralised with Cl- ions migrating from the cathodic 

to the anodic area. The well known catalysing action of chloride ions in the corrosion of 
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aluminium is mainly attributed to its high mobility, increasing the solution conductivity, 

but it can be extended to an active catalysing action as intermediate of reaction, 

according to the following reactions: 

Al3+ + 4Cl- → AlCl4
- 

AlCl4
- + 3H2O → Al(OH)3 + 3H+ + 4Cl- 

The basic steps of the corrosion of aluminium in proximity of a cathodic intermetallic 

were described. Considerations of the specific Al2219 system have to be made, in order 

to understand additional corrosion effects. 

The measured composition of the alloy in proximity of the inclusion is 97.9 at% Al and 

2.1 at% Cu. The average measured composition of the inclusion is 78 at% Al; 16 at% 

Cu, 5 at% Fe and 1 at% Mn. The values of the standard reduction potential (E0) of these 

metals give an idea of their reactivity in galvanic corrosion:  

Cu+ + e- → Cu                                    E0 = +0.52 

Cu2+ + 2e- → Cu                                 E0 = +0.34 

Fe3+ + 3e- → Fe                                  E0 = -0.04 

Fe2+ + 2e- → Fe                                  E0 = -0.41 

Mn2+ + 2e- → Mn                               E0 = -1.18 

Al3+ + 3e- → Al                                  E0 = -1.66 

From these values it is straightforward to identify aluminium as the anode and copper as 

the cathode, but the Al2219 system is more complex. Manganese and iron are anodic 

compared to copper. They are however both cathodic compared to aluminium. The 

overall nature of the inclusion is cathodic with respect to the matrix, which is expected 

to dissolve. The difficulty arises when there is evidence of metal dissolution also from 

the inclusion itself. The first intermetallic reaction is the deposition of chlorine on the 

inclusion surface. This is attributed to the formation of the insoluble cuprous chloride 

salt (CuCl), probably an energetically convenient reaction. The salt can form a complex 

with chloride ions (CuCl2
-). This form of dissolution of copper is dependent on the 

concentration of Cl- at the inclusion surface, which is reduced along with the progress of 

the electrochemical reactions. The other unexpected reaction is the deposition of 

aluminium corrosion products on the intermetallic and iron corrosion products on the 

inclusion and at its periphery. This represents a clear evidence of the galvanic 

dissolution of the second phase precipitate. 
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The anodic/cathodic activity of the inclusion is a direct consequence of the fact that the 

precipitate does not consist in a single phase. At least two phases were identified with 

the main difference being the iron content, inversely related with the copper content. It 

is reasonable to think that the phase with higher content of copper is the cathodic “side” 

of the intermetallic and the other is the anodic “side”. They still are both cathodic to the 

matrix. Figure 9.1 shows a very simplified representation of the dual nature of the 

intermetallic. The inclusion, embedded on the anodic matrix shows an external cathodic 

side (the phase rich in copper) and an internal anodic side (rich in iron). The dissolved 

aluminium or iron on the inclusion can react immediately with the hydroxyl species 

developed at the cathodic side, without intermediation from chloride ions. Evidence of 

this is given by the fact that with corrosion deposits accumulation the chlorinated 

species AlCl3 remains trapped in the pores of the deposits around the inclusion, but not 

above it. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The last consideration concerns the different ways of development of the corrosion 

process. It was observed that bigger intermetallics are completely covered by the gel-

like corrosion deposits, while the small ones (about 1 µm in size) are undermined at the 

periphery by the dissolution of the matrix and finally detach from it. This different 

behaviour could be uniquely dependent on the size of the inclusion (the smaller, the 

Matrix 
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Anode (-) Cathode (+) 

Al0 Al0 

Al0 Fe0 
Al3+ 

Fe2+ Al3+ 

OH- 
OH- 

OH- OH- 
OH- OH- 

H+ H+ H+ 

H+ H+ 
Al3+ 

H+ H+ 

OH- 

Figure 9.1: Schematic diagram of the dual nature of a second phase precipitate on the Al2219 
aluminium alloy. 
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easier to detach, because it requires the dissolution of a smaller volume of the alloy), or 

it can be a further effect of the dual nature of an inclusion. Bigger intermetallics are 

more likely to have different phases, with bigger phase dispersion in the inclusion 

volume, this generating a more dense alternation of anodic and cathodic sites. The final 

effect of this is that a bigger intermetallic is more easily covered in corrosion deposits 

than internally detached from the alloy matrix. 

Alloy treated with Alodine 1200S 

The application of Alodine 1200S to the polished 2219 aluminium alloy gives a coating 

layer which is thicker on the matrix than on the intermetallic, although the intermetallic 

represents the initiation site for corrosion. Copper is incorporated in the coating layer 

from the intermetallic, probably as a result of the interaction with the ferricyanide 

species forming the species CuFe(CN)6. The first reaction to the exposure to a chloride 

environment is the deposition of aluminium corrosion products on and around the 

intermetallic since the early stages of exposure. The coating layer does not dissolve 

leaving neither the intermetallic nor the matrix exposed, but a layer of few nanometers 

thick of aluminium hydroxide will form, suggesting a cracked or porous nature of the 

chromate coating. The process is significantly slower compared to the untreated alloy. 

The dissolution of iron, which started after 15 minutes of exposure for the untreated 

alloy, in the case of the Alodine treated alloy iron appeared for the first time after 42 

hours. Between the first dissolution of aluminium and the first dissolution of iron, the 

dissolution of manganese from the intermetallic was observed (after 26 hours of 

exposure). This sequence is consistent with the scale of the standard reduction 

potentials, manganese being just above aluminium and below iron. There is no reason to 

think that manganese would not dissolve from the untreated alloy, probably the 

phenomenon was too quick to be observed.  

Another observed phenomenon was the significant back-deposition of copper on the 

intermetallic area, this took place after 26 hours, that is to say after the dissolution of 

manganese and just before the dissolution of iron. The noble metal would probably 

dissolve in solution along with the other intermetallic components: aluminium, iron and 

manganese showed all to dissolve from the inclusion, copper atoms originally bonded to 

these metals, would be transferred in solution and back deposit on the surface. This 

phenomenon could not be observed on the untreated alloy since the copper present in 
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the intermetallic was already exposed, and a further deposition would not make any 

difference in the detected level, but there is no reason to think that it did not happen. 

This copper backdeposition on the untreated alloy inclusions could result in an increase 

in corrosion rate. The intermetallic surface would have areas highly enriched with 

copper in contact with areas rich in aluminium and iron, and this would increase the 

Al/Fe dissolution from the precipitate.  

Alloy treated with Nabutan STI/310 

The Nabutan STI/310 reacts preferentially with the matrix than with the intermetallic, 

giving a thin layer on the inclusions and a coating which is overall not homogeneous. 

The adsorption of epoxyacrilate based coatings was tested and revealed to be superior to 

the adsorption of the same species on Alodine 1200S 

The exposure to a corrosion environment produces a corrosion product deposition that 

is not related to the intermetallic periphery. The polymer contained in the coating 

underwent some sort of reaction with the electron beam, probably cross linking, which 

made it a stable and compact barrier for the underlying alloy. The corrosion initiated 

mainly on the area all around the surface rastered by the beam and from there it 

propagated inward. There is no observed activity directly ascribable to the inclusion, as 

the dissolution of manganese, iron or copper, and this confirms the fact that the polymer 

acts as a barrier. A much smaller precipitate was undermined, as in the case of the 

untreated alloy, with the formation of a large pit on one side of the inclusion. 

In conclusion this treatment gave some protection against corrosion, compared to the 

untreated alloy, but to a degree which is inferior to the protection offered by Alodine 

1200S. 

 

The importance of the microscopic activity at the second phase precipitates of 

aluminium alloys exposed to corrosive environments becomes relevant at the 

macroscopic scale when the surface density of these intermetallics is considered. Figure 

9.2 shows two optical microscope images of the first and the second intermetallic 

groups on the Al2219 alloy, previously described in Chapter 6. The area in Figure 9.2a 

is about 0.076 mm2 and the area in Figure 9.2b is about 0.024 mm2. It can be seen that 

the inclusions studied are not isolated features on a smooth and flawless aluminium 

surface, their presence is substantial and the simultaneous anodic dissolution at all the 
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inclusion sites after exposure to a saline environment will affect the entire surface, and 

produce visible degradation. 

        

 

 

 

 

 

 

 

 

 

 

Figure 9.3 shows the SEM micrographs of the second intermetallic group (shown in 

Figure 9.2b) just after the polishing of the surface (Figure 9.3a) and after 4 hours of 

exposure to a 3.5% NaCl solution. The red and blue boxes indicate two of the four 

indentation marks used to re-locate the group. It is evident how all the inclusions in the 

image have been affected by corrosion in the same way of the inclusion studied.  

 

 

Figure 9.2: Optical microscope images of a) the first intermetallic group, and b) the second 
intermetallic group on the Al2219 alloy, previously described in Chapter 6. 

a b
40 μm 20 μm 

20.0µm 20.0µm

20 μm 20 μm 

a b

Figure 9.3: SEM micrographs of the second intermetallic group (Figure 9.2b) after polishing 
the alloy surface (a) and after 4 hours of exposure to a 3.5% NaCl solution. The red and blue 

boxes indicate the position of the indentation marks. 
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Chapter 10 

Conclusions and Further Work 
In this thesis three environmentally friendly alternatives to chromate conversion 

coatings where studied in order to elucidate their role and mode of action as corrosion 

protection treatments for aluminium alloys, their behaviour and performance was 

compared to a widely used chromium conversion coating: Alodine 1200S. The 

treatments were commercially available products based on titanium and zirconium 

compounds (oxides or fluorides) and their application on three alloys used in aerospace 

industry (Al2219, Al7075, Al5083) was investigated. A corrosion study was conducted 

on the Al 2219 alloy untreated and treated with Alodine 1200S, used as reference, and 

with one of the alternatives, Nabutan STI/310. The work lead to the following 

conclusions: 

• The microstructure of the alloys plays an important role in the corrosion 

resistance of aluminium alloys. The corrosion behaviour is affected by the 

composition, the dimensions, the homogeneity and the density of second phase 

precipitates at the alloy surface. 

• The composition of the inclusions determines their anodic or cathodic nature, 

compared to the surrounding matrix, if the inclusion is anodic it will 

progressively dissolve after exposure to a corrosive medium, if it is cathodic the 

matrix at its periphery will dissolve. 

• The dimensions affect the physical behaviour of the inclusions, large cathodic 

precipitates will be progressively covered by corrosion deposits, while small 

ones could loose any contact with the matrix because of the alloy dissolution and 

eventually be realeased into the environment. 

• The precipitate compositional heterogeneity may determine anodic and cathodic 

sites located at different phases of the intermetallic, with the resulting 

dissolution of the precipitate itself at the anodic sites. 

• The overall dissolution of the alloy is directly dependent on the density of the 

intermetallics on its surface. 

• The microstructure of the alloy surface is very important for the application of 

pre-treatments. The inclusions represent initiation sites for the application of the 
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two pretreatments studied and the coating on such inclusions was thinner and 

defective. 

• The intermetallics on the Al2219 alloy seem to be all composed of aluminium, 

copper, iron and manganese. They are cathodic with respect to the matrix, which 

dissolves in the corrosion environment. The inclusions are not homogeneous, 

which causes the local dissolution of the intermetallic particles also. The high 

density of inclusions on the alloy surface leads to rapid degradation by 

corrosion. 

• The Alodine 1200S seems to give high corrosion protection to the alloy surface, 

although there is evidence of very slow electrochemical activity. Such activity is 

considered to be of the same nature of the activity observed for the untreated 

alloy. There is no evidence of dissolution or of any other form of degradation of 

the chromate film. 

• Of the green pre-treatments proposed Nabutan STI/310 appeared to give the 

better performance, although highly inferior to Alodine 1200S. The treatment is 

shown to be degraded by exposure to a saline solution. The exposure to a 10 kV 

electron beam modified the conversion coating which made it more resistant to 

corrosion attack.  

• Nabutan STI/310 gave better adsorption of epoxy acryate resins, compared to 

Alodine 1200S, probably because of its hybrid (organic/inorganic) nature. This 

study was conducted using Al2219 as a substrate, the conclusions though could 

be extended to the other alloys, given that the coating layer is continuous and 

homogeneous. 

 

Future work 
The future work that should be carried out is the study of the behaviour of aluminium 

alloys treated with the candidate anti-corrosion pre-treatments and treated with paints 

and/or adhesives, to assess how this further layer influences the corrosion attack in 

saline solution exposures. This was attempted with specimens supplied by ESA at an 

early stage of the project. Unfortunately the samples were not suitable for detailed 

analysis as a result of the presence of surface contaminants [29]. This and similar 

problems experienced with some of the samples supplied by ISQ indicate the care that 
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must be taken when samples for a research project involving surface analysis are 

supplied by a third party not conversant with the need for scrupulous surface 

cleanliness. 

It would also be interesting to investigate the behaviour of the second phase precipitates 

of the Al7075 and Al5083 alloys, since they show very different composition from the 

inclusions of Al2219. Both Al2219 and Al7075 need corrosion protection, while the Al 

5083 has a good resistance to corrosion. It would be interesting to find a connection 

between the nature of the inclusions and the corrosion resistance, and to highlight what 

the first two alloys have in common and what distinguishes the Al5083 from the others. 

In terms of corrosion protections none of the pre-treatments studied could replace the 

chromate based coatings for all applications, thus the research should be aimed to new 

alternatives. Although it could be useful to get a better understanding of the 

modification caused to Nabutan STI/310 by the electron beam, in order to design a 

possible development of this coating to a more resistant one, and keep the good 

adsorption properties. 
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