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Abstract 

Corrosion is a common issue which must be accounted for when designing all metal products in 

our society. Many factors need to be considered when new alloys are created, and further 

knowledge of the corrosion process would be of great use for companies worldwide. The 

purpose of this thesis was to investigate if X-ray Photoelectron Spectroscopy, XPS, can be used 

to characterise and quantify corrosion products. With the goal to develop a method that can be 

used for further studies to increase our understanding of the corrosion process.  

Aluminium alloy AA3003 was subjected to an immersion corrosion test in an acidified salt 

solution for different periods of time and the produced chemical compounds were characterised 

using XPS. The results revealed a direct connection between corrosion time and formed product, 

which after characterisation proved to be aluminium hydroxide, Al(OH)3. It was concluded that 

XPS can be used for corrosion studies and is a method that shows great potential and should be 

further developed.   

  

 

Sammanfattning 

I metallindustrin är korrosion ett ständigt förekommande problem som måste tas i beaktande vid 

design av metallprodukter. Många faktorer är avgörande när nya legeringar utvecklas och en 

djupare kunskap om korrosionsprocessen och dess mekanismer är av stort värde för företag 

världen över. Syftet med detta examensarbete var att undersöka huruvida röntgen-fotoelektron-

spektroskopi, XPS, kan användas för att kvalitativt och kvantitativt karakterisera de 

korrosionsprodukter som bildas vid korrosion. Med målet att presentera en metod som kan 

användas för att vidare undersöka och öka vår förståelse för korrosionsprocessen.   

Aluminiumlegering AA3003 utsattes för accelererad korrosion i en surgjord saltlösning under 

varierande tid och korrosionsprodukter karakteriserades med XPS. Resultatet påvisade direkt 

korrelation mellan korrosionstid och mängd produkt. Korrosionsprodukten visade sig vara 

aluminiumhydroxid, Al(OH)3, och med det i åtanke kunde slutsatsen dras att XPS kan användas 

vid studier av korrosion. Den utvärderade metoden visar stor potential och detta examensarbete 

öppnar upp för vidare forskning som kan komma att öka förståelsen för korrosionsprocessen och 

hur den kan kontrolleras. 
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1 Introduction 

When a metal corrodes, corrosion products are formed. In the case of a rolled aluminium 

sheets, these corrosion products would correspond to chemical compounds such as aluminium 

hydroxide, Al(OH)3, aluminium chloride, AlCl3, and aluminium oxyhydroxide, AlOOH. 

During this thesis work, conducted at Gränges R&I and IFM at Linköping University, these 

corrosion products are to be characterised using X-ray Photoelectron Spectroscopy, XPS. The 

study will consist of conducting accelerated corrosion tests, examining the results using XPS 

and analysing the data to possibly develop a method for corrosion product characterisation.  

 

1.1 Aims and Goals 

In all metal products, corrosion is a recurring issue which must be accounted for when 

designing and developing new alloys and products. To investigate corrosion of an alloy, 

different tests are performed, all with the goal to simulate the product’s environment and 

application. At Gränges, three main methods are used, Sea Water Acetic Acid Test, SWAAT, 

SAPA Technology Immersion Corrosion, STIC, and Total Immersion Corrosion Potential, 

TICOP, further explained in chapter 2.1. These methods require different amounts of time and 

resources.  

The main goal of this study is to investigate if XPS can be used to study corrosion. More 

specifically determine if it is possible to characterise and quantify the corrosion products.  

 

1.2 Background 

To study corrosion products using XPS, aluminium will be used. More specifically, the 

common alloy AA3003 with tempers H18 and H14. This thesis work is conducted at Gränges 

Sweden AB.  

 

1.2.1 Gränges Sweden AB 

Gränges Sweden AB focuses mainly on rolled aluminium for heat exchangers and provides 

the industry with leading products. The heat exchangers are constructed using four different 

types of materials, clad tube, clad fin, unclad fin and clad plate, which are all produced using 

different combinations of aluminium alloys depending on the customers conditions and 

requirements. [1] 

Gränges was first founded in 1898 in the small town Grängesberg and several local industries, 

such as Grängesbergs mines and Oxelösund ironworks were merged into the company. 73 

years later, in 1969, Svenska Metallverken was acquired and was later the business developed 

into Gränges and Sapa which, in 1972, began the current development and production of 

aluminium for heat exchangers in Finspång. Since 1980, when Gränges was acquired by 
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Electrolux, the aluminium business is the only remaining production. In 2000, Gränges took 

the name Sapa which five years later was acquired by the Norwegian company Orkla. Sapa 

could be divided into two main production departments, rolled aluminium products and 

extruded aluminium profiles, and in 2013 the rolled aluminium production reinstated the 

name Gränges. The next year the company was listed in the Nasdaq Stockholm stock 

exchange. Since 1996, Gränges has had production in Shanghai and in 2016 the American 

company Noranda was bought and renamed Gränges America. [2] 

Today, the production capacity reaches 420 000 tonnes with production sites in Finspång, 

Sweden, Shanghai, China, and in Huntingdon, Salisbury, and Newport in the U.S. [3] Gränges 

R&I is the research and innovation department at Gränges and is today present in both 

Finspång and Shanghai. [4] 

 

1.2.2 Aluminium 

Aluminium has become one of the most used metals in today’s society, second only to steel. 

The reasons are mainly the low density, the element’s ability to resist corrosion, its abundance 

in the earth crust as well as it being easy to process and cheap because of the developed 

industry. Today, aluminium is used in several applications, everything from buildings and 

mechanical constructions to food packaging and electronics. Pure aluminium is soft and has 

limited applications, but when alloyed with elements such as iron, silicon, magnesium, 

copper, zinc, and manganese different properties can be obtained. [5] 

Pure aluminium was first extracted in 1825, which is late in comparison to most common 

metals. It took approximately another 60 years before a favourable technique for extraction 

was developed. However, as early as 5000 BC, clay containing aluminium was used to 

fabricate crockery. The name, aluminium, comes from the material “Alun” which was used 

for chemical and medical applications, later called Alumen. During the 18th century, Alun was 

suspected to contain an unknown element, in 1807 named Aluminum and in Europe later 

Aluminium. It was not until 1824 that the Danish scientist H. Christian Ørsted, manage to 

extract the pure element. The big revolution came at the end of the 19th century when the Hall-

Héroult method and the Bayerprocess, which are still used today, were first developed. [6] 

1.2.2.1 Properties 

Aluminium is a widely used metal for several reasons. The metal has a low density, about 

50 % lighter than stainless steel. Pure aluminium also has good thermal and electrical 

conductivity, making it an excellent heat conductor. The high resistance to corrosion, in both 

air and water, makes aluminium useful in many areas because of the minimal maintenance 

and long-lasting appearance and functionality of aluminium goods. Apart from these 

properties, aluminium is known for its alloys and especially the diversity of these, further 

explained in chapter 1.2.2.3. The pure metal as well as the alloys are likewise easy to 

manufacture in terms of welding, bolting, riveting etc. The ability to cast the metal allows for 

complex shapes and pieces with different functionalities. Finally, it is favourable to recycle 
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aluminium since only 5 % of the energy needed in the original production of the metal is 

needed to extract the metal in the recycled case. [6] [7] 

1.2.2.2 Production 

8 % of the earth’s crust consists of aluminium in the form of oxides in the mineral bauxite. 

The first step in the production of aluminium is to extract pure aluminium oxide from bauxite. 

This is achieved using the so-called Bayermethod, a temperature dependent method based on 

the fact that aluminium hydroxides can be dissolved in sodium hydroxide. Bauxite is mixed 

with sodium under high temperature and pressure and forms NaAl(OH)4. When the 

temperature is lowered precipitates will form. The hydroxide is then filtered, washed and 

heated to a temperature of 1200-1300 °C at which the crystal water evaporates and aluminium 

oxide, Al2O3, is formed. [5] [6] 

The pure metal is then extracted from the oxide through igneous electrolysis according to the 

Hall-Héroult process. Since aluminium oxide has high affinity and a high melting point, the 

oxide is mixed with cryolite, Na3AlF6, and aluminium fluoride, AlF3, which lowers the 

melting point. The current used is around 100-300 kA with a potential of 4 V. This makes the 

process energy consuming. 1 kAh is calculated to correspond to 340 g of pure aluminium, 

however the efficiency is normally only around 85-95 %. [6] 

Following the electrolysis is casting, with DC-casting and strip casting being two of the most 

common types. DC stands for Direct Chill. Aluminium, straight from the electrolysis, is 

mixed with the alloying elements. The aluminium melt is refined from oxides and hydrogen 

gas and then cast into ingots in moulds. Strip casting is when the aluminium melt is rolled 

right away. In this case the melt will be solidified during rolling. This method is only used for 

rolled aluminium. Strip casting is often favourable for aluminium foil or thin sheets since a 

higher cooling rate results in smaller grains. [6] 

If desired, the metal alloys are now rolled, either by hot or cold rolling. In the case of strip 

casting, the metal can be cold rolled right away but in all other cases hot rolling is required. 

During hot rolling, the ingot is heated to 450-550 °C and rolled to a thickness of 2-8 mm. The 

temperature and reduction rate decide the grain size and structure of the resulting material. 

Cold rolling instead uses the ductility of aluminium and is usually done after hot rolling or 

strip casting to get an even thinner foil, down to 5 µm. Instead of rolling, aluminium can also 

obtain the wanted shape and form using for example extrusion or moulding. [6] 

1.2.2.3 Aluminium Alloys 

The aluminium alloys can be divided into eight series based on the alloying elements. These 

series and their corresponding alloying elements can be seen in Table 1.1. Within one series, 

properties such as corrosion resistance and castability as well as mechanical properties show 

similarity. For aluminium, common alloying elements are copper, magnesium, manganese, 

silicon, and zinc and the alloys are designated accordingly.  
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Apart from the American notation, AA followed by a four-digit number, there are two 

European systems for naming wrought alloys. The European Norm Wrought Product where 

the alloys are named EN AW-XXXX where XXXX is the same number, consisting of four 

digits, as in the American notification. The first digit is decided based on the alloying element, 

for example manganese gives the first number three. The other commonly used system is 

instead based on the chemical symbols of the element placed within brackets. For example, 

alloy AA3003, further explained in chapter 1.2.3, is with the two systems labelled EN AW-

3003 and [AlMn1Cu] respectively. Copper in this case, is a so-called additive. Additives are 

used to increase specific properties and could for example be copper, magnesium, beryllium 

or titanium. There is usually less than 1 % of additives in alloys but there could be more than 

one kind. [7] 

 

Table 1.1 The series of aluminium alloys 

Series Alloying elements 

1000 None 

2000 Copper 

3000 Manganese 

4000 Silicon 

5000 Magnesium 

6000 Magnesium and silicon 

7000 Zinc and magnesium 

8000 Iron and silicon 

 

The eight series which are the wrought alloys can be divided into two parts, strain-hardenable 

alloys and age-hardenable alloys. Strain hardening is a process in which a modification of the 

structure occurs because of plastic deformation. For these alloys, the temper of the alloy is 

expressed accordingly, O corresponds to annealed and H to strain hardened. The H is 

followed by a two-digit number where the first one could be either 1, the alloys is only strain 

hardened, 2, strain hardened and partially annealed, or 3, strain hardened and stabilised using 

a low temperature heat treatment. The second digit could be either 2, 4, 6 or 8 and indicates 

the final degree of strain hardening where 2 corresponds to 12 % strain hardening, 4 to 25 %, 
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6 to 50 % and lastly 8 equals 75 %. Age-hardening on the other hand is a process consisting of 

three steps, heating to a high temperature specific to the alloy, quenching to get the alloying 

elements in a supersaturated solid solution, and ageing. Ageing can either be natural ageing 

which is conducted at room temperature, or artificial ageing performed at 100-200 °C. [7] 

Apart from the above-mentioned differences between the alloys of aluminium the material 

could also be either homogenised or unhomogenised. During homogenisation, alloying 

elements are more evenly distributed in the material. In a homogenised material, there are 

small grains due to crystallisation at lower temperatures while the unhomogenised material 

contains larger grains because of a higher crystallisation temperature. [6] 

 

1.2.3 Aluminium Alloy AA3003 

AA3003 is the most common aluminium alloy and has manganese as the alloying element and 

copper as an additive. The alloys in the 3000 series are strain-hardenable alloys which attain 

good mechanical properties and good resistance to corrosion, among other things. AA3003 is 

used in sheet-metal fabrication, vehicles, buildings and heat exchangers. The reasons for the 

alloy being suitable for these applications are that the alloy is easy to form and weld, it has 

good corrosion resistance, a nice appearance, is suitable for painting and has good thermal 

conductivity etc. All properties of the alloy will vary depending on the manufacturing process. 

For example, when manganese is present in form of precipitates, the elasticity of the material 

improves. Manganese in a solid solution will increase the strength of the material but decrease 

the elasticity. [6] [7] 

 

Table 1.2 The properties of AA3003 

Density 2730 kg/m3 

Melting range 643-654 °C 

Possible Tempers O, H12, H14, H18 

Manganese content Approx. 1 % 

Copper content < 0.7 % 
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1.2.4 Corrosion 

Corrosion is the commonly known and used term for the electrochemical reaction in which a 

metal oxidises. This will appear as a process which changes the properties of the metal, such 

as mechanical properties or appearance.   

1.2.4.1 The electrochemical reaction 

When a metal or alloy is present in an aqueous solution there will be a transfer of electrical 

charges at the metal-solution interface. This will result in an electrochemical reaction, the 

metal atoms will initially oxidise and form positive ions, released in the solution. Due to this 

release taking place on the so-called anode of the metal surface, a flow of electrons from the 

solution to the metal will arise creating an anodic current in the opposite direction. Since this 

reduces the ions and molecules in the solution, a chemical reaction creating new molecules 

will take place with the electrons from the metal. In other words, the result is a flux of 

electrons from the metal cathode to the solution and a cathodic current is created. The 

cathodic current is directed from the solution to the metal. [7]  

The metal solution interface, at which these reactions take place, is called the double layer due 

to the created electric field consisting of two layers of charges. The double layer can be 

divided into three parts, the Compact Stern layer, the Helmholtz region and the Diffuse 

Gousy-Chapman region. The first layer contains mostly molecules and small anions, such as 

chlorides, and the second layer is built up by solvated ions. The Diffuse Gousy-Chapman 

region is dependent on the ionic force of the solution.  [7] 

1.2.4.2 Corrosion of Aluminium - Electrochemical Reactions 

As explained in chapter 1.2.4.1 corrosion consists of both a reduction and an oxidation 

reaction. For aluminium, these reactions are as stated in equation (1) and (2) below.  

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛: 𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−  (1) 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛: 3𝐻+ + 3𝑒− →  
3

2
𝐻2  (2) 

Using equations (1) and (2), the total reaction of corrosion in aluminium in an aqueous 

solution can be written according to equation (3).  

𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)3 +  
3

2
𝐻2  (3) 

All passive metals, aluminium being one of them, have a homogenous naturally formed oxide 

film on the surface. Aluminium will spontaneously oxidise according to equation (4).  

2𝐴𝑙 +
3

2
𝑂2 → 𝐴𝑙2𝑂3   (4)  

This oxide layer is crucial for the corrosion resistance of aluminium and is usually divided 

into two layers. The first layer, referred to as the barrier layer, is compact and amorphous with 

dielectric properties. This layer is formed whenever the metal surface is in contact with any 
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oxidising medium. On top of the barrier layer is a porous slower forming layer that reacts to 

the exterior. While the barrier layer is not temperature dependent, this layer is. The 

temperature at which formation takes place, is crucial for if this layer takes the form of 

amorphous alumina (𝐴𝑙2𝑂3), Bayerite (𝛼 − 𝐴𝑙(𝑂𝐻)3), Boehmite (𝛾 − 𝐴𝑙𝑂𝑂𝐻) or Corundum 

(𝛼 − 𝐴𝑙2𝑂3), all having different crystal structures and/or chemical formulas. [7] [8] 

For aluminium alloys, the alloying element and additives will influence the corrosion 

resistance either by strengthening or weakening the shielding properties of the oxide layer. 

Magnesium will, for example, enhance the corrosion resistance while copper will reduce it. 

[7] 

1.2.4.3 Corrosion of Aluminium - Corrosion Types 

In aluminium as well as other metals, there are a few different types of corrosions depending 

on environment, conditions etc. In highly acidic or alkaline environments, generalised 

corrosion can occur. When exposed to this kind of corrosion small pits, on the scale of 

micrometres, are formed in the metal which evenly decreases the thickness of the entire metal 

surface or a large part of it. How quickly the metal dissolves vary depending on the solvent 

and can be determined by measuring the decrease in mass over time. [7] [9]   

A type of corrosion more damaging than the generalised one is pitting corrosion. When in a 

medium with a pH at approximately seven, water, humidified air, seawater etc., pitting 

corrosion is prone to occur in aluminium. Local, irregularly shaped cavities or pits are formed 

in the material, covered by corrosion products. The size and depth of these cavities vary 

dependent on the properties of the metal and medium. When pitting corrosion occurs in 

aluminium the cavities get covered by a white alumina gel. [7]  

Corrosion can also occur within the metal, and can then propagate in either all directions, 

called transgranular corrosion, or follow specific paths and propagate at grain boundaries, 

referred to as intergranular corrosion. Another type of selective corrosion is exfoliation 

corrosion, where the corrosion propagates along planes parallel to the direction of extrusion or 

rolling. This type of corrosion will appear either as swelling of the metal or that the unaffected 

layers are peeled off and is most common in alloys from the 2000, 5000 and 7000 series. 

Another type of corrosion, still not fully understood, is stress corrosion. The corrosion 

propagates along grain boundaries and arises because of electrochemical propagation or 

hydrogen embrittlement. [7] 

Lacquered metal filiform corrosion can appear in painted or plated surfaces and usually arises 

in defects in the coating. Water line corrosion is another type, occurring when metal is partly 

submerged in water. This type of corrosion is local and arises right below the water surface. 

When a metal is bolted or riveted the area around or under these joints, called crevices, can 

corrode. This is known as crevice corrosion or deposit attack. Further, cavitation and erosion 

are two other types of corrosion. Cavitation arises when the hydrodynamic pressure exceeds 

the vapour pressure in a moving liquid and erosion appears as a result of the speed of flow in 

a moving liquid. Erosion results in areas of the metal becoming thinner than others. For 

aluminium this type of corrosion does not occur until the flow speed exceeds 12-15 m/s. 
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Microbiological corrosion can occur because of either heterotrophic or autotrophic bacteria. 

These bacteria develop in organic and inorganic environments respectively. [7] 

When aluminium is assembled with another more noble metal, galvanic corrosion can occur 

as a galvanic cell is formed. This is common in a chloride environment since otherwise the 

protective function of the oxide layer of aluminium gives the metal a good corrosion 

resistance. [5]  

 

1.3 Related Work 

Even though no articles proposing a method for characterisation of corrosion products using 

XPS have been published, there are some in which the authors use XPS as a verification of the 

corrosion products. B. Wang et al [10] and H.R. Zhou et al [11] both use XPS to characterise 

the corrosion products, although together with other characterisation methods such as FT-IR 

spectroscopy or EDS. In both cases the authors can analyse the XPS spectra and with curve 

fitting estimate the corrosion products. In these cases, the authors know what to expect and 

they perform the curve fitting and analysis accordingly, making assumptions regarding the 

produced compounds.  

 

1.4 Limitations 

In the scope of this thesis, studies will only be conducted on one aluminium alloy, alloy 

AA3003. Other alloys and metals will yield various corrosion products and with that, other 

difficulties in analysing the XPS data may occur that is not considered in this thesis work. 

Due to time limitations, as well as accessibility, STIC will be the main corrosion test. If time 

allows, one additional internal method, SWAAT, will be used but even then, there are other 

types of corrosions tests, yielding other corrosions types, that will not be studied.  

Since this study focuses on evaluating XPS as an analysis technique for characterising the 

corrosion products no other methods will be used as a complement, apart from SEM and EDS. 

As mentioned in chapter 1.3, the previous use of XPS for similar problem statements are 

usually accompanied by other characterisation methods, this is not the case in this study. The 

available time at the equipment is also limited which limits the amount of data for analysis.    

 

1.5 Problem Statement 

Based on the purpose of the thesis work, described in chapter 1.1, the problem can more 

specifically be stated as the follows: 

Can XPS be used to characterise and quantify corrosion products in aluminium alloy 

AA3003? 
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1.6 Report Structure 

The introductory chapter dealt with an overview of the thesis aims and goals as well as gives a 

background on aluminium and corrosion. Following is a chapter dealing with the theory 

necessary to understand the problem, methods used as well as how to interpret the results. The 

theory is divided into four main parts including the different methods for corrosion, 

instruments used for analysis, how the XPS spectra are analysed as well as a description of the 

expected corrosion products based on the literature study.  

Chapter 3 continues with the methods used in this thesis and is followed by the obtained 

results. The results are analysed and discussed and finally a conclusion is presented. At the 

end of the report is a list of references followed by appendices.  

The reference system used in this report is the Vancouver system. A number within brackets 

is placed either at the end of a sentence when referring to that one sentence, or at the end of a 

paragraph, when referring to the entire paragraph. The references are then listed, in the order 

they appear in the report, in the list of references. 
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2 Theory 

The purpose of this chapter is to obtain basic knowledge about the methods and instruments 

used in this study. A description on how the XPS spectrum can be analysed is provided 

together with a discussion around the AA3003 spectra. The theory chapter is then completed 

with a presentation of the expected corrosion products and an analysis of their appearances in 

the spectra.  

 

2.1 Corrosion Tests 

To investigate corrosion products, aluminium must be corroded. Three methods are used at 

Gränges, STIC, SWAAT and TICOP, the standard procedures of these are all explained 

below. In this study it was not necessary to perform these corrosion test completely according 

to protocol, the motivation for this is further discussed in chapter 3.1.3.  

 

2.1.1 SAPA Technology Immersion Corrosion 

The basic principle of the STIC test is that a clean metal piece is submerged into a SWAAT-

solution with added hydrogen peroxide, H2O2. The SWAAT solution is an acidified salt 

solution, prepared according to Gränges protocol [12]. This to investigate the corrosion of 

aluminium alloys and get information on the total corrosion morphology. The time needed 

depends on the type of alloy as well as metal thickness but is usually in the scope of hours.  

At Gränges STIC is conducted as follows. First the electrolyte is prepared by mixing 

SWAAT-solution with H2O2, the volume is dependent on the test being run. At least two 

samples of each type are prepared and samples with mechanical damage are excluded. The 

sample pieces are cut out and degreased using an alkaline agent, the backs of the sample 

pieces are covered with plastic, and the edges with Miccroshield or nail polish to prevent 

corrosion from more than one side. The samples are put in sample holders and submerged into 

a glass container containing the prepared electrolyte. The distance from the samples to the 

water’s surface should be at least 10 mm and to the container edge 30 mm. The solution 

volume should be at a minimum of 20 ml per sample surface area in cm2. [13] 

 

2.1.2 Sea Water Acetic Acid Test 

To investigate the corrosion resistance of a metal, SWAAT is used to simulate the real 

environment surrounding heat exchangers in cars. The test is conducted in a chloride 

environment, in a so-called corrosion chamber in which a SWAAT solution creates a mist that 

descend on the samples. Samples are cut into 60x110 mm pieces, the longer side in the rolling 

direction, degreased and one side is covered with tape. The pieces are placed in sample 

holders in the chamber. The volume, pH, and density of the immersion solution, as well as the 

temperature are measured on a regular basis throughout the investigation. The number of 
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perforations can then be calculated and/or the loss in mass can be measured and analysed. [12] 

 

2.1.3 Total Immersion Corrosion Potential 

TICOP is normally used on brazed aluminium alloys that have a corrosion potential gradient. 

The purpose is to quickly estimate the gradient, instead of using methods such as SWAAT 

that requires more test time. In this method, a SWAAT solution with 10 ml/L added hydrogen 

peroxide is used and the sample is fully submerged into the solution. The corrosion potential 

is then measured as a function of time, on one side of the sample. Since the thickness of the 

sample decreases with time, the potential will be measured at different depths. The 

measurements can continue for up to 16 hours with a measurement every five minutes. [14] 

One corner of each sample is drilled, and an aluminium wire is threaded through the hole. The 

back of the piece is covered with tape to ensure corrosion from one side only. If needed, 

depending on the material, etching is performed by dipping a piece of the alloy in 72 °C 

NaOH and the thickness is measured before and after. Deionized water is used to rinse the 

surface. Finally, the metal is submerged into nitric acid for 10-20 seconds, dipped in 

deionized water, washed with ethanol and dried with cold air. For some samples, the surface 

is also grinded using SiC sandpaper and deionized water. The samples are then attached to a 5 

cm wide tape and the top borders of the samples are covered with another tape, leaving an 

open site at which the clips used for the potential measurements can be attached. All edges are 

covered using Miccroshield and when dried, the tape coated samples are placed in a glass 

container, clips are attached, solution added and finally the measurements are initiated. [14] 

 

2.2 Techniques for Analysis 

The main purpose of this thesis work is to investigate the corrosion products using XPS. 

However, SEM and EDS will be used initially to study the aluminium alloy after the first 

STIC test is performed. These methods, together with XPS, are further explained below.  

 

2.2.1 Scanning Electron Microscopy 

SEM is used for surface studies and consists of an electron gun usually containing a filament 

of tungsten. Electrons from the filament are accelerated to an energy between 1-30 keV, they 

pass through either two or three lenses used to decrease the beam diameter to a size of 

2-10 nm, before reaching the sample surface. Detectors are placed to detect secondary and 

backscattered electrons. In newer instruments, the beam position is controlled digitally and an 

image is displayed on a computer screen. Older SEM instruments have scan coils which are 

used to scan the sample, and the detector counts the low energy secondary electrons from that 

area of the sample. While this is being conducted, the spot of a cathode ray tube is scanned 

across the screen. The brightness of the spot is regulated by the amplified current from the 

detector and both the beam and the cathode ray tube spot is scanned in a regular set of straight 

lines, called raster. [15] 
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Electrons penetrate the sample and the penetrated volume is referred to as interaction volume. 

Inelastic scattering causes generation of various radiation, all within the interaction volume, 

the radiation that escapes the specimen can then be detected. The amount of radiation that can 

escape is highly dependent on both the radiation and the specimen. The amount of secondary 

and backscattered electrons are notated δ and η respectively where η is strongly dependent on 

the atomic number of the sample but independent on the voltage. The opposite applies to δ 

which is dependent on the voltage but independent on the atomic number. The most 

commonly used radiation for detection is secondary electrons, the electrons hit a scintillator 

which emits light which is them transmitted to a photomultiplier through a pipe. The 

photomultiplier converts the photons into electron pulses which are amplified and used to 

regulate the intensity of the cathode ray tube. [15] 

This scintillator will also detect some backscattered electrons; however, most SEMs today 

have special detectors for backscattered electrons. These can be one of three types, scintillator 

detector, solid-state detectors, or through-the-lens detectors. The advantage of the first one is 

the rapid response time, but it might restrict the working distance of the microscope. The 

solid-state detector has a slower response and is therefore not used for fast scan rates. The 

third detector cause some restrictions in the size and moving of the sample. [15] 

 

2.2.2 Energy Dispersive Spectroscopy 

EDS is used to detect the X-ray spectrum and is usually attached to a SEM. The detector is 

situated at a similar position as the detector for secondary electrons since it needs to be in line 

of sight of the sample, to collect as many of the X-rays as possible. It consists of silicon or 

germanium which are both semiconductors and is placed as close to the specimen as possible, 

usually around 20 mm away. [15] 

The working principle of EDS is that the incoming X-rays, emitted from the surface of the 

specimen when the sample is bombarded with high energy electrons, reaches the detector. 

This will excite electrons in the semiconductor resulting in positively charged holes in the 

atoms outer orbital. The number of electron pairs and holes are proportional to the X-ray 

energy. A voltage is applied over the semiconductor and when an X-ray beam reaches the 

detector, a current proportional to its energy will be generated. However, the current that 

occurs because of the applied voltage is much larger than that generated by the energy of the 

X-ray. In practice this means that the resistivity is too low, and this is accounted for by 

making the detector a semiconductor with p-i-n junction, doping the silicon with lithium and 

cooling the detector to 77 K. This decreases the voltage generated current drastically and 

therefore, it is easy to amplify and measure the X-ray generated current. The current lasts for a 

very short period of time. This pulse is amplified and reaches a multichannel analyser and on 

a computer, this is visualised in a histogram of all registered energies. [15] 

 



14 

2.2.3 X-Ray Photoelectron Spectroscopy 

The basic principle of XPS is that photons are used to ionize the surface of a sample, this 

results in the ejection of photoelectrons whose energy can be measured, this phenomenon is 

called the photoelectric effect. When hitting the sample, the photon will eject a core electron 

of an atom. If the energy of the photon is larger than the binding energy, the excess energy 

will be converted into kinetic energy. The kinetic energy of the photoelectron can then be 

measured and used to calculate the electron binding energy, used to identify the chemical state 

of the atom. The binding energy is determined using equation (5), where Eph is the photon 

energy, Ek the kinetic energy measured and EB the binding energy. 𝜙 is called work function 

and is the energy needed for the electron to leave the atom. [16] [17] [18] 

𝐸𝑝ℎ =  𝐸𝑘 + 𝐸𝐵 + 𝜙   (5)  

The XPS instrument either consists of two main chambers, a preparation and an analytical 

chamber, or a combined one. In the preparation chamber the samples get cleaned before being 

moved into the analytical chamber in which the photon source, electron analyser and detector 

are situated. More than one photon source are used because of the necessity to differentiate 

between Auger and XPS peaks in the spectrum, which requires photons of two distinct 

energies. Included in the photon source are an anode, commonly made of aluminium, used to 

produce the photons, and a filament. From the filament, electrons are accelerated up to an 

energy of 15 keV and when hitting the anode, the material characteristic X-ray is emitted. 

These sources will yield a background Bremsstrahlung radiation which produces 

photoelectrons and thereby increases the background noise in the XPS spectra as well as so-

called subsidiary peaks that also excite photoelectrons and causes peaks in the spectrum. To 

decrease the background radiation as well as to remove the peaks a monochromator is used. 

The principle of the monochromator is that only the main characteristic peaks will satisfy 

Braggs law for diffraction and therefore get focused on the specimen. [16] [17] [19] 

The photons bombard the specimen and the ejected photoelectrons are focused using 

electromagnetic lenses to hit the entrance slit of the electrostatic hemispherical analyser. 

There is a range of angles at which the electrons enter the analyser depending on the width of 

the slit as well as the radius of the hemisphere. There are two modes of the analyser, either fix 

retard ratio, FRR, or fixed analyser transmission, FAT. In FRR the electrons are retarded a 

specific amount before entering the analyser, making the energy resolution dependent on the 

electron energy. For FAT, the electrons are retarded until reaching a specific energy, meaning 

they will enter the analyser with a constant energy. The result of FAT is that the resolution 

will be equal throughout the spectrum. [16] [17] 

The detection of electrons is performed using an electron multiplier, usually a so-called 

Channeltron. A Channeltron is basically a tube which has an inside covered with a material 

that releases large numbers of electrons if an electron hits the surface. This will increase the 

output signal of the XPS since the ejected electrons interact with the surface which results in 

more electrons reaching the detector. An illustration of the working principle of the analysing 

chamber can be seen in Figure 2.1 [16] [17] 
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Figure 2.1 Schematic illustration of the XPS analysing chamber 

 

XPS is a surface sensitive method, only detecting elements located up to a few nanometres 

into the sample. To conduct measurements further into the bulk, the sample can be sputtered, 

where bombardment with high energy particles ejects the atoms from the top layers. [16] 

 

2.3 Analysis of X-Ray Photoelectron Spectroscopy Spectra 

The binding energy of an ejected core electron is dependent on the element and can therefore 

be used to determine the elemental composition of a sample surface. With XPS the chemical 

state of an element, the electronic structure as well as the band structure can be determined. 

As can be seen in Figure 4.2 there is a background signal in the spectra. This background is 

caused by photoelectrons that suffered energy loss, the peak appears because of full energy 

photoelectrons. [20] 

The peaks are labelled after the binding energy level, the spectroscopic level, 1s, 2s and so on, 

depending on the quantum number. For Aluminium the 2p peaks are more convenient to 

analyse since they are usually easier to distinguish from peaks of other elements. For oxygen 

and carbon, the 1s peaks are analysed. The binding energy of a core electron corresponds to 

one specific peak, however for the higher orbitals, p, d and f, there will be two peaks due to 

spin. In some cases, these peaks are close together and will appear as one in the spectrum. 

[16] [20] [17] 

A broad peak could indicate two or more peaks with a small difference in binding energies. 

However, peak broadening is also an issue which can occur as an instrumental defect and the 

life time of the positive hole that originates when the electron is ejected. The shorter the life-

time, the wider the peak, resulting in peaks originating in the orbitals closer to the core being 

broader than the ones further away. The broadening can be estimated with a Lorentzian 

distribution while the instrumental defect resembles a Gaussian function. [16] [20] [17] 
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An advantage with XPS is the ability to identify changes in the chemical state at the surface. 

The occurrence of electron transfers when two atoms combine results in one atom becoming 

positively charged, while the other gets a negative charge, thus changing the binding energy 

of electrons which can be determined by a slight shift in peak position. This chemical shift 

results in metals having a lower binding energy than its oxides. For metals, the screening of 

the nucleus caused by outer electrons will also lower the binding energy. [16] [20] [17] 

When a sample is bombarded with photons while ejecting electrons, the surface will become 

positively charged. This can cause some issues since the photoelectron peaks will get shifted, 

complicating the identification of the chemical state. The surface charging is, when possible, 

reduced by adding low energy electrons to the system to neutralise the surface. [16]  

 

2.3.1 Quantification 

XPS can be used to quantify the elements in a sample. This is done by observing the intensity 

of the specific elemental peaks in the spectrum. The percentage of element i1 is calculated 

according to equation (6) where (i1, i2,…,in) correspond to the different elements in the 

sample. 

 

𝑁𝑖1

𝑁𝑖1+𝑁𝑖2+⋯+𝑁𝑖𝑛

=

𝐼𝑖1
(𝜎𝑖1

𝜆𝑖1
)

𝐼𝑖1
(𝜎𝑖1

𝜆𝑖1)
+

𝐼𝑖2
(𝜎𝑖2

𝜆𝑖2)
+⋯+

𝐼𝑖𝑛
(𝜎𝑖𝑛

𝜆𝑖𝑛)

 (6) 

Where σ is the Scofield cross-section factor for each element and λ the inelastic mean free 

path which varies with the kinetic energy of the photoelectron. The intensity is calculated as 

the area under the peak, however, this is not ideal to measure because of the background 

signal. The background needs to be removed which is usually done one of two ways. One 

common way is to draw a straight line between the bases of the peak, a method that can lead 

to large errors in the case of overlapping peaks. A better estimate was developed by Shirley 

[21], instead of a linear correction, the background at a specific point is estimated to be 

proportional to the peak intensity above this point. [16] [20]  

 

2.3.2 Band Bending 

Band bending is a concept relevant for the oxide-metal interface and was first described to 

explain the effect on a metal-semiconductor contact surface by Schottky and Mott. The work 

function of the metal, 𝜙m, and semiconductor, 𝜙s, are different and therefore there will be a 

transfer of free electrons. The electrons will flow from the lower to the higher work function 

and continue until the Fermi levels are aligned. When the work function is higher for the 

metal, a part of the surface gets negatively charged while the corresponding part of the 

semiconductor is positive. This is referred to as the Helmholtz double layer. The so-called 

space charge region, in this case depletion layer, arises since the free charge carrier 

concentration near the surface of the semiconductor is reduced in comparison to the bulk. This 
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will result in a decrease of the fermi level of the semiconductor, towards the metal fermi level. 

[22] 

If the work function is lower for the metal the opposite occurs and electrons are accumulated 

in the space charge region, called accumulation layer. In this case the fermi level of the 

semiconductor will instead increase to align with the metal fermi level. [22] 

As can be seen in Figure 2.2, the energy band of the semiconductor bend towards the fermi 

level of the metal. This is a result of the electric field caused by the charge transfer in the 

space charge region and is called band bending. The bend becomes more curved with 

increasing difference between the metal and semiconductor work functions. Evac, Ec, EF and 

Ev are the vacuum energy, conduction band minimum, Fermi energy and valence band 

maximum, respectively, and χ is the electron affinity. [22] 

  

Figure 2.2 Energy band diagrams of the metal-semiconductor interface to demonstrate band bending.  

 

In the case of an oxide layer on a metal, the electrons will transfer freely between the oxide 

and the metal to align their fermi levels. This gives rise to an electric field between the oxygen 

layer and the metal, causing the energy band of the oxide to bend upwards. In XPS this 

phenomenon will cause a slight shift towards higher binding energies. [22]  

 

2.4 The Aluminium Spectrum 

In Figure 2.3 the small peak, at 72.8 eV, corresponds to the aluminium metal while the larger 

peak, at 76.1 eV is the aluminium oxide. This appearance is typical for aluminium due to the 

naturally formed Al2O3. In Al2O3, the Al2p peak is Al3+, aluminium with oxidation number 
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3+. This will be shifted, compared to metallic aluminium as an effect of the chemical shift 

described in chapter 2.3. The peak for O1s is instead O2-. In aluminium oxide the charge 

distribution, when oxygen and aluminium share electrons, results in oxygen becoming 

negatively charged, while aluminium becomes positively charged. This is visible in the 

spectrum since the aluminium oxide peak in Al2p is shifted to higher binding energy while 

the peak in O1s is instead shifted towards lower binding energies. The O1s peak, Figure 2.4, 

is located at 533.8 eV.  

 

Figure 2.3 Al2p spectra for aluminium alloy AA3003 

 

Figure 2.4 O1s spectra for aluminium alloy AA3003 

 

In Figure 2.3 and Figure 2.4 the reference sample is compared to the sample exposed to 

immersion corrosion for 30 seconds. Here the Al2p peaks are located at 72.8 eV and at 76.1 

eV and the O1s peak at 533.3 eV. This was done to investigate whether the acidified salt 

environment affects the surface. As can be seen in the figures, the oxide peaks are slightly 

shifted towards lower binding energies for the corrosion tested sample. This is probably an 

effect of the added hydrogen peroxide that dissolves the oxide layer, or due to adsorbed ions 

such as Na+, Mg2+ or F-.  
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2.5 Expected Corrosion Products 

A constant product of aluminium corrosion is alumina, Al2O3, independent on the type of 

corrosion [7]. A study of aluminium alloy 5A05 Wang. B et al. concluded that when corroded 

in a solution of NaCl, the main products included Al(OH)3, AlCl3 and Al2O3. [10] However, 

since oxygen and water are present in air, it is safe to suspect that all forms of aluminium 

oxides could be present, these would include Al2O3, Al(OH)3 and AlOOH as described in 

chapter 1.2.4.2. [8] The XPS spectra for these oxides were measured as references, Figure 2.5- 

Figure 2.7, with the same equipment to ease the comparison. How these measurements were 

conducted is presented in chapter 3.  

The spectra in Figure 2.6 and Figure 2.7 were calibrated by first calibrating the C1s peak, 

Figure 2.5. C1s found on metallic aluminium can be calibrated using the Al Fermi edge. 

Remaining C1s peaks was then adjusted after this peak assuming that the C1s binding energy 

would be the same for all compounds. This procedure was necessary since a non-metallic 

material does not have a Fermi edge. These shifts, seen in Table 2.1, were then used to 

calibrate the Al2p and O1s spectra.  

 

 

Figure 2.5 XPS spectra, C1s, for the suspected corrosion products 
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Table 2.1 The calibration of aluminium oxide, aluminium hydroxide, and aluminium oxyhydroxide was 

done by shifting the peaks 

Al Al(OH)3 Al2O3 AlOOH 

0 eV 3.75 eV 2.8 eV -1.2 eV 

 

Al(OH)3 and Al2O3 are shifted towards higher binding energy while AlOOH instead towards a 

lower binding energy. The reason is that Al(OH)3 and Al2O3 measurements were conducted on 

a powder and sapphire, respectively, while AlOOH was formed at the surface of the 

aluminium metal piece. When performing XPS measurements on Al(OH)3 and Al2O3, the 

sample is bombarded with low energy electrons to compensate for the surface charging that 

would result in the peak shifting over time, as the sample ejects electrons. This negative 

charge decreases the binding energy. For AlOOH the band bending, chapter 2.3.2, instead 

results in a shift towards higher binding energy.  
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Figure 2.6 XPS spectra, Al2p, for the suspected 

corrosion products 

 

 

Figure 2.7 XPS spectra, O1s, for the suspected 

corrosion products 

As seen in Figure 2.7, the binding energies for Al2O3, Al(OH)3 and AlOOH are slightly 

different. This difference is due to the chemical shift, as explained in chapter 2.4. In the cases 

of Al(OH)3 and AlOOH, oxygen will still get negatively charged, but the charge is more 

evenly distributed than for Al2O3. This correlates to the chemical shift not being as large as for 

Al2O3 and the binding energy is therefore higher. The opposite happens for Al2p, Figure 2.6, 

where Al(OH)3 and AlOOH are instead shifted towards lower binding energies.  

 

 

  

7274767880

N
o

rm
al

iz
ed

 In
te

n
si

ty

Binding Energy (eV)

References_Al2p

Al(OH)3 Al

Al2O3 AlOOH

528530532534536538

N
o

rm
al

iz
ed

 In
te

n
si

ty

Binding Energy (eV)

References_O1s

Al(OH)3 Al

Al2O3 AlOOH



22 

  



23 

3 Method 

This chapter has been divided into three main parts, the sample preparation, SEM and EDS 

investigation, and the XPS measurements.  

 

3.1 Sample Preparation 

In this thesis study, AA3003 was used with tempers H14 and H18, both homogenised and 

unhomogenised. To simulate the conditions of the Gränges heat exchangers, the alloys were 

also brazing simulated.  

 

3.1.1 Fabrication of Alloy AA3003 

The material used was DC casted to obtain a uniform crystalline structure of the aluminium 

alloy due to this process being close to continuous. After casting, the ingot was homogenised 

by heating to 600 °C for a period of time dependent on the specific properties of the ingot. 

During homogenisation, alloying elements are more evenly distributed in the material, this 

especially applies to copper and silicon. Manganese, when heated, precipitates into Al6Mn 

which is situated in the grain boundaries of the solid solution. The manganese in the solid 

solution will decrease, but during annealing some of the dispersoids will dissolve while others 

will grow. This will have a lower impact on future recrystallisation since fewer disturbances 

in the material will decrease the inhibition of the process.  

After homogenisation and storage, the material was preheated before hot rolling and later cold 

rolled to a thickness of 0.8 mm. In this study, the specified thickness was 0.3 mm and the 

material was therefore cold rolled again. For this study, both homogenised and 

unhomogenised AA3003 with temper H14 were used, as well as homogenised H18. H18 was 

cold rolled to 0.3 mm while H14 was first cold rolled to 0.46 mm which corresponds to 35 %, 

annealed at 350 °C and finally cold rolled to 0.3 mm.  

The complete elemental analysis of the used alloy is presented in Appendix A.  

 

3.1.2 Brazing Simulation 

To make this investigation commercially applicable, the aluminium samples were brazing 

simulated. This in order to create samples more similar to that of most aluminium 

applications, as they are usually brazed in some way. The simulation was done using the 

standard method at Gränges R&I, and a figure of the temperatures, as a function of time, can 

be seen in Figure 3.1.  
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Figure 3.1 Temperatures used for brazing simulation 

 

3.1.3 Corrosion Tests 

Initially TICOP was performed to get an estimated time for perforation. The test was 

conducted according to chapter 2.1.3, but since this was a surface study no etching or grinding 

were performed, in order not to change the surface properties. Pieces of 8x45 mm were used 

and two samples of each temper of alloys were tested, all being brazing simulated.  

STIC was then performed, both for the investigation using SEM and EDS as well as for all 

XPS measurements. The samples were cut into 12x12 mm pieces to fit in the XPS. The pieces 

were then degreased in an ultra-sonic bath with pH 10 for 5 minutes and washed with 

deionized water and ethanol and finally blow-dried with cold air. In this case only corrosion at 

the surface was interesting for the XPS studies, and therefore the process described in chapter 

2.1.1 was simplified. The pieces were assembled using tape on the inside of a glass container 

and a sufficient amount of SWAAT and H2O2 was added to making sure the samples were 

covered. In this case it was not necessary to cover the sides or back of the sample, since the 

short corrosion time would only result in surface corrosion and no perforations. Corrosion on 

the back and sides would not compromise the XPS investigation on the sample surface.  

After STIC the samples were cleaned using deionized water, ethanol and finally isopropanol 

and dried using nitrogen gas. In the XPS it was possible to load seven samples for one 

measurement, due to this limitation only one sample per STIC duration was prepared.  

 

3.1.4 Preparation of Reference Samples 

To be able to distinguish the different aluminium and oxygen containing compounds reference 

spectra were acquired, presented in section 2.5. For Al2O3 a sapphire was used and for 

Al(OH)3 a powder. The AlOOH sample was created by inserting a piece of the brazing 

simulated aluminium alloy AA3003, in 100 °C water and boiling it for 15 minutes [23].  
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3.2 Scanning Electron Microscopy and Energy Dispersive Spectroscopy  

For SEM and EDS measurements, brazing simulated homogenised H14 was used. Three 

samples were studied, a reference sample which was not corroded and two samples STIC 

tested for 16 minutes and 64 minutes respectively. SEM measurements were mainly 

conducted to evaluate the occurred corrosion and decide for how long the samples needed to 

be corroded before XPS measurements.   

 

3.3 X-Ray Photoelectron Spectroscopy  

All XPS measurements were performed on an AXIS Ultra DLD system. The samples were 

not sputtered in order to keep the surface intact. Each analysis included a survey measurement 

from 0-1200 eV, conducted with pass energy 160 eV and 110 µm aperture, using 5 sweeps. 

Then Al2p, C1s, Cl2p, and O1s were further measured to investigate the changes caused by 

corrosion. The pass energy was lowered to 20 eV and a slot aperture was used. Number of 

sweeps were 17, 5, 17, and 7 respectively.  

These measurements were performed on three different samples, H14 homogenised, H14 

unhomogenised and H18 homogenised, all with six different samples that were exposed to 

STIC for 30 secs, 1 min, 2 min, 4 min, 8 min, and 16 min respectively.  

The expected corrosion products were all compounds of aluminium, oxide, and chloride and 

therefore these peaks were measured, together with carbon which is always present.  

The AlOOH, Al2O3 and Al(OH)3 samples were measured using the same settings.  
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4 Results 

Initially homogenised H14 was used since this is considered the standard temper. For 

comparison XPS measurements were also conducted on the unhomogenised H14. TICOP 

measurements showed that homogenised H18 had the lowest corrosion potential, being the 

most prone to corrode, and was therefore also evaluated. Perforation time proved to be 

approximately one hour. Since XPS is surface sensitive, STIC was performed between 30 

seconds and 16 minutes.  

A selection of the received results are presented in this chapter and analysed in chapter 5.  

 

4.1 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

SEM images at 5000x magnification for all three samples, reference, 16 min, and 64 min, can 

be seen in Figure 4.1. For enlarged SEM images, see Appendix B.  

 

Figure 4.1 SEM of reference sample (left), STIC tested for 16 min (middle) and 64 min (right). Magnification 

5000x 

 

The reference sample showed some cracks and holes that occurred during rolling and 

manganese precipitates. After the 16 minutes STIC test, the sample shows exfoliation 

corrosion. After 64 minutes, apart from exfoliation corrosion also pitting corrosion occurred. 

It can be seen that the Manganese particles were often the origin of corrosion. EDS 

measurements did not provide more information than was already known from the elemental 

analysis done on the alloy during production. 

 

4.2 X-Ray Photoelectron Spectroscopy 

Since the comparison between an uncorroded sample and a 30 second sample, Figure 2.3 and 

Figure 2.4, showed that there is a slight difference in peak position, the 30 second sample is 

used as a reference when investigating the corrosion products for increasing STIC time.  

Figure 4.2-Figure 4.6 shows all measured spectra for corroded unhomogenised H14, the time 

labels correspond to time in STIC. The Fermi edge was used to calibrate all spectra.  
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The results from the survey, measured from 0-1200 eV is presented in Figure 4.2. The peaks 

labelled KLL, Auger peaks, correspond to Auger electrons generated from the L shell due to 

holes in the K shell.  

  

Figure 4.2 XPS spectrum, from 0-1200 eV, for corrosion tested AA3003 

 

Since the expected corrosion products are compounds of aluminium, oxygen and chloride, 

these were measured separately, together with carbon to validate the results. The Al2p1/2 peak 

is situated at 73.1 eV, Al2p3/2 peak at 72.7 eV and approximately 76 eV for the aluminium 

oxide. O1s is seen at 533-534 eV, C1s at 286-288 eV and Cl2p1/2 and Cl2p3/2 around 200 eV.  

 

 

 

 

 

 

 

 

 

 

 

 

  



29 

Figure 4.3 below shows the XPS spectra for Al2p and Figure 4.4 O1s.  

 

Figure 4.3 XPS spectrum Al2p, 71-82 eV, for 

corrosion tested AA3003 

 

Figure 4.4 XPS spectrum O1s, 527-541 eV, for 

corrosion tested AA3003 
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In Figure 4.5 and Figure 4.6 are the C1s and Cl2p spectra for the unhomogenised H14 

samples.  

 

Figure 4.5 XPS spectrum C1s, 282-294 eV, for 

corrosion tested AA3003 

 

 

Figure 4.6 XPS spectrum Cl2p, 195-206 eV, for 

corrosion tested AA3003 
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Using Figure 4.4, an estimated O1s spectrum for the corrosion product was made, presented 

in Figure 4.7. Where the oxide layer corresponds to the 30 second sample, scaled, and the 

corrosion products are the difference between the 16 minute sample and the oxide layer.  

 

 

Figure 4.7 Estimated O1s spectrum for the corrosion product 
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5 Analysis  

The survey in Figure 4.2 shows traces of sodium, calcium, magnesium and fluoride, all 

present in the solution used for the corrosion tests. However, no alloying elements or additives 

can be traced, indicating that these are in the bulk and does not form oxides on the surface. 

These elements would therefore not affect the corrosion products and further measurements 

were conducted on aluminium, oxide, chloride and carbon.  

In Figure 4.3 the small peaks, at approximately 72.7 and at 73.1 eV, correspond to the 

aluminium metal. These peaks do not change with longer corrosion time and the effect on the 

metal is not large enough to show a distinguishable difference. The larger peak, at 76.1 eV, 

corresponds to the aluminium oxide layer, Al2O3. This becomes more asymmetrical with 

increasing time in STIC which indicates that another peak grows to the left of Al2O3. The new 

compound contains aluminium and has a slightly larger binding energy than aluminium oxide. 

This increase can supposedly be a result of the changed properties in the binding between the 

atoms within the compound.  

This peak grows with increasing corrosion. The most significant changes are visible between 

4 and 8 minutes, and between 8 and 16 minutes. This is probably since the chosen measuring 

site has a thinner oxide layer and therefore the measurement reaches deeper, detecting more of 

the metal. If that is the case, band bending will cause the larger shift, broadening the peak.   

The carbon spectrum, Figure 4.5, follows the same trend, and the peak broadens since there is 

carbon attached to both the oxide and the formed corrosion product. In all spectra the 

corrosion product seems to have a higher band gap to the metal, than the oxide does, which 

causes the slight shift to the left. This is caused by band bending, described in chapter 2.3.2, 

as the product gets a more positive charge which results in a higher binding energy.  

In Figure 4.6, the spectra for chloride does not change significantly as the sample corrodes 

and the final corrosion product can therefore not be an aluminium chloride compound. It is 

safe to exclude AlCl3. The slight increase in the spectrum after 4 minutes should be the result 

of poor cleaning. During the corrosion process, temporary chloride compounds will be formed 

and, in this case, these were probably not fully washed off before measuring. The result from 

the H18 and homogenised H14 did not show any evidence of some samples having more 

chloride than others, which supports the theory of poor cleaning. This increase is too small to 

be significant in this case.  

Figure 4.4 shows the spectra for O1s, and the broadening shows the same trend as for Al2p. 

This suggests that the corrosion product is either Al(OH)3 or AlOOH. Figure 4.7 displays an 

estimated spectrum for the corrosion products after 16 minutes. When comparing this to the 

measured spectra for the possible oxide containing corrosion products, Figure 2.7, it was not 

possible to simply consider the binding energy of the peak, because of the issue of band 

bending, chapter 2.3.2.  
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Since the band gap for different compositions vary, the band bending is not consistent and is 

therefore hard to account for. For this reason, the conclusion was drawn considering the 

FWHM. As can be seen in Figure 2.7, FWHM is almost twice as wide for AlOOH compared 

to Al2O3. Al(OH)3 on the other hand has almost the same width.  

The spectra in Figure 4.7 indicates that the product has approximately the same FWHM as 

Al2O3, which means that AlOOH can be excluded. Since the corrosion products has a higher 

binding energy than Al2O3, and therefore must have a difference in elemental composition, the 

corrosion product would be Al(OH)3.  

The XPS analysis of homogenised H14 and H18 showed similar results, indicating that 

Al(OH)3 is the corrosion product in all studied cases. However, measurements also showed 

that corrosion does not occur evenly across the surface, the results were dependent on the 

selected measurement area. This was discovered since some measurements showed no 

corrosion, or at least less than the previous measurement. In most cases, when the same 

sample was measured, but on a different site, the data followed the trend.  

The spectra for H14 homogenised and unhomogenised were similar, both having the largest 

peak broadening on the 4-16 minute samples while the spectra for 1 and 2 minutes did not 

differ much from the reference sample. As expected H18, which is more prone to corrode, did 

show a larger broadening as early as after 1 minute. Indicating that more corrosion occur at 

the beginning of the STIC test.  
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6 Discussion 

The method, results and analysis are discussed in terms of source criticism, project oversights 

and sources of errors in the following chapter. Together with a subchapter discussing possible 

future work and method development.  

 

6.1 Method 

There were no earlier studies found to base the method on and it is therefore based on the 

knowledge gained in the chapter 1.2 and 2. The background and theory provide the basic 

information on corrosion and XPS needed to understand how this analysis method can be used 

to study the corrosion products. However, since corrosion was not the main focus of this 

study, but rather if XPS is a possible method for corrosion studies, the focus was instead on 

XPS and how the results can be analysed. The concept of the electrochemical reactions of 

corrosion was therefore not studied or presented in detail.   

 

6.1.1 Source Criticism  

For the literature study, mainly scientific articles and printed sources were used. The printed 

sources were used to understand the basic concept of corrosion and the analytical methods as 

well as provide basic information on aluminium and its alloys. More detailed information, 

such as expected corrosion products were instead found in scientific articles. To be able to 

analyse the spectra the differences in the peaks for AlOOH, Al2O3 and Al(OH)3 were needed. 

One article by Kloprogge et al. presented the spectra but since no references confirming this 

information was found, the oxides were measured as references. It also simplified the analysis 

to have measured spectra from the same equipment, to reduce the risk of false results caused 

by instrumental defects.  

In chapter 1.2.1, about Gränges, the company website was used which was considered a 

reliable source for the information needed. The NACE International website was used for 

gathering information about corrosion itself, this is an organisation specialising on corrosion 

control and should therefore provide correct facts.  

 

6.1.2 Project Oversights 

For the XPS measurements, only the expected corrosion products were investigated. These 

assumptions were based on the literature study. Initially manganese was measured, since the 

alloy has a manganese content, but no changes were observed in the spectra. Therefore, when 

measuring the presented unhomogenised H14 spectra, only Al2p, O1s, C1s and Cl2p were 

considered.  

The corrosion products were never quantified in this study, since it was not necessary to 

answer the problem stated in chapter 1.5. Before quantification a proper curve fitting needs to 
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be done, this part was not necessary for the conclusion drawn in this report and was therefore 

not conducted. However, this can be done with the acquired data, according to chapter 2.3.1.  

As mentioned in the analysis, the corrosion was not evenly distributed over the sample 

surface, this was not evaluated or further accounted for in this study. When deciding on 

measuring sites an area which appeared corroded was chosen since the goal was to come to 

conclusions on whether XPS is a suitable technique for corrosion studies.  

 

6.2 Results and Analysis 

The results and analysis are discussed in this chapter.  

 

6.2.1 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

The SEM measurements, Figure 4.1, showed that the sample surface was mostly corroded 

after 16 minutes in STIC. This analysis was used to determine the series of times used for 

XPS corrosion tests. Since only the surface was to be analysed, there were no need for cavities 

formed during pitting corrosion. Therefore, STIC was only conducted for up to 16 minutes 

rather than 64 minutes.  

  

6.2.2 X-Ray Photoelectron Spectroscopy 

In this study all spectra were calibrated using the Fermi edge of metallic aluminium, apart 

from the powder oxide and sapphire used in the reference measurements. These were instead 

calibrated after the carbon peak in aluminium, which was calibrated after the Fermi edge to 

ease the comparison. The fact that there will be carbon attached to both oxide and hydroxide 

was considered, as well as the band bending. However, conclusions could be made based on 

FWHM.  

Since it was not possible to do corrosion tests in situ the samples might have oxidised between 

the test and XPS measurements. To prevent extended corrosion all samples were stored in 

argon gas. This might be a source of errors, however since the aim of this study was to 

establish if XPS can be used for corrosion measurements, this did not affect the results. As 

mentioned in the analysis, one sample showed traces of chloride and in some measurements 

the carbon peak was larger than expected. This was probably the result of poor cleaning after 

STIC and might have resulted in minor errors. Additional measurements were conducted to 

obtain data that did not deviate from the expected trend.  

The most considerable source of error was the choosing of measuring sites on the samples. 

This was done manually, and some spectra showed that sites where no corrosion had yet 

occurred were chosen. This yielded results difficult to interpret since they did not follow the 

expected trend. When this occurred, further measurements were conducted on the same 

sample. However, in some cases the increased corrosion time did not necessarily correspond 
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to a larger shift in peaks, even when trying to choose a corroded site. In one case the 8 minute 

sample had a larger increase in aluminium hydroxide than the 16 minute one. The differences 

were small but visible in the spectra. The reason could be that the 8 minute sample measuring 

site was a hole in the oxide layer, reaching the metal.  

 

6.3 Future Work  

Corrosion is a large issue in our society and a better understanding of the process would 

increase the chances of preventing product damage caused by corrosion. In this study, only 

one aluminium alloy was used and therefore the natural next step would be to examine other 

alloys and even other metals. If this method proves to be applicable in other cases it would be 

interesting to further investigate the distribution of corrosion, finding a more systematic way 

to conduct the measurements. 

All measurements in this study were conducted using samples corroded with STIC. As 

mentioned in chapter 2.1, SWAAT is another method used at Gränges. This method is time 

consuming and it would therefore be interesting to investigate if both SWAAT and STIC yield 

the same results and with that decide if the same information can be obtained using both 

methods. If so, there would be no need for the time consuming, expensive, and more 

advanced SWAAT test.  

As described in chapter 1.2.4.3 there are many different corrosion types, depending on the 

surrounding environment. To fully evaluate this method, corrosion products resulting from 

other types of corrosion can be investigated. These types might yield for other corrosion 

products and should therefore be examined in the XPS to develop a general method for 

corrosion studies.  

The most interesting future study would be to do in situ measurements. To investigate the 

corrosion process in real time, using XPS equipment with better resolution and more 

importantly the ability to do faster measurements at, for example, synchrotron radiation 

facilities. The ability to measure one specific site for different corrosion times can make it 

possible to more precisely determine the relation between corrosion time and corrosion 

products.  

Measuring numerous sites on a sample might also help in understanding how the metal 

corrodes over time. This would give us the possibility to monitor the process closely to 

acquire a better understanding of the complete corrosion process. A better understanding 

would hopefully help us find ways to control and prevent corrosion, extending the life time of 

countless everyday objects.   
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7 Conclusion 

The goal of this thesis work was to investigate if XPS can be used to study corrosion. More 

particularly to characterise and quantify corrosion products to pave the way for further studies 

that can provide us with more knowledge and understanding of this complex process.  

With this study, it has been concluded that corrosion can indeed be investigated using XPS. It 

is possible to distinguish the corrosion product from the always existing aluminium oxide and 

a trend where increasing corrosion time yields an increase in corrosion product was 

demonstrated. The quantity of the corrosion product can be estimated using standard methods 

in order to see the changes over time.  

This method shows great potential and should be further developed using other materials, 

corrosion methods and equipment with higher resolution. Measurements in situ could possibly 

lead to new insights and a better understanding of corrosion and its everyday effect on our 

society.     
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Appendix A – Alloy Elemental Composition 

The elemental analysis for both the homogenised and unhomogenised AA3003 alloy can be 

seen in Table 1 and 2 below.  

AA3003 Homogenised 

Table 1. Elemental analysis for the homogenised AA3003 alloys, values given in %. 

Si 0.1314 Fe 0.4930 Cu 0.1170 Mn 1.1024 Mg 0.0264 Zn 0.0137 

Zr 0.0033 Ti 0.0174 B 0.0010 Be 0.0001 Bi 0.0014 Ca 0.0002 

Cd 0.0001 Cr 0.0018 Ga 0.0000 Hg 0.0002 In 0.0027 Li 0.0001 

Na 0.0006 Ni 0.0065 P 0.0014 Pb 0.0027 Sb 0.0043 Sn 0.0009 

Sr 0.0001 V 0.0082 Al 98.05 

 

AA3003 Unhomogenised  

Table 2. Elemental analysis for the unhomogenised AA3003 alloys, values given in %. 

Si 0.1059 Fe 0.5100 Cu 0.1086 Mn 1.2170 Mg 0.0429 Zn 0.0140 

Zr 0.0059 Ti 0.0253 B 0.0009 Be 0.0000 Bi 0.0006 Ca 0.0001 

Cd 0.0000 Cr 0.0001 Ga 0.0000 Hg 0.0001 In 0.0006 Li 0.0000 

Na 0.0000 Ni 0.0048 P 0.0007 Pb 0.0012 Sb 0.0010 Sn 0.0010 

Sr 0.0001 V 0.0103 Al 97.9000 
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Appendix B – SEM images 

 

 

Figure 1. SEM image with 5000x magnification of uncorroded AA3003 H14 homogenised. 
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Figure 2. SEM image with 5000x magnification of AA3003 H14 homogenised corroded for 16 minutes. 
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Figure 3. SEM image with 5000x magnification of AA3003 H14 homogenised corroded for 64 minutes. 

 


