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Abstract

 

This dissertation reports some discrete developments towards more corrosion resistant Al-

alloys by controlling alloy chemistry and microstructure. Al-alloys are generally passive and 

corrosion resistant due to the presence of a protective aluminium oxide film. However, on 

exposure to a  corrosive environment (i.e. solution containing halide ions), Al-alloys are 

prone to localised attack, particularly pitting. The pits are typically initiated by the differing 

electrochemical interaction (and roles) of second phase particles with the surrounding Al-

matrix, which can also contribute to pit propagation. The corrosion response of the alloys 

herein was evaluated with a combination of immersion and electrochemical tests, including 

potentiodynamic polarisation (PDP) and electrochemical impedance spectroscopy (EIS). 

Corrosion assessment was supplemented by surface analysis with scanning electron 

microscopy (SEM) and optical profilometry. 

Development towards a more corrosion resistant Al-alloy was approached in stages, wherein 

the first stage involved characterising the corrosion response of commercial Al-alloys for the 

construction (i.e. revelation) of primitive property space (hardness vs. corrosion rate). This 

highlighted the opportunities in minimising corrosion whilst being aware of mechanical 

strength (albeit that hardness was used in this project as proxy to mechanical strength). A 

consolidated presentation of the role of chemistry on both the corrosion kinetics and hardness 

suggested that reducing/eliminating Cu and limiting microstructural heterogeneity (i.e. 

additional phases) are effective in minimising corrosion. It was empirically revealed that 

AA5083 (Al-4.4Mg-0.4Mn), which has medium strength and low corrosion rates, was the 

‘best compromise’ (commercial) alloy and will be further explored in this project. 

The next stage was to investigate the effect of alloying elements to the Al-4.0Mg-0.4Mn 

(similar to the AA5083 commercial alloy composition) system. This study was divided into 

two parts. The first part aimed to understand the effect of microalloying additions to the 

microstructure of Al-4.0Mg-0.4Mn in relation to the electrochemical response and 

subsequent corrosion morphology. The effect of microalloying upon the microstructure of the 

base alloy was demonstrated by the formation of additional intermetallic particles (be it 

dispersoids or constituent particles). The second part of the study was to investigate the effect 

of microalloying additions on the intergranular corrosion susceptibility. In the sensitised 
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condition, Al-4.0Mg-0.4Mn alloys are prone to intergranular attack, as the electrochemically 

active β-phase (Mg2Al3) tends to precipitate at grain boundaries. A consolidated presentation 

of the outcomes from a number of corrosion measurement methods employed, revealed the 

alloying additions that can improve corrosion resistance of the Al-4.0Mg-0.4Mn alloy. For 

mass loss, Zn addition yields better resistance to corrosion, whereas PDP test indicates Si, Zr 

and Sr have lower icorr than Al-4.0Mg-0.4Mn alloy. On the other hand, addition of Ti, Si and 

Sr reduce the susceptibility to intergranular corrosion. Sr was particularly effective due to its 

ability to modify the β-phase characteristics.  

The corrosion response measured on the Al-4.0Mg-0.4Mn system, microalloyed with 

different elements, revealed that Sr and Nd imparted a good compromise between corrosion 

resistance and hardness. Therefore new Al-Mg alloys were studied from more systematic in-

house production with different concentrations of Sr and Nd. For alloys containing Sr, the 

localised corrosion was not associated with the presence of the Al4Sr intermetallic particles 

but rather the Fe-containing constituent particles (which are present in all commercial Al-

alloys). The presence of Sr greatly retarded the precipitation of β-phase. The addition of Nd 

revealed a similar trend, where the presence of fine Al11Nd3 intermetallics did not have a 

significant influence on localised corrosion. Transmission electron microscopy (TEM) 

analysis revealed fine Al11Nd3 intermetallics, formed at the grain boundaries along with β-

phase, may serve to increase the intergranular corrosion resistance. 

The information from this project is intended to contribute to certain knowledge gaps in the 

literature on the background, basis, and development of more corrosion resistant Al-alloys; 

bearing in mind that the new alloys must retain or improve the mechanical properties. 
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Chapter 1 

Introduction 

 

Aluminium (Al) alloys have been widely used in a number of applications over the 

last century, corresponding with their commercial viability. Al-alloys are readily available 

and can be processed to meet the materials requirements of many industries. This includes 

commodity applications such as foil and cutlery, to the most advanced aerospace alloys 

produced with complex compositions and tempers. The cost of Al is greater than that of steel, 

owing to the large amount of energy required for production, however the density of Al is a 

very attractive property, meaning that growth in the usage of Al has been steady, and that rate 

of growth in the past decade has escalated. In an era of light weighting for the purposes of 

energy reduction and emission reductions, the demand for Al alloys is due to their strength to 

density ratio, formability, toughness and relatively good corrosion resistance. Mechanical 

strength arises by the addition of alloying elements such as magnesium, copper, silicon, 

manganese and zinc. Many of the commercial high strength Al alloys are heavily alloyed 

such as the 2xxx (Al-Cu-Mg, Al-Cu-Li) and 7xxx series (Al-Zn-Mg-Cu) alloys. The alloy 

strength, when it arises from precipitates, increases the heterogeneity of the microstructure 

employing second phases to restrict dislocation movement. However, from a corrosion 

perspective, an increase in heterogeneity can reduce the corrosion resistance of Al. On the 

contrary to the higher strength Al alloys, medium to low strength Al alloys such as the 3xxx 

and 5xxx (and some 6xxx) series alloys which have a more homogeneous microstructure, 

remain more resistant to corrosion. In the presence of corrosive environments (i.e. high or 

low pH, or in the presence of halide ions such as chlorides) Al undergoes corrosion, 

nominally localised corrosion whereby the attack commences at defects in the nominally 

protective aluminium oxide surface. This localisation is accelerated and deterministic if the 

presence of second phases with different electrochemical characteristics to the surrounding 

matrix can contribute to the driving force for alloy corrosion.  

In the rapidly changing consumer market, that includes more advanced vehicles, a 

rapid growth in portable electronics, and exposure of metals to harsher environments (be it 

atmospheric extremes or geological extremes), there demand for lighter, stronger and highly 

durable materials is assured. In particular the notion of more efficient and sustainable alloys, 



Chapter 1. Introduction 
 

2 

particularly in transport, remains key. To make this challenge a realisation, Al-alloys with 

improved corrosion resistance (but equivalent or even improved mechanical performance) are 

required. Such a task is beyond that of a single (or numerous) PhD projects, however the 

project herein was developed as a discrete, and evolving effort, to research corrosion related 

aspects that could contribute towards the science base needed to develop Al-alloys that have 

reduced corrosion rates, bearing in mind some elementary retention of mechanical 

performance. In order to commence such a task, it was important to develop an understanding 

of the property space of corrosion performance for commercial Al-alloys. Whilst a prime 

focus is on the corrosion performance, there was hardness testing performed in all cases, as a 

proxy to yield strength, and in some cases yield strength. From such a primitive 

representation of the performance of Al-alloys, there were first order relationships that could 

be identified, such as elements that have a positive or neutral effect on both corrosion 

resistance, and those that do not. Various aspects were obvious, in that lower strength alloys 

occupied the low corrosion rate space, and those elements such as Cu stimulated corrosion, 

whilst precipitate containing alloys always showed higher corrosion rates. Of the approaches 

that could possibly be pursued in a PhD to seek developments and favourable deviation into 

new property space, it was decided that to minimise the variables involved, the effect of heat 

treatment (which is essential in precipitation hardenable alloys) was discounted from this 

project, aligning the project towards ‘new’ alloys being cast and studied for non-age-

hardenable systems. The heat treatable systems involve significant processing post alloy 

production and worthy of a separate study. 

It was deemed (hypothesis and review driven) that magnesium as the major alloying 

element has the potential to be further developed by ternary and quaternary additions of other 

elements to Al alloys. Of the commercial alloys, the best balance of corrosion resistance and 

strength may be deemed to be offered by AA5083 (Al-4.4Mg-0.5Mn). This was determined 

from the research work revealing elementary property space.  As a result, subsequent work in 

the thesis explores a selection of targeted studies that seek to understand, and improve, the 

performance of the present Al-Mg alloys. A range of custom alloys were prepared to study 

the effect of additions including, neodymium, strontium, zirconium, etc. in  the processed 

conditions (in the lab) that include wrought (hot and cold) work to simulate the route of 5xxx 

alloy production. This project combines the electrochemical analyses and microstructural 

characterisation to investigate the symbiotic effect of the alloying additions to corrosion. In 
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addition, further foundational works for laying the platform between electrochemical analysis 

and alloy performance, and isolated studies focusing (in-depth) on the effect of unique 

elemental additions are also include. The combined work in the thesis contributes towards a 

platform, including a first open holistic effort, and some key examples, for the future 

establishment of next generation, corrosion resistant, Al-alloys.  
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Chapter 2 

Literature Review 

 

2.1 The origin of aluminium 

Aluminium (Al) occupies approximately 8% of the Earth’s solid surface by weight 

and is the third most abundant element behind oxygen and silicon [1]. Al is listed in Group 13 

of the periodic table, also known as the ‘earth metals’ group. Pure Al appears as a silvery 

white metal with high ductility. It is also one of the lightest metals having a density of 2.3 

g/cm
3
 – significantly lower than ferrous alloys (~7.8 g/cm

3
) [2, 3]. Al is highly reactive and 

attracts oxygen forming aluminium oxide (Al2O3). Therefore in its natural form, Al has to be 

extracted from bauxite ores which contain mainly hydrated alumina (40-60%) with other 

minerals such as iron oxides, silica and titania [1, 4, 5]. Al is also present in other minerals 

such as clays and shales but the extraction process from these minerals is twice as expensive 

as that from bauxite, hence is prohibitive [1, 6].  

The extraction of Al was first attempted in 1808 by Humphry Davy through 

electrolysis but without much success [7]. In 1825, another attempt by Hans-Christian 

Oersted involved extracting the aluminium chloride (AlCl3), which then heated with 

potassium amalgam resulted in the production of a metal reported to be similar to tin [8]. 

Friedrich Wohler continued the work to produce Al ingot. The efficiency of the extraction 

process at the time was low but in 1855, H. Sainte-Claire Deville developed an industrially 

more efficient process [9]. The process used sodium for AlCl3 reduction instead of potassium. 

This process however produced less than 95% pure Al and the difficulty in Al extraction 

raised its cost higher than that of gold [1]. A more economical process to extract Al was 

developed 40 years later in 1885 independently by Charles Hall in the USA and Paul Heroult 

in France. The process was later named the Hall-Heroult process. The difficulty in processing 

the alumina was due to its high melting temperature of 2040°C. The problem was solved by 

dissolving the alumina in molten cryolite (Na3AlF6) with additives such as aluminium 

fluoride (AlF3) and calcium fluoride (CaF2) followed by electrolysis between 950°C and 

980°C. In 1888, Karl Josef Bayer developed a more efficient process to extract alumina from 

the ore. This process involves crushing the bauxite in strong sodium hydroxide (NaOH) 
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solution at 240°C. The alumina is obtained by precipitation of solid aluminium hydroxide 

from the aluminate containing solution by increasing the pH and adding some ‘seed’ crystal. 

After the separation of solid from the liquid by filtration, the aluminium hydroxide is then 

converted to alumina by calcination to drive off water.  

Modern day Al production from bauxite ore combines the Bayer process and Hall-

Heroult process. The flow diagram for the integrated production of aluminium from bauxite 

is shown in Figure 2.1.  

 

Figure 2.1: Flow diagram for integrated production of aluminium from bauxite [10] 
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Generally every 4 tonnes of bauxite will only produce 1 tonne of pure Al and 

consumes a massive amount of energy [1]. This indeed remains a concern with regards to the 

environmental aspect of the Al industry. In 2012, the world produced 45 million tonnes of Al 

and production is expected to soar in the coming years [11]. It is estimated that in Australia 

alone, 30% of the total greenhouse gas emission from all industries is contributed by Al 

production [10]. Nevertheless, Al could still contribute to the environment in several ways: 

 Recycling. Al is 100% recyclable. The process of recycling Al consumes 95% less 

energy than producing Al, when compared to production from the ore itself [12, 

13]. The sustainability initiative that started in the 1970s has seen around two-thirds 

of Al products at the moment produced from recycled Al [11].  

 Transportation efficiency. The high strength to weight ratio of Al makes it possible 

to design lighter vehicles with less fuel consumption and lower carbon emission 

[14]. This helps to offset the carbon emission by using Al instead of steel (which is 

heavier). 

 Durability. Al is not only lighter and stronger but also nominally resistant to 

corrosion making it more durable than other “light metals” in its class (e.g. Mg) [1, 

14-16]. Durability contributes to a longer life span of the product in service hence 

reducing the need for replacements. The use of Al as a building material also has 

increased recently as it is more durable to endure the weather. It is also recyclable 

when the building is in need of remodelling [11, 17-19]. 
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2.2 Physical metallurgy of aluminium alloys 

Al in its pure form shows appreciable resistance to corrosion but lacks mechanical 

strength (i.e. σy~20MPa) [1, 2]. Improvements in strength can be achieved by solid solution 

strengthening, cold work, and the formation of finely dispersed precipitates within the matrix 

via precipitation hardening [1, 3, 20]. The most widely used alloying additions are 

magnesium (Mg), copper (Cu), zinc (Zn) and silicon (Si) due to their relatively significant 

solid solubilities with Al. Other elements with limited solubility such as titanium (Ti), 

chromium (Cr), manganese (Mn) or zirconium (Zr) are also added in small amounts to 

achieve certain properties - namely grain refinement and innoculation [1, 3]. The maximum 

solid solubility for elements that are typically added in Al is listed in Table 2.1.  

 

Table 2.1: Solid solubility of elements in Al [2] 

Element 
Max. Solid Solubility  

(wt.%) 

Copper 5.65 

Chromium 0.77 

Iron 0.05 

Lithium 4.2 

Magnesium 17.4 

Manganese 1.82 

Silicon 1.65 

Silver 55.6 

Tin 0.06 

Titanium 1.3 

Zinc 70 

Zirconium 0.28 

 

The Aluminium Association classifies commercial Al alloys into one of eight (8) 

series, depending on the major type of alloying element added [1]. Each alloy has a 4 digit 

numeric designation, the first digit reveals the major alloying element and the second digit 

nominally refers to alloy purity. The last two digits refer to the alloy number - which 

increases with the invention of new alloys. In order to give the reader an appreciation of the 

wide class of Al alloys, the designation system for wrought Al alloys is presented in Table 

2.2.  
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Table 2.2: Wrought Al alloy temper designation [2]  

Letter First Digit Second Digit 

F 

As Fabricated 

  

O 

Annealed 

  

H 

Cold Worked 

1 – cold worked only 

2 – cold worked and partially 

annealed 

3 – cold worked and stabilised 

1 – annealed 

2 – ¼ hard 

4 – ½ hard 

6 – ¾ hard 

8 – hard  

9 – extra hard   

T 

Heat Treated 

1 – partial solution and natural 

aging 

2 – partial solution, cold work 

and natural aging 

3 – solution, cold work and 

natural aging 

4 – solution and natural aging 

5 – partial solution and artificial 

aging 

6 – solution and artificial aging 

7 – solution and stabilising 

8 – solution, cold work and 

artificial aging 

9 – solution, artificial aging and 

cold work 

10 – partial solution, cold work 

and artificial aging 

 

 

 

Al alloys are generally classified in two groups with respect to strengthening, i.e. heat 

treatable, and non – heat treatable.  
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2.2.1 Non – heat treatable alloys 

 

 Strengthening in non – heat treatable alloys occurs from alloying of the solid 

solution. It is coupled with grain refinement by dispersoids (to hinder recrystallisation more 

so than contribute to strength) and strain hardening (from either warm or cold work) to 

further increase the strength. Wrought alloys of this type are mainly those of the 3xxx, 5xxx 

and some 6xxx series (containing predominately Mg, Mn and Si) Al-alloys.  

 3xxx series alloys. The major alloying element is Mn in the amount between 1 to 1.5 

wt.% and the tensile strength is approximately 50 MPa [16]. To improve the 

mechanical strength, additional elements are typically added in conjunction with Mn. 

In AA3003-O for instance, addition of 0.2 wt.% Cu increased the tensile strength to 

110 MPa. Also in AA3004-O with the addition of 1 wt.% Mg, the tensile strength is 

significantly increased to 180 MPa. In addition to having good formability and 

weldability, the alloys in this series are also stronger than the 1xxx series alloys. 

These alloys are popular as the general purpose alloys used in the manufacturing of 

kitchen utensils, food packaging and building materials [14, 16].  

 5xxx series alloys. The major alloying element in this series is Mg, ranging from 0.8 

wt% to 5 wt.%. The tensile strength in as-annealed condition for AA5005 is 125 MPa 

(when the Mg content is kept at a minimum). Strength increases with Mg content in 

the alloy. The addition of Mn and Cr, combined with appreciable cold-work, as in 

AA5456-H111 improves the tensile strength up to 324 MPa [2]. In general, 5xxx 

series alloys are widely used in transport applications, particularly in marine industry 

(e.g. 5083-H34) due to its outstanding corrosion resistance as well as good weldability 

and formability. Other applications include building materials, tanks and rivets for Mg 

[14, 16]. 
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2.2.2 Heat treatable alloys 

 

Heat treatable Al-alloys are strengthened by precipitation (age) hardening [1, 3, 21]. 

Such alloys contain elements that exceed their equilibrium solid solubility at room 

temperature (and aging temperatures). Prior to aging, a 'supersaturated solid solution' is 

formed during solution heat treatment where the alloy is annealed and quenched so that 

diffusion is impeded, causing retention of a solute rich single phase [22]. The formation of 

supersaturated solid solutions is essential for subsequent heat treatment process to create 

finely dispersed precipitates within the matrix. This process is called precipitation hardening. 

In the precipitation hardening process, aging time and temperature play a major role in 

determining the type of precipitates developed. However, this trend is visible only up until 

peak value which then the hardness decreases synonymous with 'overaging'. In the overaged 

condition, aging causes the precipitates to reach an equilibrium state which involves a loss of 

coherency with the matrix [22]. Thus coarsely dispersed precipitates and increased distance 

between the precipitates make dislocation movement possible by a ‘by-pass’ mechanism [23]. 

Dislocations are significantly less possible in the instance where a high number density of 

fine and dispersed precipitates were present. This phenomenon typifies the notion that 

precipitate presence alone is not solely responsible for strength increase, but the number 

density and size range distributions are also critical. Wrought alloys of this type are mainly 

those of the 6xxx, 7xxx and 8xxx series Al-alloys (containing predominately Cu, Zn and Si). 

 2xxx series alloys. The major alloying element in this alloy series is Cu 

(typically between 1.9 wt.% to 6.8 wt.%) with minor additions of Mg and Mn. 

One of the earliest reports of Al-Cu alloys is on AA2017 (Al-3.5Cu-0.5Mg-

0.5Mn), also known as Duralumin. The Al-Cu alloys were responsible of the 

first discovery of ‘age hardening’ (i.e. precipitation hardening) process. 

Shortly after this discovery, Al-alloys were subsequently (and expressly) used 

for aircraft structures [1]. The tensile strength for AA2017 with T4 temper at 

the time was 425 MPa. An improved version of the alloy has been developed 

throughout the years in order to achieve higher tensile strength (>480 MPa). 

For instance, the addition of higher Mg content (up to 1.8 wt%) enhances the 

precipitation process, giving higher tensile strength as in AA2124-T851. 

Addition of Si (0.5 wt% - 1.2 wt.%) is also common in this series  such as in 
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AA2014 and AA2214 with T6 temper that yields up to 500 MPa tensile 

strength. The AA2219 has the highest amount of Cu (6.8 wt.%) in this series 

and produce good mechanical properties at cryogenic temperatures (available 

at T3, T6 and T8 tempers) making it possible to be used as welded tanks for 

space launcher rockets [16].   

 6xxx series alloys. The major alloying element of this series is Si. The 

presence of Mg in addition to Si enables the precipitation hardening of the 

alloy. The amount of Mg and Si added in the system is usually balanced at 

~1.73:1. An excess amount of Si will form the Mg2Si phase which further 

increases the mechanical strength [16]. The tensile strength for alloy with 

balanced Mg and Si content as in AA6063-T6 is at 245 MPa. An increase in Si 

content with minor addition of Cu in AA6056-T6 alloy enhanced the tensile 

strength to the highest value at 470 MPa. This series of alloys has good 

corrosion resistance and weldability similar to the 5xxx series alloys. They can 

be thermo-mechanically processed, and thus subject to rolling, extrusion and 

forging. The applications include automotive panels, pipelines and building 

materials.  

 7xxx series alloys. The major alloying element of this series is Zn with minor 

addition of Mg and Cu to further increase the strength. Alloys of this series 

without Cu such as in AA7020 (T5 or T6 temper) have appreciable tensile 

strength between 360 to 400 MPa. The presence of Cu enhances age-

hardening of the alloy producing higher mechanical strength but subsequently 

increasing its resistance to stress corrosion cracking (SCC) [1]. AA7075 for 

instance, the tensile strength at T6 temper could reach up to 570 MPa. 

However, for T73 temper of the same alloy which has better resistance to 

SCC, possess lower tensile strength. In order to achieve balanced properties 

between T6 and T73, a new heat treatment known as retrogression and re-

ageing (RRA) heat treatment (T77) was introduced to AA7055 alloy with 

higher Zn and Cu content [1]. Alloys in this series are heavily used in aircraft 

structural parts solely because of their high mechanical strength.  

 

In the context of microstructurally influenced corrosion, the understanding of the 
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types and classes of particles that form in Al-alloys is also critical. As such, prior to 

presenting the microstructures formed, an important distinction needs to be made between the 

particle classes present in Al-alloys, and such terminology will be used throughout this 

project. Impurity elements such as Fe, Mn and Si can form insoluble compounds that are 

known as constituent particles. These are comparatively large and irregularly shaped with 

characteristic dimensions ranging from 1 to ~10μm. These particles are formed during alloy 

solidification and are not appreciably dissolved during subsequent thermo-mechanical 

processing. Rolling and extrusion tend to break-up and align constituent particles within the 

alloy. Often constituents are found in colonies made up of several different intermetallic 

compound types. Micro-alloying additions of Cr, Zr or Sc (for example) tend to promote sub-

micron sized insoluble particles that subsequently can restrict or pin grain growth. Such 

particles are called dispersoid particles. Finally, intermetallics that are formed by 

precipitation processes (and hence can respond to heat treatment) are known as precipitate 

particles. To help in distinguishing the types and classes of particles, Table 2.3 summarised 

the typical microstructures that form in the selected commercial Al-alloys. In addition, the 

name, classification and type of particles observed have been added besides the 

corresponding micrograph to allow a ready understanding to be obtained for the reader.  
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Table 2.3: The typical microstructures for selected commercial of Al-alloys 

Alloy Nominal 

Composition 

Microstructure Comment on Microstructure 

 

2024-T3 

 

Al - 3.8-4.9Cu 

- 1.2-1.8Mg - 

0.5Si - 0.5Fe 

 

   
(a)                                                         (b) [24] 

  
                          (c) [24] 

 

 Commonly contains: 

- Al2CuMg (S-phase) as the strengthening 

precipitate phase on the submicron level 

(seen in (c)) 

- Mg2Si constituent particles that do not 

contribute to strength, but form due to Mg 

alloying additions and Si impurities (seen 

in (a, b)) Constituent particles owing to 

impurities, such as Al7Cu2Fe and Al3Fe 

(seen in (a, b)) 

- Possibly some low levels of the 

Al20Cu2Mn3 dispersoid (rod shape) 

uniformly dispersed in matrix and rarely 

seen by microscopy.  

 In (c), Al2CuMg along grain boundary 

[24]. 
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2124-T4 

 

Al - 3.8-4.9Cu 

- 1.2-1.8Mg - 

0.2Si - 0.3Fe 

 

   
(a)                                                        (b) 

                
(c)                                                         (d) 

 

 Particles present are similar as in 2024-T3  

 Bright-field transmission electron 

micrograph showing elongated grains with 

Fe-rich particle at the grain boundaries in 

(a) and a closer look at the particle in (b). 

 In (c), showing the morphology and 

distribution of Mn-rich dispersoids. 

 In (d), showing the morphology of S’ 

strengthening precipitate [25]. 

 All electron images are courtesy of 

Srivatsan et. al.b[25] 
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2090 

 

Al – 2.9Cu  

2.2Li – 0.12Zr 

– 0.06Fe – 

0.04Si   

 

  
                          (a)                                                         (b) 

 
                          (c) 

 

 

 The precipitates that typically present 

in this alloy are δ’ (Al3Li), δ (AlLi), 

θ’ (Al2Cu) and T1  

 In (a), a homogeneous distribution of 

δ’ phase can be observed 

 A significant amount of δ at the grain 

boundaries shown in (b). The size of 

the phase reaches 0.40 µm 

 The plate-like T1 phase precipitated 

uniformly on the [111] plane of the 

matrix displayed by (c) [26]. 

 All electron images are courtesy of 

Dervenis et. al. [26] 

 

3003-O 

 

Al – 1.0-1.5Mn 

– 0.1Zn – 0.6Si 

– 0.7Fe 

 

  
(a) [27]                                              (b) [28] 

 

 

 There are 2 distinct type of IMP shown in 

(a); 

- α-Al(Mn,Fe)Si; e.g. Al15(Mn,Fe)3Si2 

- Al(Mn,Fe); e.g. Al6(Mn,Fe) [29] 

 Both are coarse (0.5-10µm) and appear as 

white particles in the backscattered SEM 

image. 

 It is possible to form finer IMP by heat 

treatment and contain only Al and Mn. 

 In (b), another SEM image showing 

Alx(Fe,Mn) second phase particles with 

an average diameter of 5µm [28]. 
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5005-O 

 

Al – 1.22Mg – 

0.75Fe – 

0.37Mn – 

0.36Si – 

0.112Cu 

 

  
(a)                                                      (b) 

 

 
                           (c)  

 

 

 A distribution of second phase 

particles in the commercial AA5050 

can be observed in (a). The 

intermetallics are mainly Al-Fe-Mn-

Si phase.  

 The bright spot in (b) revealed the 

presence of Pb-rich particles in 

commercial AA5050. 

 In (c), apart from Al-Fe-Mn-Si phase, 

a smaller Mg2Si phase formed at the 

grain boundaries  [30] 

 All electron images are courtesy of 

Premendra et. al. [30] 
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5083-

H34 

 

Al – 4.0-4.9Mg 

– 0.25Zn – 0.4-

1.0Mn – 0.4Si 

– 0.4Fe 

  

 
(a)                                                      (b)  

 

 
                         (c) 

 

 This alloy is nominally a solid solution 

when Mg content is less than 5 wt.%. 

 Mn and Cr are also typically present to 

increase the recrystallisation temperature. 

This leads to the formation of Al-Mn-Cr 

type particle and Al6Mn dispersoids [1]  

 Bright-field micrograph in (a) shows the 

Al-Mn-Cr type particles pinned down a 

number of dislocations [31] 

 When the alloy is exposed to an elevated 

temperature (as low as 90°C) [32], β-

phase forms at the grain boundaries seen 

in (b) and (c) as Mg content typically 

exceeds 3.5 wt.%. 

 All electron images are courtesy of 

Goswami et. al. [31] 
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6016 

 

Al – 1.0-1.5Si 

– 0.25-0.6Mg – 

0.2Mn – 0.2Zn 

– 0.5Fe 

 

 

   
(a)                                                      (b) 

 

 Q-phase, metallic Si and β-phase present 

when Cu content between 0.2 – 0.5%  

 Longer heat treatment caused precipitates 

in matrix to enlarge 

 AlMgSiCu (Q-phase) may grow at the 

expense of β phase 

 It can be as large as 1µm 

 Q phase in grain boundary highly increase 

susceptibility to IGC and those in matrix 

caused pitting attack 

 These can be avoided by thermal 

treatment during fabrication 

 β-phase (Mg2Si) may precipitate if Mg:Si 

ratio is low [33] 

 

 

6022 

 

Al – 1.35Si –

0.58Mg – 

0.04Mn – 

0.2Zn – 0.14Fe 

 

 
[34] 

 

 

 The lath like precipitate is Al4Cu2Mg8Si7 

(Q-phase) 

 Excess Si reduces time to initiate 

strengthening during aging due to 

enhanced precipitation of fine and 

uniformly dispersed β” precipitates when 

Mg/Si ratio in GP zones and β” 

precipitates 

 If quench after solution heat treatment, 

resistant to IGC is higher because there’s 

no Q-phase along grain boundary [34] 
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6013-T6 

 

Al – 0.92Si – 

0.86Mg – 

0.19Fe – 

0.87Cu – 

0.55Mn – 

0.15Zn  

 

 
(a)                                                        (b) 

 
                         (c) 

 

 The hardening precipitates contain Al-Cu-

Si formed in the matrix with the size up to 

100nm shown in (a) 

 Dispersoids (round and rod shaped) are 

also present in the matrix displayed by (b) 

where the composition is mainly Al-Mn-

Cu-Fe-Si 

 In (c), needle-like precipitates contain Al-

Si-Cu formed at the grain boundaries. The 

size is up to 40nm wide [35] 

 All electron images are courtesy of 

Guillaumin et al. [35] 
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7075-

T651 

 

 

Al – 1.2-2.0Cu 

– 2.1-2.9Mg – 

5.1-6.1Zn – 

0.3Mn – 0.4Si 

– 0.5Fe 

 

   
(a) [36]                                               (b) [36] 

 
                         (c) [37] 

 

 

 AA7075 microstructure in (a) shows the 

presence of constituent type particles such 

as  Al7Cu2Fe, Al7CuMg, Mg2Si, MgZn2, 

Al2Cu and Al3Fe [36] 

 In (b), the Al7Cu2Fe particles known to 

cause localised attack. During fabrication, 

the particles fractured and aligned in the 

direction of work [1]   

 At T6 temper shown in (c), the matrix 

contains fine precipitation of MgZn2 

particles. Whilst the large MgZn2 particles 

(~50nm) tend to form at the grain 

boundaries [37] 
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7150-

T773 

 

Al – 1.9-2.5Cu 

– 2.0-2.7Mg – 

5.9-6.9Zn – 

0.1Mn – 0.12Si 

– 0.15Fe 

 

 

  
(a)                                                        (b) 

 

 
                          (c) 

 

 

 This alloy typically contains Al7Cu2Fe, 

Al7CuMg, Al2MgCu, Mg2Si and MgZn2 

phases. 

 It also contain an intermediate η’ (MgZn2) 

precipitates dispersed in matrix as shown 

in (b) and equilibrium η precipitates in 

matrix and grain boundary shown in (c) 

[38] 

 Al3Zr also present as dispersoids 

distributed throughout the matrix. 

 All electron images are courtesy of 

Srivatsan et. al. [38] 
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8090 

T8771 

 

Al – 2.2-2.7Li 

– 1.0-1.6Cu – 

0.6-1.3Mg – 

0.2Si – 0.3Fe 

 

 

  
(a)                                                        (b) 

 

 

 The presence of Li leads to the formation 

of T1 (Al2CuLi), S (Al2CuMg), δ(AlLi) 

and δ’(Al3Li) phases. 

 Precipitation of T1 is influenced by S-

phase for the availability of Cu atoms and 

heterogeneous nucleation sites [39] 

 Hence S-phase tends to form on grain 

boundaries or sub- grain boundaries as 

shown in (a). 

 Subsequent artificial aging results in more 

S-phase distributed throughout the matrix 

as shown in (b). 

 The electron images are courtesy of 

Martin [39] 
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2.2.3 Influence of strengthening mechanism on corrosion 

 

As discussed in section 2.2.1 and 2.2.2, there are several different approaches to 

increase the strength of Al-alloys. Each approach yields different sets of properties depending 

on the microstructures produced. For low to medium strength alloys, the main strengthening 

mechanism is by solid solution strengthening, often followed by strain hardening such as cold 

work. Alloying elements largely remain in solid solution therefore a homogeneous 

microstructure is achieved. Without the presence of particles in the microstructure and hence 

on the surface, possible sites for localised attack are reduced, though some appreciable 

amount of constituent particles such as Al6(Mn,Fe) or Al12(Mn,Fe)3Si in 3xxx alloy may be 

present from solidification [27, 28, 40] and are unavoidable in low number densities. The 

cold work followed by solution treatment might influence the constituent particle 

morphology, re-aligning them in the direction of rolling or forming clusters of smaller 

constituent particles [41, 42].  

As for 5xxx series alloys, precipitation of β phase (Al8Mg5 or Al3Mg2) may occur at 

ambient temperatures after prolonged periods if the alloy is in the heavily worked condition. 

The precipitation of β phase commonly occur along the slip bands and grain boundaries 

making them more prone to intergranular corrosion or stress corrosion cracking [43-46]. This 

process of unintended and deleterious precipitation is given the special name of 

‘sensitisation’, as it is unwanted and does not contribute to strength.  

For precipitation hardened alloys such as 2xxx, 6xxx and 7xxx, the precipitates 

significantly increase mechanical strength. In this type of strengthening mechanism, artificial 

ageing is carried out after the alloy is solution heat-treated. The type of microstructure relies 

on the ageing temperature and time. In 6xxx series alloys, the precipitation of β-phase 

(Mg2Si) and Q-phase (Al4Mg8Si7Cu2) contribute to the increase in IGC [47-49]. The 

susceptibility to IGC can be reduced by ‘overaging’ and rapid quenching. However, it may 

cause other types of corrosion. For instance, increase in localised attack from the 

precipitation of large β-phase particles [50]; and introduction of residual stresses from 

quenching causing SCC [51]. In high strength aluminium alloys such as 2xxx and 7xxx, some 

of the common intermetallic particles present are Al2CuMg, MgZn2, Al2Cu, Al7Cu2Fe, 

Mg2Si, Al3Fe and Al7CuMg [52-54]. These particles are known to increase the susceptibility 

to localised attack. The appropriate choice of ageing process is important to control the 
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evolution of these particles. The susceptibility towards pitting is lowest in the naturally aged 

condition (e.g. 2024-T4) and highest in the peak-aged condition (e.g. 7075-T651). The over-

aged condition lies between these two [55].  

 

 2.3 Challenges in aluminium alloy applications  

Al alloys are heavily utilised in the transportation industry; namely for aerospace, 

marine and automotive applications [14, 56-59]. The combination of high specific strength 

and workability make Al an ideal material for these applications. Each application offers a 

rather diverse environment that showcases the versatility of Al alloys. In aircraft design, more 

than 70% of the structural materials are dominated by Al alloys, specifically the higher 

strength alloys [1, 14]. During operation, an aircraft has to endure radical loading conditions 

(including fatigue), an environment that reaches sub-zero temperatures and high ground 

temperatures in many instances. The evolution of aircraft alloy design started with the aim to 

improve the strength to weight ratio of the structural alloys, which resulted in the utilisation 

of 2xxx and 7xxx series alloys. These alloys include AA2024-T3 and AA7075-T6 used to 

manufacture commercial and military aircraft for many decades (and the subsequent 

evolution of AA7050/7150 and most recently, AA2099 and AA2050 as described below). 

The issue of damage tolerance was raised when a premature fatigue failure of pressurised 

fuselage caused multiple plane crashes in the 1950s [56]. The failures were attributed to SCC 

of the alloy used for the critical points of the planes (e.g. fuselage, wings). Up to 90% of SCC 

related failures of Al-alloys at the time was associated with AA7075-T6 and AA2024-T3 in 

the short transverse direction due to residual quenching stresses of thick product [56]. In 

order to overcome this problem, T73 temper for AA7075 alloy was developed but at the 

expense of strength when compared to the AA7079-T6 alloy. Alloy AA7050-T74 was also 

developed for better SCC resistance without loss of strength [14, 16, 56]. Over the years, 

more standards were introduced by aviation governing bodies that lead to the development of 

more durable Al-alloys. One of the key features is improving the fracture and fatigue 

characteristics. It can be done by the introduction of temper T76 on AA7050 alloy and also 

increasing the Cu content and Zn/Mg ratio of the alloys [60, 61].  

The need for lighter aircraft for better fuel efficiency is the priority for every aircraft 

manufacturers due to the rising cost of fossil fuel. The reduction in density has the greatest 
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impact on reducing the weight [39, 59, 62]. The addition of lithium (Li) as low as 1 wt.% can 

reduce the alloy density by 3% and increase in the Young’s modulus by 6% [62]. This has 

given stiff competition in the development of new alloys in the metal industry. Li containing 

Al alloys have been around for decades such as the AA8090-T86 and AA2090-T81. These 

alloys were developed in order to replace AA2024-T3 and AA7075-T6. However, Li alloying 

was found to be ineffective in improving the fracture toughness and corrosion resistance. 

Nevertheless, the use of Li containing alloys has expanded since the development of the third 

generation Al-Li base alloys. The alloys of this generation contain less than 2 wt.% Li along 

with silver (Ag) and zinc (Zn) [63, 64]. They include AA2050, AA2099, AA2195 and 

AA2297. According to Rioja [64], AA2099-T86 has outperformed the longest serving Al 

alloy, AA7050-T7451 in terms of fatigue resistance, exfoliation corrosion and SCC. The 

importance of improving the resistance to SCC is due to the severity of the damage caused to 

the structure. It is also more difficult to detect during regular maintenance. SCC is typically 

initiated by localised corrosion such as pitting or intergranular corrosion [65]. Both attacks 

can be minimised by surface treatment or cladding with more noble materials (e.g 1xxx series 

alloys) [14]. 

In the automotive industry, the need for fuel efficient vehicles to reduce carbon 

emission is the main motivation in reducing vehicle weight [57, 58]. As a result, the use of Al 

alloys has reached more than 80% throughout the years, not only as structural materials but 

engine components as well [1]. The utilisation of medium strength alloys, typically from the 

5xxx and 6xxx series, is due to their good impact energy absorption and formability rather 

than the strength [58]. Alloy AA5052, AA5182, AA6022 in annealed condition (O) typically 

used as the inner body panels. Whereby the 6xxx series alloys are used as the outer body 

panels owing to higher strength and better surface finish [14, 16]. For engine and body 

components that require stronger materials, the AA5754-H28, AA6061-T4 and AA6262-T6 

are used. Weldability of the 5xxx and 6xxx series alloys is beneficial for marine vessel 

components such as the hull, deckhouses and tanks, seeing an extensive use of AA5083-

H116, AA5086-H32 and AA6063-O alloys. In general, the alloys have a good balance 

between mechanical strength, formability and corrosion resistance. However, the downside of 

5xxx and 6xxx series alloys is the high susceptibility to intergranular attack at elevated 

temperature that can propagate to SCC [66-70]. This is due to the presence of Mg and its 

tendency to form β-phase (Al3Mg2) at the grain boundaries [32, 44, 71].  
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In recent times, the focus has shifted in designing not only stronger alloys but also 

more durable and damage tolerant alloys. The presence of defects, crack growth from cyclic 

loading, and environmental interactions are typically initiated by the microstructural features 

of the alloy. The following table (Table 2.3) summarises the effect of microstructural features 

to the property of Al alloys as adapted from Starke [56]. One notable omission in the table is 

the presence of ‘cathodic’ particles, which can lead to well-documented circumferential 

attack [72], which have the potential to serve as fatigue crack initiation sites [73, 74]. 

 

 

Table 2.4: Property – microstructure relationships in Al alloys adapted from Starke 

[56] 

Property Microstructural feature Function of feature(s) 

Strength Uniform dispersion of small, hard 

particles, fine grain size 

Inhibit dislocation motion 

Ductility and toughness No large particles, clean grain 

boundaries, fine structure, no shearable 

particles 

Encourage plasticity, inhibit 

void formation and growth, 

work harden 

Fatigue crack initiation 

resistance 

No shearable particles, fine grain size, 

no surface defects 

Prevent strain localisation and 

slip steps on surface, prevent 

stress concentration 

Fatigue crack 

propagation resistance 

Shearable particles, no anodic phases or 

hydrogen traps, large grain size 

Encourage crack closure, 

branching, deflection and slip 

reversibility 

Pitting No anodic phases Prevent preferential dissolution 

of second phase particles 

Stress corrosion 

cracking 

No anodic phases, or interconnected 

hydrogen traps, hard particles 

Prevent crack propagation due 

to anodic dissolution 

 

 

   2.4 Methods to improve corrosion via alloying 

Discrete works aimed at improving corrosion resistance and mechanical performance 

through alloying have been documented since the 1920s [75-81]. Initially, studies were 

limited to a small range of Al-alloys used for the aircraft industry [81-83]. Some of the 

alloying elements studied at the time include copper, iron, silicon and manganese [75, 79, 84-

90]. Since then, numerous works have been done on developing various types of alloys with 

different alloying elements. The addition of silver (Ag) for instance, improves the resistance 

to SCC in Al-Mg-Zn alloy [91-94] (noting that SCC resistance may not necessarily be 

synonymous with pitting resistance). More atypical elements were studied later such as Bi, V, 
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B, Ti, Zr, Co and Cr to improve resistance to localised attack, as well as SCC [95-100]. There 

however have been limited studies on improving corrosion resistance simultaneously with 

mechanical properties. Many of the studies are in relation to the 7xxx series alloys due to the 

extensive use of the alloy in aircraft structures. The addition of Zr, Cr and Mn for instance, 

improve resistance to SCC along with increase in yield and tensile properties [101, 102]. 

Similar results were achieved with the presence of Sc, Ni and Ce [103]. 

 

The Li containing alloys have been around for several decades. In recent years, an 

optimum amount of Li has been identified as being ideal for a balance of properties to 

modern Li-containing Al-alloys in the 2xxx series. The use of this alloy have suddenly 

expanded due to the development of third generation Al-Cu-Li such as the AA2050, 

AA2099, AA2195 and AA2297  [63, 64]. The improvement in mechanical strength is 

achieved from the formation of; i) Li-containing strengthening precipitates such as T1 

(Al2CuLi), δ (Al3Ti) and θ (Al2Cu) [62, 104-106], and ii) strengthening dispersoids Al3Zr and 

Al20Cu2Mn3. The tensile strength can also be further improved by mechanical processing 

such as cold rolling prior to heat treatment for the refinement of T1 precipitates and to reduce 

precipitation at the grain boundaries during aging [107]. AA2099-T86 has better resistance to 

fatigue, exfoliation corrosion and SCC [64]. A similar trend is also observed for corrosion 

resistance of AA2050 in comparison to AA2024. However, it is very prudent to note that the 

number of independent, and characterisation based studies on such alloys do not exist in the 

open literature as yet – many of the reports being from alloy manufacturers. The addition of 

Li is not only limited to the high strength Al-alloys but also in non-heat treatable Al-alloys 

such as the 1xxx (e.g. AA1420) and 5xxx (e.g. AA5091) series [108]. Corrosion in Al-Li 

base alloys is typically associated with the presence of T1 (Al2CuLi), T2 (Al6CuLi) and θ 

(Al2Cu) phases [26, 104, 109]. T1 and T2 are highly anodic to the matrix at the beginning of 

exposure due to selective dissolution (dealloying) of Li. The dealloying of Li will leave Cu 

remnants at the bottom pits making it cathodic to the surrounding matrix [54]. The 

mechanism is similar to the dissolution of S-phase in Cu containing Al-alloys. The increase 

SCC and IGC are associated with these phases and also the dissolution of precipitate free 

zone along the grain boundaries [110]. 

As previously stated, localised attack is nominally caused by heterogeneity of the 

microstructure; with intermetallic particles acting as the initiation sites for pitting. The 
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susceptibility may be decreased by having finely dispersed sub-critical nano-scale 

precipitates within the matrix as suggested by Ralston [72]. It was found that embryonic 

precipitates from low heat treatment times can increase yield strength, even though not to the 

levels synonymous with peak aging. The precipitates however did not contribute to 

heterogeneity of the microstructure (in an electrochemical sense) hence this was shown to 

increase strength without increasing the susceptibility to pitting [111]. In that work, it was 

determined that the critical precipitate size is between 3 – 4 nm in size for an Al-Cu-Mg 

alloy. Once the precipitate grew beyond this size, a significant increase in pitting 

susceptibility was observed. Thus in other words, such alloys can be suggested to behave like 

solid solutions as far as corrosion is concerned, but as engineered solid solutions as far as 

strength development goes. Another suggested way in achieving nano-scale precipitates was 

rapid solidification. In this process, the cooling rate is greater than 10
4
 K/s in order to achieve 

rapid extraction of thermal energy forming metastable crystalline phases incorporation of 

desirable fine second phases. Using the technique discussed here, it was found that pitting 

potential was significantly ennobled for Al alloys with the exception of alloys containing Mg, 

Fe or Zn [112]. 

In other works, the groups of Frankel [113, 114] and Shaw [50] independently studied 

the doping of Al with 'passive' elements such as Co, Mo, W, etc. These studies were 

conducted on sputtered thin films. The reason for this is for one; alloying with such elements 

is not possible by conventional means, since the melting point of such transition metals is 

close to temperatures where Al can undergo boiling; secondly, transition metals have very 

low solubility in Al - and hence appreciable alloying is only possible by sputtering. Such thin 

films studied showed increased resistance to pitting and enhanced passivity - making the 

studies very useful from a fundamental sense. None-the-less, from a practical alloy 

perspective such thin films cannot be up-scaled and are not viable engineering materials.  

Studies have also shown that low levels of scandium (Sc) added in Al is found to 

contribute to grain refinement by the formation of Al3Sc dispersoids. Dispersoids are 

effective in blocking dislocations. They also hinder grain growth and recrystallisation during 

thermomechanical processing, due to having coherency with the aluminium matrix but has 

high lattice mismatch [36]. Consequently, an increase in mechanical strength can be expected 

with low Sc additions. These effects are well known, but what makes Sc unique, is that 

although it can lead to development (of what are nominally considered deleterious) second 
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phase - for the case of Al3Sc it has been found that the electrochemical properties do not 

significantly differ from Al - suggesting that this particle can be tolerated in the matrix as 

being electrochemically compatible [36]. It was also found in one recent study that Sc was 

able to enhance the properties of a high strength alloy with no significant degradation of 

corrosion performance [52]. This avenue is one that has not been exploited fully. At the time 

of this PhD, the cost of Sc in experimental quantities was in the vicinity of US$1Million/kg 

(US$1000/gram). 
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2.5 Evaluation of Al-alloy corrosion via electrochemical polarisation 

techniques 

 

Corrosion of Al alloys in aqueous solution is typically localised in nature, driven by 

heterogeneity of the microstructure during open circuit exposure. The degree of corrosion 

attack is governed by localisation of electrochemical reactions from the second phases and 

surrounding Al-matrix. In order to design Al-alloys with better corrosion resistance, kinetic 

parameters such as corrosion rate/electrode kinetics are of major interest in evaluating the 

corrosion performance rather than thermodynamic predictions [51]. One of the most common 

techniques to measure the electrochemical reaction kinetics is potentiodynamic polarisation 

[115-118]. This technique involves application of potential to an electrode (i.e. specimen 

under study), which results in current flow. The deviation of potential from the open circuit 

potential is the overpotential, which usually expressed in volts. Polarisation allows the user to 

drive the anodic or cathodic reactions, to be evaluated separately. 

Tafel extrapolation is typically used to measure corrosion rate. The technique was 

first used by Wagner and Traud to verify the mixed potential theory. As will be seen in this 

thesis, polarisation curves are generally very useful in enabling one to observe any windows 

of passivity, comparison of electrode kinetics over a range of potentials, and also for 

providing an estimation of corrosion rate via Tafel extrapolation [119], as seen in Figure 2.2. 
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Figure 2.2: Schematic of Tafel extrapolation [15] 

 

The Tafel plot provides an instant measurement of corrosion current density (icorr) 

representing the corrosion rate of the system. icorr, is obtained at the intersection between the 

anodic and cathodic reactions where the total rates of oxidation and reduction are equal. The 

corrosion create acquired by Tafel extrapolation have compared favourably with other 

method such as weight loss, depth of penetration measurement and hydrogen evolution 

measurement [51, 120]. However, careful qualification is needed in instances where the 

response deviates from Tafel-like behaviour. There are several basic steps for good 

interpretation of a Tafel slope. It is important that extrapolation commence at least 50 to 

100mV away from the Ecorr and to ensure one of the slopes exhibits Tafel behaviour (e.g. 

linear or semi-logarithmic). A bad interpretation of the slopes could change the icorr reading 

by a factor of 5 to 10. The sensitivity of electrochemical measurements and its data analysis, 

it is important to compare the data with other types of corrosion measurements such as the 

mass loss values from immersion test. 

In a laboratory setting, electrochemical polarisation is carried out with a potentiostat 

that controls the potential of a test electrode in an electrolyte. The typical electrochemical 

corrosion test cell setup consisting of three electrodes submerged in an electrolyte and 

connected to a potentiostat is presented in Figure 2.3. The degree of polarisation is measured 
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by the potential difference between reference and test electrode. The potential for reference 

electrode always remains at its open circuit potential (OCP) to act as a fixed reference point 

and provide feedback to the potentiostat. Depending on the range of potential supplied the 

resulting a polarisation plot can be utilised for interpretation of corrosion data such as 

passivity, pitting potential, coating performance, corrosion rates and corrosion resistance. 

Sample preparation for electrochemical tests is also important. The surface finish of the test 

electrode should be as smooth as possible according to ASTM G1-03 standard. It suggests 

that at least a 1200 grit finish (1200 grit corresponds to 1200 abrasive particles per lineal inch 

of abrasive paper) is achieved [121]. An uneven surface can influence current density, 

leading to electrochemical data that does not reflect the actual corrosion behaviour. 

 

 

Figure 2.3: A schematic diagram of a three electrode cell for electrochemical polarisation 

testing [122] 
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Generally, electrochemical testing results in the determination of distributed values, perhaps 

more so than non-electrochemical tests such as mass loss measurements. The data variability 

is influenced not only by the experimental set-up but also the metal itself. The inconsistency 

of data distribution often makes it difficult to evaluate the actual corrosion response of the 

system – particularly since polarisation test are more of an ‘instant’ as opposed to cumulative 

term.  A statistical formula to estimate number of repetition suggested by Miller [123] given 

in the following equation; 

      
  

  
 

where, Er* is the difference between the true mean and the mean estimated from a group of 

repetitions, σ is standard deviation of the repetitions, n is number of repetitive measurements 

and Ζ is the desired statistical confidence level. Caution also has to be applied in using this 

equation as the number of repetitions depends on how much error is accepted in the 

experiment.  

In the study of systems that are prone to localised corrosion, Epit [111, 124] is often used as 

an indication of pitting susceptibility [125]. However, care should be taken as the Epit value 

can be misleading as it only indicates the occurrence of stable pits, but insufficient to 

holistically determine pitting or pitting resistance. For example, a more noble Epit value does 

not necessarily mean the alloy has better resistance but consideration also has to be given to 

the damage accumulation (e.g. density and depth of pits) before the pitting resistance can be 

determined. 
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 2.6 Durability and Corrosion of Aluminium and Its Alloys 

 

This section comprises of a book chapter in ‘Aluminium Alloys - New Trends in 

Fabrication and Applications’ published by InTech (2012). The chapter covers a more 

detailed discussion of the Al-alloys in regards to corrosion. It includes recent advances in 

aspects related to corrosion protection, corrosion assessment methods and the development 

towards better corrosion resistance Al-alloys. The PhD candidate was the principal author 

and responsible for the compilation / review. 
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Chapter 3 

Research Aims 

 

3.1 Research Aims 

The literature review reveals that, in spite of the wide usage of aluminium, a paucity of 

reported archival work exists which has focused on the development of more corrosion 

resistant Al-alloys; particularly in regards to compositional selection or balancing industrially 

useful properties. Whilst this may be occurring in the laboratories of the aluminium 

producers, it has not been reported in the readily available literature. Instead, what is 

observed in the literature is a focus on the understanding of the corrosion of existing 

commercial alloys, as opposed to the use of corrosion engineering to produce new Al-alloys. 

It is hypothesised that by controlling chemistry and microstructure it is possible to develop 

Al-alloys that are more corrosion resistant for equivalent or better mechanical properties. 

This statement is all encompassing, and obviously includes such wide notions that cannot be 

met in a single doctoral thesis. Therefore, a distinct effort has been made in this thesis to 

concentrate on aspects that are either foundational, or focused, in order to contribute towards 

the rationalisation of the hypothesis.  

As such, the thesis, within limits, seeks to understand the key role of chemical variables in 

affecting electrochemical / corrosion behaviour, and use this as a basis to establish an 

elementary foundation for the improvement / development of an experimental, optimised, 

alloy.   

The objectives of this project can be summarised as the following: 

1. Understanding the corrosion rate vs. hardness property space in order to rationalise 

the development of new Al-alloys with superior corrosion resistance while 

maintaining one mechanical metric (we have not considered multiple properties such 

as ductility or fracture). This aim will require parallel testing to determine which 

corrosion metric is most appropriate for determination of this property space. 

 

2. Understanding the effect of alloying elements in relation to the electrochemical 
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response of Al-alloys. This aim will involve a round-robin of electrochemical tests 

and a broad range of alloying elements to demonstrate the changes of anodic and 

cathodic kinetics with alloying.  

 

3. An understanding of the effect of alloying elements upon the microstructure of Al-

alloys. This involves electron microscopy imaging of a wide range of experimental 

alloys. Corrosion tests couple with characterisation allowing for a rationalisation of 

corrosion response. 

 

4. Understanding the effect of alloying elements to the extent and morphology of 

corrosion that will occur. This aim will involve different type of corrosion testing 

methods and subsequent profilometry  

 

5. Production of experimental Al-alloys with beneficial alloying elements (or exclusion 

of deleterious alloying elements) from points 1 to 4. This will form the basis of the 

latter portion of the work.  

Whilst the work and its purpose are consolidated in each subsequent chapter, to orient the 

reader, an important explanatory introduction should be given here.   

The work in this thesis continued to evolve with the learning’s from initial experiments. It 

was determined in the attainment of the primitive property space (in Chapter 4) that there 

exists some opportunities for optimising (i.e. minimising) the corrosion of Al-alloys. This 

included reducing Cu, and avoiding microstructural heterogeneity. Also identified as the 

current ‘best compromise’ alloy was AA5083, which has medium strength and low corrosion 

rates. The realisation of property space suggested that efforts should either be focused on 

reducing corrosion rates of age hardenable alloys (i.e. 2xxx or 7xxx series), or increasing the 

strength of non-age hardenable alloys (i.e. 5xxx) series, with the 6xxx series being 

somewhere in between. For the purposes of avoiding additional experimental variables such 

as heat treatments and complex thermal and thermomechanical schedules. It was decided 

(after an initial attempt with 6xxx series documented in Chapter 4), that the remainder of the 

work would focus on the non-heat treatable 5xxx Al-Mg-Mn system. 
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3.2 Dissertation Outline 

This dissertation consists of nine chapters and the findings of this work are presented in 

published and/or submitted papers in internationally recognised journals and one invited book 

chapter. The papers and chapter are worked into the thesis in the relevant sections, including 

co-authored papers where the work was carried out under the auspices of the activity in the 

PhD. The detailed descriptions of the chapters are as the following: 

Chapter 1: Introduction 

This chapter provides a general overview of the project that serves as an introduction to the 

initial ideas, background concept and the rationale of this work. 

Chapter 2: Literature review 

In this chapter, an extensive coverage of the literature on Al-alloys and corrosion behaviour is 

reviewed. This includes discussion on the role of chemistry and microstructure on corrosion, 

electrochemical aspect of corrosion and methods to improve corrosion resistance of Al-

alloys. 

Chapter 3: Research Aims 

The research aims of this project are listed in this chapter. It also includes the outline of the 

dissertation and a brief section on the methodology of this project. 

Chapter 4:  

This chapter demonstrates the effect of chemistry on the corrosion kinetics of commercial Al-

alloys. A detailed discussion on the electrochemical response of microstructurally driven 

localised attack is also included. 

Chapter 5 

This chapter discusses the general corrosion behaviour in relation to microalloying of the 

5xxx Al-alloy with a broad range of alloying elements. The work also covers the results from 

initial works that would have included 6xxx alloys (and hence the study of the Mg2Si phase). 

This was included on the basis that it is another demonstration of the role of microstructure 

and microstructural heterogeneity. This then leads into the work that investigated the 

microstructure-corrosion relationship in some quantitative detail (via potentiostatic 
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transients), emphasising the key points made in Chapter 4 via original research.  

Chapter 6 

A more focused appraisal on the effect of microalloying to intergranular corrosion of 5xxx 

Al-alloys is deliberated with a focus on phase analysis and sensitisation behaviour. 

Chapter 7 

This chapter focuses on specific alloying elements that improve corrosion resistance of 5xxx 

Al-alloys while retaining the other properties on par with a benchmark alloy (AA5083).  

Chapter 8 

A consolidating discussion that relates the findings described in the body of work to the 

literature on this subject. Several recommendations on future work are also deliberated. 

Chapter 9 

This chapter presents the Conclusions of the overall findings and accomplishment of the 

research aims listed in Chapter 3. 
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3.3 Laboratory Testing and Setup 

In order to augment the limited experimental details in the subsequent sections, a 

supplementary section here provides some further experimental details and imagery for the 

purposes of reproduction and disclosure.  

3.3.1 Materials 

The alloys (in the form of commercial or master alloys) for this project were sourced from a 

combination of:  

o Alcan (Canada), Courtesy of Dr. Nick Parson 

o Chalco (China), Courtesy of ICLAR collaboration 

o DSTO (Fishermans Bend, Australia), Courtesy Prof. Stan Lynch 

o Alcoa (United States), Alfa-Aeser (United States), Delphi (United States) or 

Airport Metals (Tullamarine, Australia), acquired commercially 

3.3.2 Alloy Production 

To meet the aim of this project, a range of experimental alloys have been produced at 

Monash using open air casting using a muffle furnace, housed in the Department of Materials 

Engineering, Monash University. 

Alloy production involved the introduction of solid feedstock in the form of pellets ≤1cm. 

In all cases, pure Al 99.95 (Alfa-Aeser) is blended with master alloys to form the final 

composition. Master alloys include Al-4Cu, Al-2Sc, Mg-9Al, Mg-10Si, Al-2.5Sr; which are 

blended with pure Al and in some instances, portions of commercial alloys, to achieve the 

final target composition. Images of the relevant aspects of alloy production and processing 

are shown overleaf. Melting was carried out in a muffle furnace. Regular stirring of the melt 

was carried out, followed by casting into a pre-heated (at ~300 ˚C) graphite crucible to 

prevent shrinkage. Cast alloys were homogenised below the liquidus temperature (nominally 

at 400˚C) for two days, and then cold rolled to a 50 % thickness reduction. The work flow of 

the in-house alloy making process is shown in Figure 3.1.  

In all cases where composition of alloys is given within this report, the compositions were 

measured by an accredited external laboratory; Spectrometer Services (Coburg, Australia). 

The testing method was ICP-AES (inductively coupled plasma atomic emission 
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spectroscopy). 
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Figure 3.1: Work flow of the in-house alloy production process. The insert image in (i) shows the type of crucibles used in this study. The bigger 

crucible used for mixing and smaller crucible for casting. After homogenisation (ii), the cast alloy was cut into smaller pieces for further testing. 
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3.3.3 Electrochemical Testing 

Potentiodynamic polarisation (PDP) tests were performed using a standard 3-electrode flat-

cell (supplied by PAR) and a Biologic VMP3 potentiostat under the control of EC-Lab
®
 

software shown in Figure 3.2. A saturated calomel electrode (SCE) was used as a reference 

electrode and platinum mesh was used as a counter electrode. The electrolyte used in all test 

was 0.1M NaCl. This electrolyte was chosen as it represents a moderately aggressive 

environment (which will allow discrimination of comparative alloy performance), it is also is 

considered a first order simulant to atmospheric exposure, and it also allows for comparison 

between results of others in the literature. For PDP tests, potential was scanned at 1mV.s
-1

.  

Such testing is destructive and hence samples were tested in a 'one off' manner. Additionally, 

electrochemical impedance spectroscopy (EIS) was also performed on samples and EIS 

spectra were collected over the range of 500kHz to 5mHz in the potential range of OCP+/-

10mV, and analysed using EC-Lab
®
 software. 

 

Figure 3.2: Biologic VMP3 potentiostat 

 

The set-up in Figure 3.3(a) is typically used for an individual sample for a short term test. 

However, in some circumstances, a large amount of samples are required to be tested 

particularly after a long term exposure. An improvised version of electrochemical cell that 

able to fit up to 16 samples at a time was fabricated as demonstrated in Figure 3.3(b). This 

set-up was found to tremendously increase the productivity of the testing.    
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Figure 3.3(a): A 3-electrode electrochemical cell for individual sample 

 

Figure 3.3(b): A custom version of the 3-electrode electrochemical cell for high throughput 

and long term testing of numerous specimens 

 

3.3.4 Mass Loss Testing 

Immersion (mass loss) tests were performed for samples immersed in 0.1M NaCl for 14 days. 

Following immersion, corrosion products were removed by a short immersion (~15s) and 

light rubbing with a soft-bristle brush in 7% nitric acid solution prior to final weighing. This 

solution was used in order to preserve the original morphology of the corrosion attack for 

subsequent profilometry.  
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3.3.5 Surface Characterisation 

Optical Profilometry 

The morphology of the immersion samples were analysed using optical profilometery (Veeco 

Wyko) shown in Figure 3.4. Pitting attributes such as average pit depth, number of pits and 

the volume of pits were calculated with the assistance of Veeco Vision software package. 

 

Figure 3.4: Veeco Wyko NT1100 optical profilometery 

 

  Scanning Electron Microscopy (SEM) 

Selected microstructures were characterised using a FEI Quanta 200 SEM at The Ohio State 

University and Royal Melbourne Institute of Technology (RMIT) to identify the presence and 

nature of particles within the microstructure. All samples were prepared by metallographic 

polishing down to a 1μm finish followed by ultrasonic cleaning. The images were observed 

using back-scattered electron (BSE) mode and the chemical composition of the particles was 

analysed with energy-dispersive X-ray (EDX) spectroscopy.  



Chapter 3. (3.3) Laboratory Testing and Setup 

 

101 

 

Figure 3.5: FEI Quanta 200 Scanning Electron Microscope 

 

3.3.6 Hardness Testing 

Vickers hardness testing was performed using a Duramin A300 Hardness Tester employing a 

1 kg load. This method of mechanical testing was preferred, as a number of duplicate 

measurements were possible, and the testing could be performed in house on all specimens.  

 

Figure 3.6: Duramin A300 hardness tester 
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3.3.7 Calculation of Phase Diagrams (CALPHAD) 

To assist in interpretation of alloy characterisation, CALPHAD and phase analysis was 

carried out using Pandat® software package (CompuTherm LLC, Madison, WI). This 

software is capable of calculating the most stable phase equilibrium without requiring prior 

knowledge of the diagram by using algorithm that is based on the mathematical and 

thermodynamic properties between the Gibbs free energy and stable phase equilibrium [1, 2]. 

The PanAluminum database was used for thermodynamic calculations in this work.  
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Chapter 4 

The construction of Al-alloy property space 

 

 

This chapter is presented in the format of a research paper. The purpose of this was to provide 

the relevant flow and experimental variables for a consolidated presentation. The works in 

this chapter include characterising the corrosion response (using a variety of laboratory 

methods) of commercial Al-alloys towards the construction of a primitive property space as a 

first order means of highlighting opportunities in minimising corrosion whilst being aware of 

mechanical strength. Combination of immersion tests and electrochemical tests including 

potentiodynamic polarisation and electrochemical impedance spectroscopy (EIS) were 

carried out on various commercial Al-alloys which were acquired from a number of wide 

sources. A consolidated presentation of the role of chemistry on the corrosion kinetics and 

hardness (used herein as a simplistic proxy to strength) suggested that reducing/eliminating 

Cu and limiting microstructural heterogeneity are effective in minimising corrosion (as 

discussed). It was empirically revealed that AA5083 (Al-4.4Mg-0.5Mn), which has medium 

strength and low corrosion rates, was evident as the ‘best compromise’ (commercial) alloy; 

further explored in this project with the  following chapters of this thesis will focus on works 

to understand and improve the performance of the non-heat treatable Al-Mg-Mn alloy 

system.  

This chapter (Chapter 4), in spite of being a wide empirical study, has revealed significant 

insights that are previously unreported, and hence serves as one of the original outcomes to 

the field arising from this thesis. 
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4.1 A consolidated presentation of bulk chemical effects on the corrosion kinetics of 

some commercial wrought aluminium alloys 

 

 

 

Introduction 

Aluminium (Al) alloys can be found in various applications ranging from household 

items to aerospace alloys. The role of alloying elements is critical in achieving a range of 

physical properties including strength, ductility, fracture and fatigue properties. It is 

established that relatively pure aluminium presents high corrosion resistance. Nevertheless, in 

open-air solutions or atmospheric conditions containing halide ions, aluminium is susceptible 

to pitting corrosion [1-3]. Alloys with heterogeneous microstructures arising from alloying 

can also possess localised corrosion susceptibility, even in benign aqueous environments [4-

7]. Further practical reasons why aluminium can undergo corrosion include the formation of a 

near surface deformed layer (NSDL) from mechanical finishing [8], and shingling [9]. 

Al-alloys are prone to all known forms of corrosion including pitting, crevice, 

general, filiform, and intergranular forms. It is acknowledged that a large number of physical 

and environmental variables play a key role in the corrosion of Al-alloys, from alloy casting 

and processing, to electrolyte chemistry. In this study, we do not (and cannot) attempt to do 

all such relevant aspects justice, and instead attempt to focus on the basic influence of 

chemical effects as studied from commercially available alloys for the following specific 

outcome.  

1. A paucity in consolidated information regarding the solubility of elements in Al (this 

aspect being a review exercise). 

2. A need to holistically represent the electrochemical impact of alloying elements upon 

reaction kinetics. Herein we reveal a phenomenological representation of this based on a 

large database of tests (and supplemented by review) to reveal the impact on anodic and 

cathodic branches of the polarisation curves at room temperature. 

3. A sensitivity analysis of the influence of alloying elements for alloy corrosion based on 

the alloys studied herein at room temperature. 

As described above, this work here is concerned with the determination of relatively short-

term corrosion (from electrochemical and mass loss tests in 0.1M NaCl at room temperature) 
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and is not targeted towards the information from long term exposure site testing or 

environmentally assisted cracking; with such information available from handbooks reporting 

results from standard ASTM tests [10-12]. Furthermore, the relationships regarding corrosion 

propagation in the form of environmentally assisted cracking are indeed unique and complex, 

as recently pointed out by an excellent review by Holroyd and Scamans for Al-Zn-Mg-Cu 

alloys [13]. The most common alloying elements in commercial aluminium alloys are 

magnesium, copper, silicon, manganese, and zinc [14]. Alloying elements can increase 

heterogeneity of the microstructure by introducing precipitate particles (when they stimulate 

a second phase), along with the potential presence of constituent particles that arise from 

impurities, or dispersoid particles used for grain size control. These phases have different 

electrochemical characteristics than the surrounding matrix, and can be classified as either 

'cathodic' or 'anodic' with respect to the alloy matrix, which then relates to the subsequent 

corrosion damage morphology. A comprehensive background to aluminium metallurgy has 

been given by Polmear [14], Hatch [15] and Mondolfo [16]. Such monographs, in 

conjunction with the relevant phase diagrams, reveal the types of second phases that may 

form in aluminium alloys as a function of chemistry and thermomechanical processing. 

However, herein we present the solubility of elements in Al, from a review of the relevant 

literature – and present it in a unique manner in Figure 1. The information in Figure 1 

classifies each element as to whether it is soluble (i.e. > 1wt.%), slightly soluble (i.e. < 1 

wt.%), insoluble, or unknown. The extent of solubility is also given. We believe that this 

presentation is of general utility to the Al corrosion community, as the consolidated 

presentation does not exist elsewhere. 

Influence of thermomechanical processing and temper.  

A detailed description of thermomechanical processing and temper effects is not included 

herein, however to provide a balanced view, such aspects merit comment. Of the aluminium 

alloys, whilst a large number of commercial alloys, there is only a finite number of 

precipitation hardening systems that are common to commercial alloys. These include 

systems that stimulate the development of the following phases; Al2CuMg (in 2xxx alloys), 

Mg2Si (in 6xxx alloys), MgZn2 (in 7xxx alloys), and to a lesser volume, Al2CuLi (in 2xxx 

alloys). The corrosion of these alloys is influenced by the number density and size range of 

the precipitates. The number density and size range is dictated by the thermomechanical 

processing (i.e. extent of reduction which can influence dislocation density and grain size) 
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and the temper (which can dictate the precipitate size and volume fraction). In addition, the 

above finite precipitate systems are also complicated by minor compositional variations of 

the precipitates themselves, which is pronounced in their influence upon corrosion 

propagation. Classic examples include the doping of MgZn2 with Cu (in Cu rich 7xxx alloys) 

to moderate IGC and SCC [13, 17, 18], and the modification of the Mg/Si ratio in 6xxx alloys 

[19-21].  

As a consequence, for age hardenable systems, the corrosion response is a continuum that 

scales with precipitate size and volume, and the possible dynamic evolution of precipitate 

chemistry. Of studies which offer electrochemical insight into the evolution of corrosion 

response with precipitate evolution, there is significant paucity of information in the open 

literature. Some studies that have coupled high-resolution characterisation (a requirement in 

such works) with corrosion response in tracking corrosion as a function precipitate 

characteristics involve the work of Ralston et al. (tracking the evolution of Al2CuMg) [6, 22] 

and Gupta et al. (tracking the evolution of MgZn2) [17], additionally Liang et al. have also 

done a similar study for 6xxx alloys (tracking Mg2Si), however characterisation in that work 

remains pending. What was observed in such works is that pitting susceptibility was dictated 

when a critical precipitate size distribution was reached (in all cases) and the extent of the 

susceptibility was dictated by the precipitate chemistry. It was also shown that there is a 

relationship between the precipitate state and alloy strength [22], which is an important link. 

Such studies were complex, and indicate that there is still significant future work remaining 

to unravel the microstructural effects on corrosion of Al-alloys generally, however a 

precursor to such a deterministic achievement is the basic holistic presentation of chemical 

effects on corrosion of Al-alloys; the goal of this study. We again emphasise that the work 

herein is focused on relatively short-term corrosion results at room temperature, and does not 

tackle corrosion propagation modes such as IGC and SCC; more specifically the superficial 

and pitting responses are studied (being the precursors to propagation modes of attack). 
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Experimental 

The materials tested herein were acquired from a variety of sources including Alfa-

Aesar, Alcan, Comalco (which is now part of the Rio Tinto group, for some legacy alloys) 

and DSTO. The alloys tested are listed in the corresponding figures, however the 

compositions as determined from ICP-AES (Spectrometer Services, VIC, Australia) are 

presented in the Table 2. 

All samples used were ground under ethanol to 1200 grit using SiC paper prior to 

testing. The electrolyte used in all test was quiescent 0.1M NaCl.  Potentiodynamic 

polarisation tests were performed using a scan rate of at 1mV.s
-1

 and a standard 3-electrode 

flat-cell (PAR) employing a saturated calomel reference electrode and Pt-mesh counter 

electrode. Electrochemical impedance spectroscopy was also performed on samples 

continuously immersed for a period of 1, 3, 7 and 14 days. EIS spectra were collected over 

the range of 500kHz to 5mHz in the potential range of OCP+/-10mV, and analysed using EC-

Lab
®
.  

Immersion (mass loss) tests were performed for samples immersed in 0.1M NaCl for 

14 days. Following immersion, corrosion products were removed by a short immersion 

(~15s) and light rubbing with a soft-bristle brush in 7% nitric acid solution prior to final 

weighing. This solution was used in order to preserve the original morphology of the 

corrosion attack for subsequent profilometry (shown to be effective in [23, 24]). The 

microstructure and morphology of the immersion samples were analysed using SEM and 

optical profilometery (Veeco Wyko). Pitting attributes such as average pit depth, number of 

pits and the volume of pits were calculated with the assistance of Veeco Vision software 

package.  

Vickers hardness testing was performed using a Duramin A300 Hardness Tester using 

a 1kg load. This method of mechanical testing was preferred, as a large number of replicate 

measurements were possible, and the testing could be performed in-house on all specimens. 

Further, many of the alloy geometries (small ingots or thin sheets) were incompatible to 

tensile testing. For some representative yield strength values, readers are referred to [10, 25] 

and alloy manufacturer spec-sheets [26]. 
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Results & Discussion 

Electrochemical characteristics of Al-alloys 

To represent the general electrochemical response of some typical Al-alloys, the polarisation 

response is shown in Figure 1.  

From Figure 1a we observe that differing alloys have rather different electrochemical 

characteristics, namely in the Ecorr value, and when viewed in summary, in the relative rates 

of cathodic reactions and to a lesser extent, anodic reactions. It is observed that pure Al has 

the least noble Ecorr by several hundreds of millivolts for the examples given. The Ecorr values 

increase with increasing alloying additions used as examples here and this ennoblement is not 

due to a retardation of the anodic reaction, but largely due to an increase in the cathodic 

reaction kinetics. AA2024-T3 and AA7150-T773 show significantly higher Ecorr values 

owing to the heavy alloying additions that include appreciable levels of Cu (and significant 

levels of Zn, Mg and Cu in the latter), and to the obvious existence of constituent and 

precipitate particles (discussed further below) [27-32]. From Figure 1a, there is minimal 

alteration in the Epit value between the alloys, however the difference between Ecorr and Epit is 

significantly diminished with increasing alloying additions [33-36]. A slight decrease in the 

anodic kinetics is seen in the case of alloying, suggesting that alloying additions in the matrix 

may moderate the dissolution of pure Al to an extent. The purpose of Figure 1a is not to 

contribute significant mechanistic interpretation that can be deduced from various works that 

study Al electrochemistry in detail [30, 37-46], along with the associated electrochemistry of 

intermetallics [4, 7, 44, 47-53], but to show the general trends in the form of the 

electrochemical data.  

An alternate approach regrading electrochemical analysis is to measure the impedance of 

alloys as seen in Figure 1b. The Nyquist plot provides the charge transfer resistance 

measurement of the alloys tested in this work. The trends from impedance data were seen in 

this work to mimic those of polarisation tests (and indeed immersion tests as discussed in the 

following section).  Impedance data was collected herein in addition to potentiodynamic 

polarisation and mass loss to establish the basic link between alteration of anodic / cathodic 

kinetics and ground truth data (mass loss). Further, profilometry also gives information 

regarding localisation of corrosion. As such, of the many hundreds of tests that have 

contributed to this study, the combination of methods has itself been illuminating – with each 
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test has its relative merits and demerits – however the combination of tests providing a 

holistic picture. 

Corrosion survey of Al-alloys  

Figure 2 represents the consolidated presentation if the mass loss values determined for the 

alloys tested in this work. In order to show the data as a spread of results as opposed to a 

table or bar chart, we have plotted the mass loss versus the alloy hardness as determined 

herein. This does not necessarily imply a relationship between the parameters, but it is of 

interest to note that for finite range of commercial alloys tested in this work, there is a co-

relation between higher mass loss being associated with alloys that have the highest measured 

hardness (the inset of Figure 2 shows the data on a log-log plot of the same data, to indicate 

the data spread). In this case we show mass loss following 2 weeks immersion; however we 

correlate this with pitting and electrochemistry further below. 

Figure 2 is illuminating on the basis that a spread of an order of magnitude was determined 

for corrosion levels realised of the commercial alloys surveyed. A more detailed correlation 

between the parameters plotted will not be given, as the corrosion varies with aging time in 

alloys [50, 54-59] that undergo age hardening. As such, temper dependant variations would 

be seen in such alloys with a finite window. This temper dependence will influence both 

mechanical and corrosion properties, as shown by Ralston et al. [22], however in such 

individual instances there is also a correlation reported in specific detail regarding mechanical 

and corrosion performance. None the less, the data in Figure 2 is accurate for a given set of 

known conditions and alloys in their commercially available form, and for the alloys that 

have been tested. The information it is possible to deduce the following, independently of the 

reported hardness values: 

a) Pure Al and solid solution alloys occupy the low corrosion / mass loss space 

b) Alloys that contain some Cu occupy the medium to high corrosion / mass loss space 

c) Alloys that are age hardenable occupy the high corrosion / mass loss space 

d) 7xxx and 2xxx series alloys show high corrosion / occupy the high mass loss space 

Interested readers may seek the strength (in MPa) or elongation, or even fracture toughness, 

of the alloys presented Figure 2 from other sources, and could use the results herein as a basis 

for  the representation of primitive property space. 
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The corrosion of Al-alloys is well appreciated in the literature to proceed via localised modes 

of corrosion that are reliant on the microstructure of the alloy [7, 33, 42, 60-63]. As such, to 

gain an appreciation of this, Figure 3 plots the pitting measured, again for comparison with 

the information in Figure 2, against the measured Hardness. Figure 3 indicates the average pit 

density (i.e. number of pits per unit area) as measured by Optical Profilometry following 2 

weeks of immersion in 0.1M NaCl. In addition the maximum pit depths are also presented in 

the inset. We observe from Figure 3 there is significant scatter, however generally speaking 

the alloys with the highest hardness (and mass loss) also present the highest pit density. In the 

medium to low hardness range however, there were some alloys that had moderate hardness 

and high pit density (such as certain 6xxx alloys) and alloys with a moderate hardness and 

low pit density (such as certain 3xxx and 5xxx alloys, known for their corrosion resistance).  

In order to correlate the mass loss data to an electrochemical measurement and to provide the 

readers with a general set of data for commercial alloys, we plot the EIS determined 

reciprocal of polarisation resistance (1/RP, determined following stabilisation of the open 

circuit potential after immersion in 0.1M NaCl) versus the mass loss data in Figure 4. What is 

observed is that there is a general trend for the body of data in that a low mass loss 

corresponds to a low value of 1/RP. There is significant scatter in the data as previously 

mentioned, but rather than focus on individual systems, the general trend is sought and 

presented. Of the large number of alloys tested however, 2297-T3, 6360-T3 and 2090-T3 

where the three that revealed significant mass loss, but low values of 1/RP in short term tests, 

these alloys stood out in this regard and hence this is reported explicitly.  The results in 

Figure 4 are presented as a consolidated data set, as opposed to focusing on the composition 

of individual alloys, in order to show any global trends. 

Influence of alloying elements in the corrosion of Al 

In assessing the polarisation curves of many replicate tests, for the many alloys tested, it is 

possible to extract some general trends in a holistic sense. Polarisation curves, although 

instantaneous in nature, are advantageous from the point of view that they can provide 

information on the electrochemical aspects (i.e. relative rates of anodic or cathodic reactions) 

that dictate corrosion. Such information cannot be assessed from EIS or mass loss tests.  

To represent the influence of alloying elements on the corrosion (more specifically, the 

reaction kinetics) of Al, a phenomenological plot is given in Figure 5. This plot is derived 
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from the observation of experimental data that includes not only binary alloys, but higher 

order systems (ternaries, quaternaries, etc.) and commercial alloys. As such, Figure 5 is 

representative, as opposed to quantitatively definitive. The arrows on Figure 5 indicate the 

direction of the reactions, but not the extent of difference. 

Figure 5 reveals the impact of the elements tested herein. The impact is conveniently 

represented as the relative movement on the anodic or cathodic branch that the alloying 

element induces. The distance associated with the relative movement is a representation of 

how significant the effect is. The information in Figure 5 can be considered a map as far as 

corrosion engineering of Al alloys is concerned. As such, we have also supplemented the plot 

with data from [4, 27, 34, 38, 44, 46, 48, 51, 52, 59, 63-79] where interpretable polarisation 

data is given. Some of the significant observations included in Figure 5 include: 

i. Below their solubility limit, many elements are benign and even beneficial 

ii. Mg can retard cathodic kinetics making the alloy less noble, but with lower corrosion 

rates. This is offset when too much Mg is added and Mg-rich second phases suffer 

anodic dissolution 

iii. Cu increased Ecorr and pitting potential but enhances cathodic kinetics and leads to 

higher corrosion rates 

iv. Zn decreases Ecorr and lowers the pitting potential 

v. Many elements increase the cathodic kinetics of Al, and hence, corrosion rates (Mn, 

Fe, Cu, Ti, etc.) 

vi. Si is rather inert in its impact on either anodic or cathodic kinetics 

vii. Pb and Sn enhance the anodic reaction dramatically [71, 80]  

viii. Li is rather inert unless present in appreciable concentrations 

Whilst not part of this study, it is possible to see how the information in Figure 5 may be used 

to select inhibitors, or rationalise corrosion rates seen in certain (if not most) Al-alloy 

systems. Of the alloys studied in the work, a statistical analysis was carried out. Fuzzy curves 

were used to study the sensitivity and significance of each input variable. This technique was 

also used in previous corrosion studies [81]. Fuzzy curves, developed by Lin and 

Cunningham [82], are generated based on the Gaussian function [151]: 

    (  )   
 (
      

 
) 

    Eqn. 1 
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where      is the membership function used to form the fuzzy curve for each input candidate, 

xi. According to Lin and Cunningham [82], a fuzzy curve (Ci), for each input (xi) can be 

constructed by employing the centre of area method for defuzzification: 

  (  )  
∑    (  )   
 
   

∑    (  )
 
   

    Eqn. 2 

Figure 6a reveals the fuzzy curves for the alloying additions tested herein. This can be 

considered to be ‘sensitivity’ analysis, whereby the sensitivity of the output (corrosion rate) 

to the input (variably we are altering, being composition) is given by the Cxi parameter. A 

large range of Cxi indicates that corrosion rate varies significantly with an element that causes 

such a large range, whereas a low range of Cxi means that an element has no significant 

influence on corrosion rate. Cxi can vary between 0 and 1. Again, to re-iterate, if the variation 

in Cxi over the range of compositions studied is high (i.e. close to 1) then corrosion rate has a 

large dependence on that element, and if Cxi is low (i.e close to 0) then the corrosion rate will 

not alter significantly as a result of alloying with that element.  As a result, a convenient way 

of assessing fuzzy curves if by studying the fuzzy curve range (Figure 6b), where it is seen 

that each element tested has a different range. 

Corrosion rate is seen to be highly sensitive to amount of Cu, and not sensitive to the amount 

of Sc. Of the major alloy elements, we see that corrosion is least sensitive to Si. It is pointed 

out that the fuzzy curve range doesn’t indicate if the element is beneficial or detrimental, and 

hence should be viewed with some caution (i.e. Mg shows a relatively high sensitivity, but it 

is beneficial in low concentrations for reducing cathodic rates, but detrimental at higher 

concentrations where it enhances anodic rates). The slopes on the fuzzy curves themselves 

can illuminate changes in response however, i.e. relative little change in the influence of Mn 

until a certain concentration is reached and a large change in Cxi occurs. The data in Figure 6 

is useful to those wishing to correlate other properties with corrosion performance and who 

wish to conduct further analysis by way of consideration of elemental solubilities. 

 

General discussion 

The combination of the solubility data (Table 1) [83-88], the realisation of a the spread of 

observed corrosion rates, (Figure 2), the phenomenological map indicating influence on 
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reaction kinetics (Figure 5), and sensitivity analysis (Figure 6) has added a consolidated body 

of knowledge to the basic/elementary understanding of corrosion of Al-alloys. Many prior 

studies have previously indicated a correlation between chemistry and structure (and 

elemental solubility) of Al-alloys with corrosion rates [7, 31, 34, 42, 46, 53, 59, 61, 89-94] – 

however a wider study of alloys as herein, has provided a general validation of many aspects 

of l-alloy corrosion that were previously anecdotal. These aspects are summarised by the 

relevant bullet points made in the two sections above (a. to d., and i. to vii.). 

Whilst the many families of Al-alloys which exist are chemically complex and there are 

second order effects other than chemistry (such as thermomechanical processing and temper) 

that can dictate microstructure and hence also influence corrosion, the effect of chemistry is 

(from a free energy perspective) major – as seen herein.  Other works have shown – in 

addition to the work here – that as the heterogeneity of the alloy microstructure increases, the 

corrosion rate and pitting density tends to increase (concomitant with electrochemical 

heterogeneity). The lowest corrosion rates are realised by pure Al and Al-solid solutions, and 

corrosion rates tend to increase with the presence of second phases. Precipitates nominally 

serve to increase anodic dissolution kinetics in most cases, such as when precipitation occurs 

yielding MgZn2, Mg2Si, (Mg2Al3, which is not a hardening phase), or Al2CuLi, with the 

partial exception being Al2CuMg which is initially cathodic, but later anodic [60, 95, 96]. For 

information about the corrosion of a specific alloy, readers are directed to dedicated studies 

that include specific variables such as heat treatment and electrolyte variations. 
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Conclusions 

The study herein has provided a significant amount of consolidated information of the 

corrosion behaviour in a standard electrolyte (0.1M NaCl) at room temperature, in a 

quantitative sense. The work combines review and experiment, however all reported data is 

from original tests conducted in this study.  

We have reported a consolidated diagram with the solubility of elements in Al, which is of 

general utility to the Al-corrosion field.  

We have also presented schematically, the phenomenological effect on the relative anodic 

and cathodic reactions as imparted by a large number of typical alloying additions to 

aluminium, which we believe is significant to those researching Al-alloy corrosion, and 

serves as an important benchmark. This also serves as a phenomenological framework for 

corrosion of Al-alloys revealing the kinetic impact (as overlaid upon a polarisation 

schematic) of alloying elements.  

The identification of coarse level findings was readily possible; such as  

 Pure Al and Al-solid solutions occupy the low corrosion / mass loss space (1xxx, 

3xxx, 5xxx). Below their solubility limit, many elements are benign and even 

beneficial. However, alloys in the low corrosion / mass loss space were generally seen 

to be Cu and Zn free. Mg can retard cathodic kinetics making the alloy less noble, but 

with lower corrosion rates. 

 Alloys that contain some Cu occupy the medium to high corrosion / mass loss space. 

Cu increased Ecorr and pitting potential but enhances cathodic kinetics and leads to 

higher corrosion rates. Zn decreases Ecorr and lowers the pitting potential 

 Alloys that are age hardenable occupy the high corrosion / mass loss space. 7xxx and 

2xxx series alloys show highest corrosion and occupy the high mass loss space 

 Many elements increase the cathodic kinetics of Al, and hence, corrosion rates (Mn, 

Fe, Cu, Ti, etc.). Si is rather inert in its impact on either anodic or cathodic kinetics 
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Sc21 
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Ti22 
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1.2 
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(SS) 
0.4 
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(SS) 
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1.8 
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(SS) 
0.05 
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(SS) 
0.015 

Ni28 
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Cu29 
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5.7 
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(S) 
80 
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(S) 
21 

Ge32 
(S) 
7.2 

As33 
(SS) 

0.0001 

Se34 
(SS) 
0.0005 

 

Br35 
(U) 

 

Kr36 
(U) 

 

Rb37 
(U) 

 

Sr38 
(SS) 
0.0001 

Y39 
(SS) 
0.17 

Zr40 
(S) 
0.28 

 

Nb41 
(SS) 
0.22 

Mo42 
(SS) 
0.25 

Tc43 
(U) 

 

Ru44 
(SS) 
0.05 

Rh45 
(SS) 
0.15 

Pd46 
(SS) 
0.05 

Ag47 
(S) 
55.6 

Cd48 
(SS) 
0.44 

In49 
(SS) 
0.15 

Sn50 
(SS) 
0.06 

Sb51 
(SS) 
0.05 

Te52 
(U) 

 

I53 
(SS) 

0.0001 

 

Xe54 
(U) 

 

Cs55 
(SS) 
0.005 

Ba56 
(SS) 
0.05 

La57 
(SS) 
0.05 

Hf72 
(S) 
1.2 

Ta73 
(SS) 
0.25 

W74 
(SS) 
0.16 

Re75 
(SS) 
0.14 

 

Os76 
(U) 

 

Ir77 
(U) 

 

Pt78 
(SS) 
0.05 

Au79 
(SS) 
0.35 

Hg80 
(SS) 
0.005 

Tl81 
(U) 

 

Pb82 
(SS) 
0.17 

Bi83 
(SS) 
0.05 

Po84 
(U) 

 

At85 
(U) 

 

Rn86 
(U) 

 

Fr87 
(U) 

 

Ra86 
(U) 

 

Ac89 
(U) 

 
               

    
Ce58 
(SS) 
0.05 

Pr59 
(U) 

 

Nd60 
(SS) 
0.05 

Pm61 
(SS) 
0.05 

Sm62 
(SS) 
0.05 

Eu63 
(SS) 
0.005 

 

Gd64 
(SS) 
0.1 

Tb65 
(SS) 
0.05 

Dy66 
(SS) 
0.02 

Ho67 
(SS) 
0.02 

Er68 
(SS) 
0.02 

Tm69 
(SS) 
0.1 

Yb70 
(SS) 
0.2 

Lu71 
(U) 

 

    
Th90 
(SS) 
0.8 

Pa91 
(U) 

 

U92 
(SS) 
0.06 

Np93 
(U) 

 

Pu94 
(SS) 
0.06 

Am95 
(U) 

 

Cm96 
(U) 

 

Bk97 
(U) 

 

Cf98 
(U) 

 

Es99 
(U) 

 

Fm100 
(U) 

 

Md101 
(U) 

 

No102 
(U) 

 

Lr103 
(U) 

 

                  

Table 1:  Solubility of elements in pure aluminium (compiled from [83-88]). Elements classified according to soluble (S), slightly soluble (SS), 

insoluble (I) or unknown (U).
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 Si Fe Cu Mn Mg Cr Zn Ti Zr Li Ni Sr Sc 

Pure Al 0.03 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.005 - 0.01 0.001 - 

2024-T3 0.5 0.5 4.2 0.5 1.6 0.10 0.25 0.15 - - - - - 

2090-T3 0.15 0.03 2.70 0.01 0.01 0.01 0.01 0.01 0.07 2.05 0.01 0.001 - 

2124-T851 0.20 0.30 4.5 0.6 1.7 0.10 0.25 0.15 - - - - - 

2297-T3 0.10 0.10 2.9 0.35 0.25 - 0.05 0.12 0.11 1.6 - - - 

3003-O 0.60 0.70 0.12 1.2 - - 0.10 - - - - - - 

3102-O 0.40 0.70 0.10 0.25 - - 0.30 0.10 - - - - - 

5005-H34 0.30 0.70 0.20 0.20 0.50 0.10 0.25 - - - - - - 

5052-H131 0.25 0.40 0.10 0.10 2.5 0.2 0.10 - - - - - - 

5083-H116 0.40 0.40 0.10 0.6 4.8 0.15 0.25 0.15 - - - - - 

5091-H116 0.05 0.12 0.01 0.01 4.04 0.01 0.02 0.01 0.01 1.12 0.01 0.001 - 

6016-O 1.2 0.50 0.20 0.20 0.4 0.10 0.20 0.15 - - - - - 

6022-O 1.35 0.14 0.04 0.04 0.58 0.10 0.21 0.10 - - - - - 

6060-O 0.53 0.17 0.10 0.03 0.37 0.05 0.15 0.02 - - - - - 

6181-T3 0.95 0.45 0.10 0.15 0.77 0.10 0.20 0.10 - - - - - 

6360-T3 0.4 0.15 0.10 0.10 0.5 0.05 0.15 

     

- 

7075-T651 0.40 0.50 1.3 0.30 2.4 0.19 5.5 0.20 - - - - - 

7079-T6 0.30 0.40 0.39 0.17 3.2 0.15 4.2 0.10 

    

- 

7150-T773 0.12 0.15 2.4 0.10 2.45 0.04 6.1 0.06 0.1 - - - - 

8090-T8771 0.20 0.30 1.35 0.10 0.9 0.10 0.25 0.10 0.07 2.4 - - - 

AS40 12.60 0.46 0.35 0.34 0.13 0.02 0.05 0.02 0.005 - 0.01 0.051 - 

AS303 5.29 0.77 3.40 0.31 0.02 0.01 0.09 0.03 0.005 0.005 0.01 0.001 - 

CP401 0.14 0.13 5.03 0.01 0.01 0.01 0.01 0.01 0.005 0.005 0.01 0.001 - 

LM5 0.13 0.36 0.01 0.49 4.01 0.01 0.01 0.02 0.005 - 0.01 0.001 - 

LM8 5.98 0.55 0.07 0.35 0.38 0.01 0.05 0.06 0.005 0.005 0.01 0.001 - 

LM20 12.70 0.49 0.38 0.39 0.14 0.02 0.06 0.02 0.005 0.005 0.01 0.001 - 

LM25 7.06 0.54 0.09 0.32 0.46 0.02 0.09 0.07 0.005 0.005 0.01 0.001 - 

AlZy 6.89 0.16 0.01 0.01 0.37 0.01 0.01 0.01 0.005 - 0.01 0.02 - 

Al-6Ti 0.05 0.14 0.10 0.01 0.01 0.01 0.01 6.01 0.005 0.005 0.01 0.001 - 

Al-4Cu 0.05 0.4 3.83 0.005 0.01 0.005 0.005 0.038 0.005 - 0.005 0.001 - 

Al-Sr 0.11 0.17 0.01 0.01 0.01 0.01 0.01 0.01 0.005 - 0.01 2.45 - 

UL40 0.05 0.05 0.01 0.01 0.02 0.01 0.02 0.01 0.19 3.85 0.01 0.00 - 

Al-2Sc 0.06 0.04 0.02 0.01 0.02 - 0.01 0.02 - - - - 1.38 

 

Table 2:  Chemical composition from ICP-AES of the alloys tested in this study. All values in 

weight %. 
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(a) 

 

(b) 

Figure 1: (a) Typical potentiodynamic polarisation response of selected Al-alloys. (b) Typical 

Nyquist plots collected using electrochemical impedance spectroscopy for different samples 

the same alloys in (a). 
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Figure 2: The range of mass loss values collected for Al-alloys, presented versus the 

corresponding Hardness. Hardness was collected using a 1kg load. Mass loss determined 

from 2 weeks exposure in 0.1M NaCl. The inset is the same data as the main plot, but with a 

log axis on the x and y axis. 
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Figure 3: The correlation between hardness and the average pit density. Hardness was 

collected using a 1kg load. Average pit density was determined using optical profilometry 

following 2 weeks exposure in 0.1M NaCl. Error bars omitted for clarity. The inset reveals 

the average pit depth values, showing little correlation between hardness and average pit 

depth. 
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Figure 4: Correlation between electrochemically determined corrosion rates from short-term 

EIS testing and the mass loss determined from 2 weeks exposure in 0.1M NaCl. Error bars 

omitted for clarity. 
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Figure 5: Schematic representation of the electrochemical impact of alloying elements 

studied. The plot depicts the ability of alloying additions to modify anodic or cathodic 

kinetics (or both), leading to changes in the resultant corrosion rate, along with changes in 

Ecorr and Epit. 
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(a) 

 

(b) 

Figure 6: Fuzzy curve (a) and fuzzy curve range (b) for the empirically determined impact of 

alloying elements on the corrosion of aluminium. 
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Chapter 5 

The role of chemistry in the general corrosion behaviour of Al-

alloys 

 

 

This chapter includes three distinct ‘sub-chapters’ which together provide a comprehensive 

empirical study on the role of alloying elements in the ensuing corrosion behaviour of Al-

alloys.  

Section 5.1 is a research paper accepted (September 2013) in the journal ‘Corrosion 

Engineering, Science and Technology’. Following the outcomes in Chapter 4, the alloy used 

in this study is based on Al-4Mg-0.4Mn system with quaternary addition of various elements 

that includes Ti, Zn, Zr, Pb, Nd, Sn, Sr and Si. The aim of this work was to understand the 

effect of alloying elements on the (micron scale) microstructure of Al-4Mg-0.4Mn alloy in 

relation to the electrochemical response and subsequent corrosion morphology. The presence 

of levels of alloying elements (nominally below the maximum solid solubility limit) can 

influence the microstructure of the base alloy (by modification of β-phase as also described in 

the subsequent chapters) but also by the formation of dispersoids and additional intermetallic 

particles. In this work, the electrochemical response was characterised by potentiodynamic 

polarisation, supplemented by immersion testing and optical profilometry to determine the 

form and intensity of the localised corrosion. Microstructural characterisation was carried out 

by Scanning Electron Microscopy (SEM) and the chemical composition of the particles was 

analysed with energy dispersive X-ray (EDX) spectroscopy.  

The present chapter also includes a section on the electrochemical behaviour and localised 

corrosion associated with the Mg2Si particles in Al-alloys. Section 5.2 is a research paper 

published in the journal ‘ECS Electrochemistry Letters’. As previously discussed in Chapter 

4, there are several potential alloy systems to be explored throughout this project. The 6xxx 

series alloys have higher mechanical strength in comparison to the 5xxx (Al-4Mg-0.4Mn) 

series alloys due to the presence of fine Mg2Si precipitates (which can be stimulated and 

grown by thermal exposure). This particle however increases the susceptibility to localised 

corrosion. In this work, the electrochemical behaviour of Mg2Si was investigated over a 
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range of pH by carrying out potentiodynamic polarisation technique and supplemented by 

SEM and EDX. This was a unique set of work, because the electrochemical response of 

Mg2Si was not previously reported in detail, owing to the great difficulty in preparation of 

bulk Mg2Si.The result shows that in Al-alloys, Mg2Si was found to be anodic (less noble) in 

acidic and neutral pH hence undergoes selective dissolution in the Al-matrix. 

Section 5.3 is a (collaborative) research paper published in the journal ‘Electrochimica Acta’. 

It was foundational in further validating, if not establishing, that as alloying elements are 

added to improve mechanical strength by increasing the microstructural heterogeneity, pitting 

susceptibility increased exponentially. Conventionally, pitting potential (Epit) is used to 

indicate pitting susceptibility; however this method lacks more useful information on size and 

frequency of the pits. A more effective way in characterising pitting propensity is by using 

current transient measurement during potentiostatic polarisation test. The current transient 

counted (metastable pitting) have better correlation with the actual number of pits formed as 

characterised by optical profilometery. The work is in its own right a complete study; 

however its relation to the present thesis is important on the basis of: a) it indicates the merit 

in selecting an alloys such as AA5083 as a platform for future work, b) it unequivocally 

indicates the microstructure-corrosion relationship as driven by microstructural 

heterogeneity.  
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Chapter 6 

The role of chemistry in intergranular corrosion of Al-4Mg-

0.5Mn 

 

 

This chapter includes a research paper accepted in the journal ‘Corrosion Engineering, 

Science and Technology’. Following the outcomes of Chapter 4 and Section 5.1, the same 

alloys produced which are based on Al-4Mg-0.4Mn system with quaternary addition of 

elements that including Ti, Zn, Zr, Nd, Sr and Si were studied. The purpose of this chapter 

was to elucidate the effect of microalloying additions on the intergranular corrosion 

susceptibility, and indeed in relating this to the β-phase characteristics. Exposure to elevated 

temperature for the sensitisation of the Al-Mg-Mn was carried out, as opposed to the 

experimental condition in Chapter 5. In the sensitised condition, Al-Mg-Mn alloy are 

nominally prone to intergranular attack, as the active β-phase tends to precipitate at the grain 

boundaries. Herein, the alloys were heat treated at 150°C followed by the Nitric Acid Mass 

Loss Test (NAMLT) as outlined in ASTM G67-04. The results highlighted the effectiveness 

of Sr in minimising the intergranular corrosion by modifying the fraction of β-phase or 

reducing the amount of Mg available to form β-phase. 
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Chapter 7 

Alloying additions to improve the corrosion performance of Al-

Mg-Mn alloys 

 

This chapter includes three ‘sub-chapters’ for a more detailed study on the effect of Sr and 

Nd in improving the corrosion resistance of Al-Mg-Mn alloys, following the outcomes in 

Chapter 5 and 6.  

Section 7.1 is a research paper published in the ‘Journal of The Electrochemical Society’. 

The results from previous chapters highlighted the ability of strontium (Sr) to reduce 

corrosion attack whilst having minimal impact on hardness. This section provides a more 

detailed study on the microstructural aspects of this alloy and the critical amount of Sr to 

achieve the best result. The studies were carried out in the isolation of Mg in order to 

investigate the true effect of Sr in Al. In this work, the electrochemical response was 

characterised by potentiodynamic polarisation technique, supplemented by immersion test 

and optical profilometry to determine the form and intensity of the localised attack. 

Microstructural characterisation was carried out by SEM and the chemical composition of the 

particles was analysed with EDX. The results point to an increase in formation of Al4Sr with 

Sr addition. The localised attack however was not associated with Al4Sr, instead with Fe-

containing constituent particles which present as impurities in commercial grade pure Al 

alloy used as the base metal. This is a very important finding, as outlined in Section 7.1. 

The other promising element in improving corrosion performance of the Al-Mg alloy system 

as suggested in previous chapters is neodymium (Nd). This section (7.2) includes a research 

paper published in the journal ‘Corrosion Science’. Nd is a rare earth element that is an 

uncommon alloying addition in Al-alloys due to price. In this work, part of which was 

collaborative, low levels (up to 0.17 wt%) of Nd were added to an Al-5Mg alloy and the 

same experimental set up as in Section 7.1 was carried out. The results revealed a segregation 

of Nd to AlMnFe intermetallic particles and formation of apparently electrochemically 

homogeneous Al11Nd3 particles that were not associated to intensifying localised attack of 

this alloy. The NAMLT values also point to better resistance to intergranular corrosion. 

In order to further investigate the effect of Nd on the susceptibility to intergranular corrosion, 
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Section 7.3, a research paper published in ‘Corrosion’ journal, provides a study focussed on 

the sensitisation behaviour of the same alloy in Section 7.2. In this work, the alloys were heat 

treated at 150°C, followed by Nitric Acid Mass Loss Test (NAMLT) as outlined in ASTM 

G67-04. The results highlighted that intergranular corrosion was reduced when the Nd 

content was more than 0.11 wt%. Even though the presence of Nd did not reduce the fraction 

of β-phase, Transmission Electron Microscopy (TEM) indicated the formation of fine 

Al11Nd3 particles along with β-phase at the grain boundaries which may contribute to the 

improve intergranular corrosion resistance by disrupting the continuity of β-phase. 
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Figure 5. Effect of Sr content (a) on pitting potential and (b) on corrosion
current density, and (c) effect of Al4Sr fraction on corrosion current density as
in 0.1M NaCl.

corrosion morphology was essentially localized (as seen in the inset of
Figure 7 for the specimen with the highest mass loss). The relatively
low levels of mass loss, and the relative similarity in range of values
with pure Al is also consistent with the electrochemical tests.

The similarity from tests with higher levels of Sr would tend to
suggest that the mass loss is rather independent of the Sr and Al4Sr
content. In order to validate this, post immersion SEM was carried out,
revealing profound results. Figure 8 shows the form of corrosion on
the alloy surface after exposure to 0.1M NaCl, and it is revealed that
in spite of a significant volume fraction of Al4Sr intermetallic, that

Figure 6. The relationship between icorr and Ecorr extracted from potentiody-
namic polarization curves of the alloys determined at open circuit potential
after 10 minutes in 0.1M NaCl using a scan rate of 1 mV/s.

the corrosion is not localized at, on, or adjacent to the Al4Sr. In all in-
stances observed, corrosion was localized, and tended to be localized
at constituent-type particles that were rich in Fe (from Fe impurity),
which is particularly evident in Figure 8b. In fact, the identification
of where the constituent phases exist was possible after corrosion had
occurred, whereby the localisation of corrosion with constituent par-
ticles made it obvious how to discriminate from the Al4Sr. Validation
that corrosion was associated with regions of high Fe concentration
(i.e. Fe-bearing constituents) is given in Figure 9 via the EDX maps. It
is evident that the sites of corrosion are associated with the Fe. It is also
very interesting however to note that regions containing Sr, also tended
to have an association with segregated Si (which is nominally always
present in low levels in commercially pure Al). In fact, there is a sig-
nificant richness in the data in Figures 8 and 9, suggesting that Si mo-
bilizes with Sr, and also that the form of the constituent particles rich
in Fe are modified by addition of Sr. On causing corrosion, it appears

Figure 7. Effect of Sr content on the corrosion rates as determined by mass
loss test in 0.1M NaCl for 14 days. As a comparison, in the same conditions
2024-T3 is 0.0582 mg/cm2/day and 7079-T6 is 0.707 mg/cm2/day. Inset shows
the localized nature of the corrosion attack on the specimen with the highest
mass loss, via Optical Profilometry imaging.
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Figure 8. Scanning electron (SEM) images of Al-2.45Sr alloy after immersion
in 0.1M NaCl for 5 hours showing (a) the extent of pitting on the surface and
(b) close up observation of the pit.

as though the Fe rich particles are somewhat attacked themselves,
and the remnants indicate a complex structure of needles. This is not
synonymous with the classic ‘trenching’ observed around whole (i.e.
non-needle like Fe-constituents) observed in Sr-free systems30,33–37

and noteworthy in itself. The apparent electrochemical heterogeneity
of intermetallics in the Al-matrix was previously shown for the case
of Sc additions leading to Al3Sc intermetallic particles.38,39 The cost
of Sc prohibits its use in commercial alloys, however a similar effect
is observed herein with the addition of Sr.

If Sr can in fact modify the constituent particles, this may ex-
plain why at the lowest Sr content the highest mass loss was observed
possibly linked with insufficient Sr to cause significant constituent
modification. In any case, the modification of constituent particles by
Sr would require dedicated study on the basis of isolating when the
modification occurs (i.e. is it during the molten state) and the impact
on the constituent chemistry and structure, which is beyond this study.
Whilst the present work was largely focused on revealing the elec-
trochemical and corrosion aspects of binary Sr additions, it appears
that the rather general observation that Sr has the potential to modify
particles and segregation in systems outside of the Al-Si casting alloys
may be maintained. In the authors’ opinion, there remains significant
future work in elucidating the more detailed electrochemical mecha-
nisms at play involving the additions of Sr to Al. Certainly the apparent
electrochemical heterogeneity, and its influence in localized corrosion
and propagation will require a more dedicated appraisal. Further, the
increased passive current density with Sr additions, however without
a diminished Epit, also merits further investigation.

Figure 9. High magnification observations and EDS element mapping anal-
ysis of Al-2.45Sr alloy after immersion in 0.1M NaCl for 5 hours showing
Fe enrichment inside the pits and no attack was observed on Sr containing
intermetallics.

Conclusions

1. The addition of Sr to Al led to the formation of the Al4Sr inter-
metallic phase, which increased in volume fraction as Sr content
increased. The level of electrochemical corrosion remains low,
irrespective of Sr content, and the associated mass loss is also
low and largely independent of the Sr and Al4Sr content.

2. The SEM images after exposure to a dilute chloride electrolyte
indicate that localized corrosion is associated with Fe-containing
constituent particles, whilst Al4Sr particles were un-attacked.

3. Pitting potentials (Epit) for Sr containing alloys are identical to
pure Al despite an increase in passive current density, except for
the highest Sr content studied (2.45 wt.%).

4. Cathodic reaction rates for Al-Sr alloys are slightly higher than
pure Al but similar regardless of the alloy content and microstruc-
ture. This indicates that increasing Al4Sr fraction did not support
rapidification of cathodic kinetics.

5. The corrosion current density (icorr) increases with low levels
of Sr but decreased after adding more than 0.11 wt.% Sr. A
similar trend was observed with the volume fraction of Al4Sr.
This implies that there might be a critical amount of Sr required
to significantly modify the constituent particles hence lowering
corrosion rate. Significant future work is needed to fully interpret
the mechanisms imparted by Sr additions, however the findings
are unique in the context of particle induced localized corrosion
of Al and its alloys. They are highly reproducible and indeed we
believe merit wider dissemination for a general assessment by the
field.
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Chapter 8 

Discussion and Future Works 

 

8.1 General Discussion 

A review of the literature highlighted a deficiency of archival public domain works that have 

focused on the aim of rationalising a scientific approach for the development of more 

corrosion resistant Al-alloys (both in the compositional selection but also in the attendant 

rationale). This is in contrast to the body of work that evolved some decades ago regarding 

stainless steels, and modified ferrous alloys. In contrast to the Al-alloy development work, 

there is, in contrast, significant (hundreds) of works that have focused on corrosion of 

existing commercial alloys (such as AA7075-T6 or AA2024-T3) [1-8]. The works carried out 

in this project herein, were based on the hypothesis that by controlling chemistry (and hence 

microstructure) it is possible to alter the corrosion rate (a logical notion which is appreciated 

from the literature in itself) with a view to development Al-alloys that are more corrosion 

resistant for equivalent or better mechanical properties. Whilst it is appreciated and 

emphasised that a single dissertation can only contribute part way to this endeavour, there is a 

large amount of scientific learning which comprises this thesis, that has been elucidated and 

is original. As such, this chapter will discuss/consolidate some of the key findings from the 

body of work in Chapters 4 to 7 in relation to the Research Aims set at the beginning of this 

project.  

As for contributing towards foundational information, Research Aim 1 is focused on 

establishing (if not, revealing) the corrosion rate vs. hardness property space. There are some 

caveats here, in that hardness was used as a proxy to strength. This was justified on the basis 

that many of the commercial alloys don't have the dimensions to permit tensile testing (i.e. 

3xxx alloys are very thin sheet, destined for can-stock, etc.). Further the corrosion rate vs. 

hardness property space was really represented to serve as a baseline to rationalise (and 

identify the relevant property space for) the development of new Al-alloys with improved 

corrosion resistance. Consequently, various commercial Al-alloys were tested and the results 

provided a significant amount of consolidated information of the corrosion behaviour of Al-

alloys – rather generally. There was a realisation of a correlation between higher mass loss 
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being associated with alloys that have higher measured hardness. The presentation of the so-

called ‘property space’ also allowed some rather obvious – but not previously reported – 

aspects to become obvious. For example, alloys that contain beyond a critical concentration 

of Cu - which can contribute to strengthening of Al-alloys such as the 2xxx series and 

modifying the 7xxx series alloys - occupy the high corrosion, high mass loss space. The tests 

also indicated that AA5083, which is a medium strength alloy, displays low corrosion rates, 

and can be rationalised to be the best compromise alloy for the strength and corrosion 

performance of the alloys surveyed. This in itself justifies the empirical evidence which 

suggests AA5083 is the benchmark (industrially) for Al-alloys corrosion – and hence the 

benchmark herein for what can be further developed; serving as a baseline in assessing the 

improvement of corrosion performance for the experimental alloys produced from this point 

forward.  

Research Aim 2 centres on understanding the effect of alloying elements in relation to 

electrochemical response of Al-alloys. In Chapter 4, extensive potentiodynamic polarisation 

tests were carried out on various types of commercial Al-alloys whilst Chapter 5 (Section 

5.1) covers the Al-4Mg-0.4Mn alloys with regards to the addition of elements including Ti, 

Zn, Zr, Pb, Nd, Sn, Sr and Si. An important criterion in discussing the electrochemical 

response is the anodic and cathodic reactions kinetics. From the results, the value of Ecorr was 

seen to vary with the presence of alloying elements. Variation was dictated by either an 

alteration in the anodic reaction or cathodic reaction, or a combination of the change in the 

rates of the two reactions. As such, the value of Ecorr alone was seen to be a crucial parameter 

in the assessment of the corrosion performance. An exception is in high strength commercial 

Al-alloys that contain significant Cu, where the Ecorr is ennobled but not associated with 

reduced corrosion (with significant pitting observed during subsequent exposure and 

profilometry). From a mechanistic perspective, attention is given to the anodic and cathodic 

reaction kinetics (more specifically, their relative shifts with alloying) where the rate of 

reaction associated with electrochemical kinetics is better explained. Section 5.1 (Chapter 5) 

highlighted that microalloying did not have major impact in the anodic/kinetic reaction rate 

compared to the base alloy, where only a handful of elements have a statistically significant 

impact. For instance, the presence of Sn, Nd and Zr were able to reduce the cathodic reaction 

rate which is in itself considered good; however this phenomenon was offset by high mass 

loss in the case of Sn addition, mainly contributed to the anodic activation effect [9-12], also 
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demonstrated by a massive increase in anodic reaction kinetics in the potentiodynamic 

polarisation curve. Such results were interesting from a scientific perspective, because they 

highlighted some fundamental challenges. The reduction in cathodic kinetics which may be 

derived from the utility of alloying elements with a low exchange current density, has a 

deleterious second order effect. This can thus rule such elements out in terms of alloy design, 

perhaps in itself a contribution (from a negative result). In a (very) positive sense, the 

presence of Sr was able to reduce the anodic reaction rate, whilst the cathodic reaction rate 

remained unchanged; the mass loss value however was not however significantly reduced in 

comparison to other alloys, but none the less a useful result (particularly when considering 

sensitisation), as where all the reported results in a unique manner) – which will not be 

repeated in their entirety here.  

In order to elucidate the results from different types of corrosion tests, emphases on the 

understanding of the microstructural aspect of the alloys are given in Research Aim 3 and 4. 

Microstructural heterogeneity, gained from alloying elements and heat treatments, contribute 

to the increase in strength for commercial Al-alloys (generally). Chapter 4 demonstrated that 

high strength alloys have high mass loss values and high average pit density observed after 

long term immersion tests. This indicates that improvement in strength caused susceptibility 

to localised corrosion – deterministically linked to the increased presence of intermetallic 

particles. For 2xxx series Al-alloys, such particles are Al2CuMg (S-phase) and Al2CuLi (T1). 

Whilst in the 7xxx series Al-alloys, they are MgZn2, whilst many alloys include a range of 

constituent particles such as Al7Cu2Fe, Mg2Si, Al6Mn and Al2Cu (to name but a few). This 

justifies the electrochemical tests discussed above, perhaps pointing to the notion that one 

path to developing more corrosion resistance Al-alloys is to minimise the use of Cu as 

alloying element where possible.  

In Section 5.1 (Chapter 5), microalloying Al-4Mg-0.4Mn alloys did not result in significant 

changes in heterogeneity of the microstructure. Therefore the hardness gained by the alloys 

had only a small variation. The caveat is made that limited TEM was conducted to report the 

nanostructure due to constraints related to breadth versus depth. The polarisation tests also 

revealed that small additions of alloying elements did not cause significant alterations in the 

electrochemical response of the alloys.  

In regards to the morphology of corrosion that occurred, as stated in Research Aim 4, for the 
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Al-alloys studied herein and in the electrolyte used throughout (0.1M NaCl), corrosion attack 

was observed to be largely in the form of pitting. Corrosion localisation was associated with 

the presence of intermetallic particles and obviously aided by the 0.1M NaCl. There was 

some unique interactions reported, as described in Section 5.2 (Chapter 5), pitting associated 

with Mg2Si was manifest as attack localised to the Mg2Si causing the formation of deep pits 

as verified by profilometry work (Section 5.1, Chapter 5). It was revealed in such instances 

that that there was a more diffuse correlation between pit depth, pit density and mass loss 

value. It was demonstrated by Ti containing Al-4Mg-0.5Mn alloy that has high mass loss 

value, the pit density however was low and pit depth was high. This is perhaps the form of 

attack that is most typical with instances that are dictated by more rapid cathodic kinetics as a 

result of alloying (providing better electrochemical support for pits to deepen). Again, such 

discussion points are being made to reveal the number of complex factors that are of 

relevance in Al-alloy corrosion and corrosion morphology. The revelation of a number of 

factors, some of which were better explored than others, is not considered a weakness – but a 

progress – on the basis that there exists a catalogue of considerations. The original parts of 

the work have been summarised in the respective papers, but also in the conclusions.  

The susceptibility of pitting which is typically / nominally related to the Epit obtained from 

polarisation curves, was seen to not be able to estimate the pitting propensity in the most 

efficient manner. Section 5.3 (Chapter 5) highlighted the application of current transient 

measurements to quantify metastable pits. In this work, the potential was held at a constant, 

(under)potential below Epit. The current transient counts were found to correlate with the 

actual pits that formed after a long-term immersion as characterised as demonstrated by 

profilometery images, and also scale with the microstructural heterogeneity. This parallel 

work was also a good rationalisation of the initial research aims as they relate to general 

understanding. 

In slight deviation, but in theme with the study of 5xxx alloys, a propagation form for 

corrosion (subsequent to pitting) is intergranular attack of sensitised microstructures. This 

was described as the deleterious precipitation which can occur for the 5xxx series alloys (with 

an excess of Mg) during operation or exposure at an elevated temperature. A parallel 

assessment was made of intergranular attack via nitric acid mass loss testing (NAMLT). The 

works related to this aspect was covered in Chapter 6, using the same alloys as in Section 5.1. 

With the aide of phase analysis and NAMLT, alloys which displayed a lower susceptibility to 
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intergranular corrosion contained Sr, Ti and Si. This realisation was a significant finding, and 

was attributed to the ability of these elements to either modify the fraction of β-phase or to 

modify the β-phase itself. However, from a discussion perspective, perhaps one of the more 

universal outcomes of that line of work, was that it revealed the ability of calculated phase 

diagrams (i.e. CALPHAD packages) to provide a desktop experiment in regards to aspects 

which are noted to dictate corrosion and corrosion propagation. As such, there is ahead a 

blue-sky for similar approaches to be used to aide in tackling the development of Al-alloys 

for future applications – as they pertain to unique applications. A demonstration was however 

seen here, no less, whereby calculations were useful in the selection elements for sensitisation 

resistance – demonstrating the approach and its potential utility. 

Information gained in Chapter 4 to Chapter 6 was useful in elucidating several of the key 

critical factors in the corrosion of Al-alloys more generally, and can be used as foundational 

knowledge towards assisting the design of new Al-alloy compositions as listed in Research 

Aim 5. This leads to a shortlist of elements that are potentially able to moderate corrosion 

behaviour by minimising pitting (as well as intergranular corrosion), in the context of this 

work. This distinction was made on the basis that we rationalised the research boundaries on 

the basis of leaning towards the 5xxx (non-heat treatable) path. There is perhaps likely to be 

unique aspects yet to be un-earthed in the context of the identified 6xxx series (heat treatable 

alloy) path. Herein, the promising elements Sr and Nd were further explored in Chapter 7, by 

incremental additions to the baseline 5xxx (Al-Mg-Mn) composition. The results pointed 

towards optimised / critical values of Sr and Nd which were effective from a corrosion 

perspective – as summarised in the attendant manuscripts. 
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8.2 Future Work 

The findings from this project revealed a considerable amount of future work. The amount of 

future work can be reported to be very extensive, or instead – as done herein – can be 

rationalised towards a few focused aspects. There are indeed two paths for future work, 

which include (i) several new opportunities to improve corrosion performance of Al-alloys, 

whilst being sympathetic to mechanical aspects, and (ii) fundamental aspects which can be 

further explored in depth following some of the empirical revelations of the general work 

herein. In focusing on the former (i.e. (i)), some of the following are two suggestions that can 

be explored: 

 

1. An extensive study on the effect of Sr and Nd in Al-Mg-Mn alloys (and more 

widely in commercial Al-alloys as a functional modification): 

 

 Investigation of electrochemical response of previously un-studied intermetallics 

on a phase-by-phase basis. 

Addition of alloying elements at or above the solubility limit in Al will introduce 

heterogeneity in the microstructure (which is essential to achieve certain level of 

strength for commercial use). The downside of heterogeneity is the increase in 

pitting susceptibility. The findings in Chapter 7 revealed that corrosion attack was 

not associated with the Al4Sr and Al11Nd3 intermetallics. This is interesting in 

regards to imparting so called ‘passive heterogeneity’ into the microstructure - 

which be useful in exploiting the corrosion-strength relationship. The project 

stopped short of understanding if such Al4Sr and Al11Nd3 intermetallics are 

effective in strengthening (or other properties, both positively and negatively). In 

particular if this effect is understood, alternate elements that behave similarly – or 

perhaps more beneficially across a range of properties - may also be deployed. 

Information on the characteristics of Al4Sr and Al11Nd3 is still limited in the 

literature. A complete microstructural level characteristic can be done by 

microelectrochemical testing supplemented by higher level of electron microscopy 

including TEM. 
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 Modification of β-phase by the formation of ternary phase  

The addition of Zn to Al-Mg(-Mn) alloys was previously reported to improve 

resistance against intergranular corrosion due to the formation of an Al-Mg-Zn (τ 

phase) instead of Al3Mg2 (β phase). This project demonstrates similar, in fact 

enhanced, results can be achieved by the addition of Sr and Nd. There was limited 

advanced characterisation herein,  but extensive studies of the microstructure (in a 

quantitative sense) at a deeper level will help to improve the understanding on the 

segregation of these elements in either modifying the fraction of β-phase or the 

ability of other co-precipitated intermetallics to reduce the amount of Mg 

available in the alloy to form β-phase. Other factors that have to be considered in 

reducing intergranular corrosion are the location of the additional (or perhaps 

ternary) phase; whether by functioning by interrupting the continuity of β-phase or 

removing the β-phase from grain boundaries.  

 

2. Formation of sub-critical features in the microstructure of Al-alloys as 

stimulated by heat treatments 

The key factor in 5xxx series alloys with regards to retention of corrosion resistance is 

a result of the ability of aluminium and magnesium to form a solid solution over a 

wide range of compositions. Solid solution alloys are good candidates for more 

corrosion resistant Al-alloys; however the limitation in the strength they can achieve 

is one technical barrier to their potential wider usage. As was revealed by Ralston and 

co-workers, careful low aging time heat treatments can stimulate early or pre-

precipitation processes which lead to re-organisation of the solid solution but with 

insufficient driving force for en masse nucleation and growth to form large 

precipitates. This so-called engineered or heterogeneous solid solution is effective at 

increasing strength, but not deteriorating corrosion performance. Although the alloy 

system used in the work by Ralston contained Cu (which our work and all evidence 

has suggested is an element to avoid), it is a good indication of possibility that this 

concept may be viable for non-copper containing alloy. The reorganisation of solute 
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atoms can be explored for systems containing Mg or Si – however this would require 

dedicated future work. 
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Chapter 9 

Conclusions 

 

It can be summarised that the work in this thesis was an evolution of learnings from the 

initial to the final experiments. The work relates to the technological issue, which is the 

development of more corrosion resistant Al-alloys. From conducting a comprehensive 

literature review, there is an evident paucity of the reported archival work that has focused on 

the development of more corrosion resistant Al-alloys, particularly in regards to 

compositional selection or balancing industrially useful properties, in spite of the wide usage 

of Al-alloys. This may not reflect the extent of industry knowledge; however such 

information is not openly available, nor may it be related to the underlying science. Herein, it 

was hypothesised that by controlling chemistry and microstructure it is possible to develop 

Al-alloys that are more corrosion resistant for equivalent or better mechanical properties. The 

individual tasks carried out in this thesis, presented as unique papers / reports, in their own 

right each provide new information of scientific significance. As described previously, it was 

decided that following initial work defining the primitive property space, and the subsequent 

rationalisation in terms of structure and electrochemical properties, the remainder of the work 

would focus on the non-heat treatable 5xxx Al-Mg-Mn system (i.e. a finite endeavour).  

Whilst the relevant conclusion have been presented within the relevant reports / papers 

included in this dissertation, some key conclusions drawn from this work is summarised as 

the following: 

 The presence of alloying elements contributes to the increase in strength by the 

formation of a heterogeneous microstructure. This also leads to an increase in the 

susceptibility to localised attack. The corrosion rate vs. hardness property space 

revealed that medium-to-high strength commercial Al-alloys (i.e. 2xxx and 7xxx 

series) populate the high corrosion rate spectrum. The presence of Cu in these alloys 

enhances precipitation hardening (in 2xxx alloys) hence increasing the localised 

attack sites. In the case of 7xxx alloys, an MgZn2 precipitate (along with often 

appreciable amounts of Cu) is a known issue. However, the low strength commercial 

Al-alloys (i.e. 3xxx and 5xxx series alloys) populate the low corrosion rate spectrum. 
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The alloying elements in these alloys are typically Mg and Mn, that have appreciable 

solubility in Al. The strength is gained from solid solution strengthening therefore the 

microstructure is homogeneous.  

 

 The mode of corrosion attack observed after long-term immersion testing in 0.1M 

NaCl was mainly localised, in particular, pitting. In general, an increase in 

microstructural heterogeneity arising from increased alloying increases the pit density. 

However, the composition and size of the particles also influence the formation of 

pits. For instance, Al3Zr, Al6Mn and Al3Ti present as evenly distributed nano-scale 

dispersoids were not found to cause appreciable corrosion. The Al4Sr intermetallics 

that typically exist as coarse branched constituents were not associated with the 

formation of pits due the unique effect (and electrochemical homogeneity) of Sr. In 

order to assess pitting susceptibility of Al-alloys, potentiostatic measurement of 

metastable pitting events was found to be effective in estimating the number of pits 

that will subsequently form following open circuit exposure. The metastable pits 

measured using current transients from potentiostatic polarisation correlates with the 

number of stable pits that were observed after long-term immersion tests. This 

validates that the technique can be used with higher confidence in the future.  

 

 In the Al-4Mg-0.4Mn alloy system, microalloying with Sr, Zn, Nd, Zr, Si, Ti, Pb and 

Sn, increased the anodic reaction kinetics (in an ascending order). The increase in 

anodic reaction kinetics was associated to the presence of β-phase (Mg2Al3), Mg2Si 

and impurity based constituent particles Alx(Mn,Fe) (i.e. Al6Mn, Al12Mn and Al3Fe). 

In the case of Pb and Sn containing alloys, a significant increase in the anodic reaction 

rate was ascribed to the anodic activation phenomenon. The cathodic reaction kinetics 

however showed no significant changes with microalloying except for alloys 

containing Nd, Sn, Sr and Zr. In the case of Sn, the reduction in cathodic reaction rate 

was offset the anodic activation effect that lead to a significant increase in icorr. The 

addition of Nd, Sr and Zr reduced the size of constituent particles and evenly 

distributed within the matrix. This lead to lower cathodic reaction rates overall.   

 

 The mass loss values from long-term immersion tests of Al-4Mg-0.4Mn microalloyed 

with Nd, Pb, Si, Sn, Sr, Ti, Zn and Zr showed a very weak correlation to the number 
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of pits formed. For instance, the average number of pits for Si containing alloy was 

lower than the Al-4Mg-0.4Mn base alloy whilst mass loss value was amongst the 

highest compared to the other alloys tested. This was due attributed to the formation 

of coarse Mg2Si particles (in the as-cast condition) that lead to severe localised attack 

when exposed to dilute chloride solution. The selective dissolution phenomenon of 

reactive Mg in coarse Mg2Si particle left significantly deeper/larger pits that 

contribute to higher mass loss with less number of pits.  

 

 With regards to intergranular corrosion (IGC) in the Al-4Mg-0.4Mn alloy system, the 

addition of Si, Sr and Ti had a positive effect. The nitric acid mass loss test (NAMLT) 

revealed that these alloying elements yield better IGC resistance than the Al-4Mg-

0.4Mn alloy alone. The most significant reduction in mass loss was the addition of Sr. 

This addition (Sr) indicates enhanced resistance to IGC, due to the ability of Sr to 

cause appreciable modification of the β-phase volume fraction. This finding was 

supported by phase fraction calculations that showed the formation of a small fraction 

of Al19Mg29Sr2 phase that may be significant enough to reduce β-phase fraction or 

continuity. This is relevant in the context of developing more IGC resistant 5xxx 

series Al-alloys that are typically exposed to elevated temperature during operation. 

The strength of the improved 5xxx series Al-alloys must also be considered. In this 

work, the high IGC resistant alloys were populated at the low hardness spectrum. 

With the exception of alloy containing Zr and Sr, which has slight potential to 

improve IGC resistance whilst maintaining the hardness, it is apparent that more 

research in this area is essential.   

 

 In the development of 5xxx series Al-alloys with improved corrosion resistance, it is 

important to find a balance between improving corrosion resistance to different types 

of attack. After considering the outcomes of the corrosion response of different 

alloying elements, it can be concluded that the addition of Nd and Sr were found to 

have a good balance between reducing the susceptibility to localised attack and IGC.  

Both elements improved the corrosion resistance by forming electrochemically 

homogeneous phases that are not associated with the localised attack that occurred.  

 

 The addition of Sr in commercially pure Al alloy formed a coarse Al4Sr intermetallic 
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phase that increased in volume fraction as the Sr content increased. On exposure to 

dilute chloride solution, it was observed that the localised corrosion was not 

associated with the presence of the Al4Sr intermetallic particles but rather the Fe-

containing constituent particles. In addition, the pitting potential (Epit) for Sr 

containing alloys was identical to pure Al, indicating enhanced localised corrosion 

resistance to a level similar to that of pure Al. A decreased in icorr was observed for 

alloys with more than 0.11 wt.% Sr, this implies that there might be a critical amount 

of Sr required to effectively reduce the corrosion rate.   

 

 The addition of Nd in the Al-5Mg alloy system did not significantly affect the 

morphology of coarse intermetallics particles. However, phase fraction analysis 

revealed the presence of Al11Nd3 phase. Hardness values increased with the increase 

of Nd content. On exposure to dilute chloride solution, a slight decrease in anodic and 

cathodic reaction kinetics was observed whilst no significant changes in the Ecorr and 

icorr with varying Nd content. The electrochemical response suggests the possibility of 

Al11Nd3 phase is compatible with Al-Mg matrix and/or the size of Al11Nd3 phase is 

too small to cause any significant changes. The mass loss values after long-term 

immersion tests showed no statistically significant changes than the base Al-5Mg 

alloy. Subsequent optical profilometery analysis of the surface confirmed that Nd 

addition did not influence pitting corrosion.  

 

 Alloys containing Sr and Nd significantly reduced the susceptibility to IGC. Both 

elements increased the resistance to IGC by modifying the volume fraction of β-

phase. For the addition of Nd, it was observed that some segregation of Nd to coarse 

AlMnFe particles and β-phase did occur. The incorporation of Nd into β-phase 

changed the electrochemical characteristic of the β-phase, leading to a decrease in the 

possibility of corrosion attack hence increasing the resistance to IGC. For the addition 

of Sr, shows the most significant result in improving the IGC resistance to a value 

considered as highly resistant compared to other elements. This enhancement is 

majorly owed to the ability of Sr to form a high Mg containing ternary phase, 

Al19Mg29Sr2 at the expense of β phase. 



 
 

 

 




