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Abstract 

An addition of manganese offer many improvements for aluminium 

alloys such as the recrystallisation temperature, extrudability and 

corrosion resistance. However, the aluminium alloys containing 

manganese have relatively low strength due to the lack of the 

precipitation hardening effect. Because of this, until today, the 

applications of the aluminium-manganese alloys are limited. 

The properties of novel aluminium-manganese alloys with the addition of 

scandium and zirconium were investigated. The samples from three 

different production routes - cast, cast-hot extruded and atomised-hot 

extruded - were subjected to the annealing in the temperature range from 

200 to 600°C up to 48 hours. After this time period, one sample was 

recrystallised. 

The light microscope, the scanning electron microscope (SEM) and the 

transmission electron microscope (TEM) were used to characterise the 

microstructures. The microstructural developments of the samples after 

quenching were deduced from the changes in specific resistivity at -

196°C. The hardness increase due to the Al3(Sc,Zr) precipitates was 

studied by the Vickers hardness measurement (HV5). 

As the aluminium-manganese alloys are generally wrought alloys, the 

corrosion characteristics of the extruded samples quenched from the 

temperatures above were determined by the potentiostatic polarisation in 

0,1 M NaCl solution. 

The peak hardness was observed after the heat treatment for the cast 

samples unlike the extruded samples, whose maximum hardnesses were 

obtained right after the extrusion. The specific resistivity changes showed 

the influence of the extrusion process on the precipitation of the Al6Mn 

phase. However, the hardness increase from this phase was negligible. 



 

 

The corrosion characteristics of the cast-hot extruded sample remained 

unchanged during the heat treatment. On the contrary, the corrosion 

behaviour of the atomised-hot extruded sample was greatly affected by a 

contaminant, which prevented the passivation of the surface after the 

annealing at 600°C. 

The results suggested the benefit of scandium and zirconium as the 

alloying elements in the aluminium-manganese alloys without modifying 

their corrosion behaviour. In comparison to the previous result, the 

resistance to the pitting corrosion was improved by the manganese 

addition, especially when manganese was in the solid solution. 
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1. Introduction 

The element aluminium (Al) was first named aluminum by Sir Humphry 

Davy in 1805, even though he was not able to extract it at that time. 

While the name aluminum was adopted to aluminium to be consistent 

with other element names, the original spelling is still accepted, and 

widely used in North America. The early aluminium production by 

metallothermic reduction process was not economical, making aluminium 

so valuable that it was once exhibited alongside the Crown jewels of 

England at the Paris Exposition of 1855 [1]. The abundance of aluminium 

and other metals in the Earth's crust can be taken from Table 1. Despite 

being the most abundant metallic element in the Earth's crust, the 

importance of aluminium as a metallic material for engineering 

applications was first recognised in the late 19th century after the 

implementation of the electrolytic process [2]. 

Element 
Chemical 

symbol 

Abundance on 

Earth's crust 

in mg/kg 

Aluminium Al 82300 

Iron Fe 56300 

Magnesium Mg 23300 

Titanium Ti 5650 

Manganese Mn 950 

Zirconium Zr 165 

Zinc Zn 70 

Copper Cu 60 

Scandium Sc 22 

Lead Pb 14 

Silver Ag 0,075 

Platinum Pt 0,005 

Gold Au 0,004 

Table 1   Abundance of some metallic elements 

in the Earth's crust [1] 
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Today, aluminium is considered as an attractive material in many aspects 

because of its low density and high corrosion resistance in general due to 

the oxide protective layer. Together with its availability, developments of 

aluminium alloys have proved to stay in long-term interest of many 

industries such as automobile, aircraft and spacecraft. 

Like other metals, properties of aluminium alloys are defined by its 

microstructure. Alloying is one way to adjust this microstructure to 

achieve a preferable property. For example, the refined aluminium 

99,99% has the ultimate tensile strength (Rm) of about 50 MPa [3], and 

the application of aluminium would have been very limited. If the traces 

of silicon and iron are present, the ultimate tensile strength will increase 

to 80 MPa. 

Aluminium alloys are classified in cast and wrought alloys. Because the 

addition of manganese is especially dedicated to the wrought alloys, the 

investigation of phases in a cast sample will only serve as the 

intermediate data in this work. Therefore, only wrought alloy will be 

investigated further. An overview of commercial aluminium wrought 

alloys is listed in Table 2. Before we progress, it should be pointed out 

that the 4000 series alloys are assigned as materials for metal-joining 

applications rather than structure materials. The main consideration for 

development of this alloy type would be the wettability instead of 

strength. Thus, the information on mechanical properties is still limited. 
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 Non-heat-treatable Heat-treatable 

Series 1000 3000 4000 5000 2000 6000 7000 

Main alloying 

system 
None Al-Mn Al-Si Al-Mg Al-Cu Al-Mg-Si Al-Zn-Mg 

None 
Mn 0,5-

1,5 
Si 0,8-1,7 Mg 0,5-5 Cu 2-6 Mg 0,5-1,5 Zn 5-7 Concentration 

range in wt% 
          Si 0,5-1,5 Mg 1-2 

Another 

additive 
Cu Mg, Cu N/A Mn, Cr Si, Mg Cu, Cr Cu 

Rm in MPa 50-150 100-260 150-400 100-340 300-450 150-310 320-600 

Corrosion 

resistance 
Good Good N/A Good Poor Good Poor 

Extrudability Good Good N/A Poor Poor Good Poor 

Application 

wire, tube, 

foil, sheet, 

heat 

exchanger, 

kitchen 

utensils 

tube, foil, 

sheet, heat 

exchanger, 

kitchen 

utensils, 

roofing, 

vehicle 

parts 

brazing 

(hard 

soldering) 

and 

welding 

electrode 

tube, foil, 

sheet, 

kitchen 

utensils, 

pressure 

vessel, 

shipbuilding  

aircraft, 

spacecraft, 

screw 

machine 

parts, 

fitting 

heat 

exchanger, 

vehicle 

parts, 

automobile 

body sheet 

aircraft, 

spacecraft, 

medium-

strength 

welded 

structure 

Table 2   Aluminium alloys classification and their properties [4,5] 

Unlike ferrous alloys, whose strengthening mechanism involves the phase 

transformation of iron itself, aluminium alloys, on the other hand, gain 

strength from microscopic second phase particles within the main 

materials (matrix). The particles can be brought into the materials either 

by direct addition in the melting process or by thermodynamic formation 

of particles in the matrix during and after the solidification - the 

precipitation. The precipitates are usually intermetallic phases formed 

between two metallic elements or more. 

However, not all precipitates are able to increase strength. Some 

precipitates are brittle, while others are needle-shaped, promoting the 

crack initiation. Eventually, aluminium wrought alloys are then divided 

again into heat-treatable and non-heat-treatable alloys. The heat-treatable 

alloys are able to be strengthened by heating, resulting in strength and 

hardness increase, whereas the non-heat-treatable alloys lack such 

possibility. The latter alloy type has to rely only on plastic deformation 

subsequent to the solidification process to increase strength, hence the 

name wrought alloy. 
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Interaction between alloying elements themselves is a complex issue in 

the development of aluminium alloys. For example, the 2000 series alloys 

are strengthened by Al2Cu precipitates. With the presence of magnesium, 

the intermetallic phase Al2CuMg is formed during the heat treatment 

instead. The formation between a small amount of zinc and magnesium 

into MgZn2 is more favourable than vastly available aluminium atoms in 

the matrix, but Mg(ZnCuAl2) will form if copper is added into the 7000 

series alloys. The addition of magnesium gives strength to the 5000 series 

alloys at the cost of inferior extrudability, see Table 2. While alloying 

with silicon (Si) will transform the non-heat-treatable 5000 series into 

heat-treatable 6000 series alloys, which gain additional strength from 

Mg2Si. Nevertheless, the magnesium content of the alloys has to be 

reduced, in order to remain corrosion resistant. 

Even though the intermetallic phase Al6Mn of manganese doesn't 

increase hardness in aluminium alloys, the manganese in solid solution 

improves strength, enhances corrosion resistance and raises the 

recrystallisation temperature. Yet, good extrudability is maintained in the 

3000 series alloys. The benefits of manganese in aluminium alloys are so 

versatile that according to the chemical composition of aluminium 

wrought alloys, the presence of manganese, if not intentionally added, is 

allowed in every alloy series [6]. When it comes to material choosing, 

these well-rounded properties are disadvantageous for the 3000 series 

alloys. If we take the good corrosion resistance into consideration, the 

strength increase of the 3000 series alloys is still lower than the 5000 

series alloys in general, while the 6000 series alloys also offer good 

extrudability. In order to improve the properties of aluminium-manganese 

alloys, a novel alloy with some other alloying elements will be suggested. 
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An increase in the recrystallisation temperature is profitable for 

engineering applications. It means, the wrought alloys are able to 

withstand higher temperature without the microscopic structure 

(microstructure) reverting back to the state before the plastic deformation, 

losing strength in progress. High temperature applications will affect the 

heat-treatable aluminium alloys more than non-heat-treatable aluminium 

alloys, because the heat treatment temperatures of heat-treatable 

aluminium alloys lies between 100-200°C [5]. The above mentioned 

precipitates in heat-treatable alloys are not able to sustain their optimal 

properties at such high temperatures. 

Scandium is considered an expensive element, even though it is more 

abundant than lead. It is because of disperse distribution of the scandium 

ore, while the lead ore comes in most case with copper and zinc ores. In 

recent decades, scandium has gained more interest as an alloying element 

for aluminium. Scandium improves the strength of the aluminium alloys 

through the Al3Sc intermetallic phase. The Al3Sc precipitates formed 

during heat treatment are very fine and uniformly distributed, which help 

retarding the recrystallisation. The recrystallisation temperature of 

aluminium alloys containing scandium will be higher as a result [7-10]. 

The properties of the Al3Sc precipitates can be further improved by the 

zirconium addition. During the heat treatment, the ternary phase 

Al3(Sc,Zr) will be formed instead. Previous investigations show that the 

aluminium alloys containing Al3(Sc,Zr) precipitates display better 

temperature stability than the aluminium alloys containing Al3Sc 

precipitates, which will enhance the recrystallisation resistance [7,11-14]. 

Moreover, the nanoscale sizes of Al3Sc and Al3(Sc,Zr) precipitates are 

comparable to the thickness of the oxide layer of aluminium alloys. In 

such cases, the precipitates will be embedded in the oxide layer, and the 

corrosion resistance should not be disturbed by the microscopic flaws 

near the precipitates. 

However, outside the laboratory condition, there are other factors, which 

are able to influence the microstructure, e.g., production routes, alloy 

compositions, time and temperature of heat treatment, and so on. These 

factors may change the properties of aluminium alloys. So, it is beneficial 

to have a wider range of information about properties of material in 

various scenarios. 
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In this work, the precipitation hardening effect of scandium (Sc) and 

zirconium (Zr) in aluminium will be added in a non-heat-treatable 

aluminium-manganese (Al-Mn) alloy in attempt to introduce the heat 

treatment possibilities to these types of alloys without affecting the 

corrosion resistance. 

In order to compare the microstructural development during heat 

treatments, the hardness and electrical resistivity test will be performed 

on an alloy from three different production routes with different 

conditions of heat treatments. The phases are determined by using a 

scanning electron microscope (SEM) as well as a transmission electron 

microscope (TEM). As Al-Mn alloys are predominantly utilised as 

wrought alloys, the examination of corrosion resistance by means of 

potentiostatic polarisation will be focused on extruded materials, which 

are used as intermediate material in further processes. 
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2. Groundwork 

The experimental results are by no means from an isolated factor, and 

many phenomena are able to lead the measurement in the same direction. 

Because of this, it is critical to understand and define, what is being 

observed and measured. This chapter will cover the experimentation 

backgrounds and the properties of aluminium alloys regarding the 

microstructural changes, which are the foundations of our investigations. 

2.1 Experimental techniques 

In this work, three tests will be carried out on the samples, namely the 

hardness, resistrometry and the potentiostatic electrochemical 

measurement. The hardness will be used to perform a non-destructive 

observation on the strength of the samples. The resistrometry will help 

identify the possible occurrences within the microstructure. The 

potentiostatic polarisation will be performed to monitor the corrosion 

resistance, which might be distinguishable during the heat treatment. 

2.1.1 Hardness measurement 

In this experiment, hardness was measured by using the Vickers hardness 

test (DIN EN ISO 6507-1) with pressing force (HV5) applied for 15 

seconds. The hardness value is determined by the ratio of the applied 

force and the surface area of the pyramidal diamond indentation, see 

Figure 1. According to the standard, the Vickers hardness is defined as 

[15]: 

 
2

2
sin2

0,102
d

F

HV










⋅=

α

, 
(1) 

where 

HV  Vickers hardness 

F  Force in N 

d  Arithmetic mean between diagonal d1 and d2 in mm, see Figure 1 

α  Angle between opposing pyramidal faces equals to 136° 
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Figure 1   Pyramidal indenter and its indentation (schematic) [15] 

In this case, the load for HV5 is 49,03 N according to standard, which 

simplifies the formula to: 

 
2

279

d

,
HV = . (2) 

2.1.2 Resistrometry measurement 

Metallic materials are usually regarded as excellent electrical conductors 

due to the mobility of conduction electrons. The capability to permit 

electron flow is not only material characteristic, but also depends on the 

sample geometry. The electrical resistance R of a sample with a uniform 

cross section is proportional to its length l and inversely proportional to 

cross-sectional area A [16]: 

 
A

l
R ρ= . (3) 
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The proportional constant ρ is labelled as specific electrical resistivity, 

and will be calculated from measured electrical resistivity. Hence, 

equation (3) is rearranged to: 

 
l

A
R=ρ , (4) 

where 

ρ Specific electrical resistivity in Ω⋅m 

R Measured electrical resistance in Ω 

A Sample cross sectional area in m² 

l Sample length in m 

According to Matthiessen's rule, the specific resistivity of metallic 

material is the sum of temperature-dependent resistivity ρt and residual 

resistivity ρD [17], see Figure 2: 

 Dt
ρρρ += . (5) 

 

 

Figure 2   Temperature dependency of specific 

electrical resistivity in metallic materials [17] 
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The temperature-independent part is caused by crystallographic defects, 

e.g., impurities and dislocations, which hinder the flow of electrons. By 

annealing, microstructural changes will reflect in residual resistivity, 

which can be easily observed at a low temperature, where it is dominant. 

Because of the mentioned properties, measurement of electrical resistivity 

is commonly used to monitor the precipitation and recrystallisation 

behaviour of materials during heat treatment. After precipitation, the 

impurities in the material matrix will become lower, hence less 

obstruction to the electron flow. 

The structural change can result either in an increase or a decrease of 

electrical resistivity. Dislocations are eliminated by the lattice 

rearrangement from the recrystallisation of materials, while grain 

boundaries formed during the process are also known to increase 

electrical resistivity [18,19]. 

2.1.3 Potentiostatic electrochemical measurement 

While the guideline for measuring potentiostatic polarisation is explained 

in DIN EN ISO 17475, the decision on test conditions requires further 

understanding on corrosion reactions. In this chapter, the structure of an 

electrochemical cell used in the measurement will be explained. 

2.1.3.1 Electrode potential 

The simplest model to suggest the interaction on an electrode surface is a 

metal-metal ion electrode model. When a metal is immersed in its salt 

solution, the surface will show electrical properties: 

 −+

+⇔ ezMeMe
z . (6) 

The reaction will continuously shift towards the thermodynamic 

equilibrium either by moving forward giving electrons (dissolution of 

metal), or receiving metallic deposit on the surface in a backward reaction. 

This natural phenomenon occurs due to the different chemical potential, a 

driving force of reaction [20]. The metal surface will obtain the electrical 

properties through the change in either direction. The electrically positive 

or negative surface can further attract oppositely charged ions in the 

solution. Because this attraction will form another electrically charged 

layer, the layers are called together double layer. It can be found not only 

on metal and its ion pair, but also on every metal-electrolyte interface. 
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In this work, the investigations were performed in 0,1 M NaCl solution, 

in which the average distance between ions - the ionic cloud radius - has 

the same order of magnitude of atom radius as shown in Table 3. This 

test condition would allow the simplification of the double layer as a 

"rigid" conductive layer, the Helmholtz model [21]. By analogy to the 

parallel-plate capacitor, if the double layer does show electrical properties, 

the potential of the metal surface ϕSurface has to distinguish itself from that 

of the electrolyte ϕElectrolyte, see  Figure 3. 

However, this potential difference can not be measured in practice 

because the measuring instrument itself would act as the second electrode 

when it is immersed in the electrolyte. The measured potential is the 

potential difference ∆ϕI,II between the targeted electrode (I) and the 

interface of the measuring instrument (II), see Figure 4. 

The potential measurement plays a crucial role in the potentiostatic 

polarisation. The experimental setup and the relationship between the 

potential and the measured current will be elaborated in the following 

chapter. 

Concentration Ionic cloud 

in M 
radius in 

nm 

10
-1

 0,96 

10
-2

 3,04 

10
-3

 9,6 

10
-4

 30,4 

Table 3   Ionic cloud radius in 

NaCl solution-type [22] 
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Figure 3   Helmholtz double layer model showing the 

different potential between the electrode surface and 

the electrolyte [21] 

 

 

Figure 4   Potential difference between 

two electrodes ∆ϕ I,II immersed in an 

electrolyte, redrawn from reference [20] 
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2.1.3.2 Experimental setup and corrosion reaction in the 

electrochemical cell 

With the understanding of surface properties of electrodes, it is clear that 

the corrosion reaction occurs because of the interaction between the 

material surface (sample) and the given environment (electrolyte). 

Therefore, the observation has to be made directly on the surface of the 

materials. By applying an external power source, the reaction in equation 

(6) can be shifted to a new position in favour of the given potential. 

As the potential is always measured relatively between 2 points, it is 

necessary to set up a reference electrode aside the electric circuit, so that 

the reference itself does not participate in any reactions. As a result, the 

experimental setup of the potentiostatic polarisation consists of 3 

electrodes, i.e., working, counter and reference electrode. The counter 

electrode is an electrical conductor, which is electrochemically stable 

throughout the polarisation. It functions as an interface between power 

supply and electrolyte. The experimental setup is illustrated in Figure 5. 

The sample will be mounted as working electrode. 

In potentiostatic polarisation, the power supply will polarise the working 

and counter electrodes until a given potential between working and 

reference electrodes is attained. The Luggin-Haber capillary is placed 

near the working electrode in order to measure the potential directly on 

the surface and minimize error at the same time [23]. 
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Figure 5   Experimental setup of the 

three-electrode system for potentiostatic 

polarisation measurement [23] 

With the help of the external power source, the reaction on the working 

electrode surface can be realised in both directions, resulting in 2 reaction 

types depending on charge transport. The oxidation number of the 

investigated material is increased in an anodic half reaction, also known 

as oxidation reaction. In reverse, the reaction, in which the oxidation 

number is decreased, is defined as a cathodic half reaction or reduction 

reaction, e.g., 

anodic half reaction -3
e3Al  Al +⇔

+ , (7) 

cathodic half reaction 
2

-
He2H2 ⇔+

+ . (8) 
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The measured electrical current is normalised by the surface area to the 

current density j, the electrical current per unit surface area of a working 

electrode. The amount of charge transport in equation (7) and (8) is 

expressed as anodic current density ja and cathodic current density jc 

respectively. For the sake of clarity, ja is defined as positive and jc as 

negative in this work. 

Under the rest condition, both current densities are equal, and no net 

current can be measured. It should be noted that the corrosion rate is not 

zero in this case. The summation of both reactions in this case would 

understandably eliminate the presence of electrons in the half reactions. 

This would give a redox reaction (reduction-oxidation reaction): 

 
2

3
H3Al2  H6Al2 +⇔+

++ . (9) 

Equation (9) is the corrosion reaction of aluminium in an aqueous 

solution. Since this chapter is about the theoretical aspect of 

experimentation, other mechanisms involving the corrosion of aluminium 

will be elaborated later in chapter 2.2.4. The exchange current density is a 

decisive factor to determine the corrosion rate, the purpose of the 

potentiostatic polarisation. 

As we apply the external potential E during the polarisation, the electrode 

potential will change and differ from the value at the rest condition (ECorr). 

If the polarisation is strong enough, one of the half reactions will 

dominate the other. The relationship between the net (measured) current 

density j and exchange current density j0 can be simplified to [24]: 

 ( )
Corr0

loglog EEBjj −+=  (10) 

This semi-logarithmic equation (10) is named Tafel equation after Julius 

Tafel. The Tafel slope B is dependent on the dominated half reaction. The 

cathodic and anodic extrapolations (Tafel lines) are shown as dashed lines 

in Figure 6 on the left-hand and the right-hand side of the graph 

respectively. 

In the investigation, the working electrode will be scanned from a 

cathodic reaction to an anodic reaction. However, the potential at the rest 

condition can not be determined before the polarisation itself. Naturally, 

the potential of the sample will develop towards the rest condition while 

the sample is immersed in the electrolyte. Therefore, an open-circuit 

potential (OCP), observed before the polarisation, is practically used as a 

guideline for the rest condition. 
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Inevitably, there are always other reactions within the system, e.g., 

electrolysis of water. For this reason, the Tafel diagram will not show a 

linear relationship on the whole polarisation. According to Robert G. 

Kelly's Electrochemical Techniques in Corrosion Science and 

Engineering, the extrapolation should start about 50 to 100 mV away 

from the observed rest condition on both sides, also known as free 

corrosion potential or just corrosion potential ECorr [25]. As mentioned 

above, the word free should not be understood as free from corrosion, but 

rather the corrosion can occur quite naturally or spontaneously at this 

potential. According to equation (10), the intersection of the anodic and 

cathodic extrapolations has to be around this corrosion potential resulting 

in corrosion current density jCorr. 

 

Figure 6   Polarisation diagram (Tafel diagram) of 

logarithmic current density versus the potential 

difference E - ECorr  [26] 
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2.1.3.3 Passivity and pitting corrosion 

As described in the last chapter, the corrosion current density will give us 

an idea, how reactive the surface is at the corrosion potential. The surface 

of aluminium is able to form a protective oxide layer, passive layer, 

preventing it from further corrosion. Additional information about the 

stability of the passive layer can be studied by the anodic polarisation 

until the dissolution of the passive layer. 

A typical passivation process of the surface is expressed in Figure 7. It 

should be noted that the diagram shows only the anodic current density 

on a linear scale. When the polarisation surpasses corrosion potential ECorr, 

the dissolution of the surface will raise until the current density reaches 

passivation current density jp. Beyond this passivation potential Ep, the 

current density remains relatively constant at a passive anodic current 

density jpass. The surface is considered to be in a passive state. 

At the breakthrough potential Eb, the passive layer will start to break 

down. The term breakthrough or breakdown potential are interchangeably 

used together with the transpassivation potential [25,27,28], but they are 

not the same as solution and dissolution potential, which describes the 

corrosion potential [5,29]. The transpassive state is indicated by an 

increased current density once more. The dissolution of the passive layer 

can be uniform, or local depending on the environment. 

 

Figure 7   Passivation process of the surface during an anodic 

polarisation showing active, passive and transpassive state [30] 
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The chloride-containing electrolyte used in the investigation can promote 

the local dissolution of the surface, known as pitting corrosion. The detail 

of pitting mechanism on aluminium will be given in chapter 2.2.4. The 

pitting corrosion is difficult to verify due to its random occurrence, unlike 

uniform corrosion. The passive layer can not only be destroyed 

electrochemically, but also mechanically, making the prediction and 

detection even more complicated in practice. Fortunately, the 

repassivation of the passive layer is possible. For engineers, ensuring the 

repassivation condition is as important as pitting prevention itself. 

In order to display the repassivation, the reverse scan is applied after the 

current density exceeds a pre-defined limit, also known as vertex current 

density [25], see Figure 8. In the international standard, the current 

density for propagating pitting is defined as 100 µA/cm
2
 [31]. As our 

samples will be polarised beyond Eb, and the pitting corrosion is expected, 

this current density value is chosen as a fixed vertex for all polarisations. 

At the same time, the potential at the vertex current density can be 

regarded as pitting potential Epit. The hysteresis loop formed during the 

reverse scan is a hint at the stability of pits. If the pits are formed and 

stable, the current density will remain similar to the vertex current density 

for a while causing a positive hysteresis loop as shown in Figure 8. In 

practice, the potential at intersection of the hysteresis loop is used to set 

up the protective potential Eprot for the permanent protection of the 

structural material (cathodic protection). 

Should the repassivation overtake the dissolution of the surface, the 

passive layer will be thickened over time. The current density on the 

reverse scan will decrease rapidly, resulting in a much smaller or even 

negative hysteresis loop [25]. The repassivation potential Erp will enable 

the protection of the component by applying an external power source, an 

impressed current, to ensure the repassivation possibility. 
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Figure 8   Polarisation curve with positive hysteresis loop 

on reverse scan indicating the stabilisation of pits during 

corrosion [25] 

2.2 Properties of aluminium alloys 

This chapter will introduce the origins of the properties of aluminium 

alloys. The first two sections will introduce the precipitation, recovery 

and recrystallisation, which are related to the annealing process. At the 

end of this chapter, the influence of the precipitates on the 

recrystallisation and corrosion resistance of aluminium alloys will be 

explained. 
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2.2.1 Strengthening mechanism by precipitation hardening 

Generally, the shear stress is the critical factor to be taken into 

consideration for the deformation behaviour of material, because the 

shear modulus is smaller than the elastic modulus [32]. In other words, 

atoms will find a preferable plane to move rather than parting from each 

other. In reality, the yield strength Rp0,2 of materials are about three orders 

of magnitude lower than the theoretical shear stresses τth, see Table 4. 

τth Rp0,2 
Material 

in GPa in MPa 

Ag 1,0 0,37 

Al 0,9 0,78 

Cu 1,4 0,49 

Ni 2,6 3,2 

α-Fe 2,6 27,5 

Table 4   Theoretical shear strength τth 

and yield strength Rp0,2 of some metals 

[32] 

This is mainly because of the one-dimensional crystallographic defect 

called dislocation , see Figure 9. The presence of dislocations will 

allow the partial movement of atoms one after another, thereby lowering 

the yield strength. This moving array of atoms is referred to as dislocation 

movement, see Figure 10. The concept of the strengthening mechanism 

of aluminium alloys often involves the restriction of dislocation 

movement. 



2. Groundwork 

21 

 

Figure 9   Arrangement of a dislocation [32] 

 

Figure 10   Dislocation 

movement caused by shear stress 

[32] 

The movement path can be obstructed by particles such as oxide, or 

intermetallic phases. The dislocations have two mechanisms to move past 

these particles, depending on the radius r of the particles. For particles 

smaller than the critical radius, the dislocation will cut through the 

particles, see Figure 11a. The larger the radius becomes, the more stress 

τcutting will be required. 

 
r∝cuttingτ  (11) 

If the particle radius exceeds r0, the dislocation will surround the particles. 

When the dislocation bypasses the particles, the dislocation loops will be 

formed as shown in Figure 11b. The strength of the pinning effect, the 

Orowan stress τOR, is inversely proportional to the particle radius. 

Mathematically considered, the critical radius r0 is provided by the 

intersection between τcutting and τOR, see Figure 12. 

 

r

1

OR
∝τ  

(12) 
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a)  

b)  

Figure 11   Interaction between dislocation and 

particles a) cutting through b) bypassing [32] 

 

 

Figure 12    Relationship between particle radius 

and shear stress [32] 
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In aluminium alloys, these particles are not always present at the 

beginning. If the melt is cooled down quickly enough, the formation of 

other phases will be suppressed. The alloying elements are contained in 

the material matrix as a solid solution. The material is by no means in the 

thermodynamic equilibrium, but the formation of stable phases is not 

possible due to the low diffusion rate at room temperature. With heat 

treatment, the alloying elements are able to precipitate into other phases. 

The increased strength is accompanied by an increased hardness, which 

leads to the name precipitation hardening. Because the investigation 

centres around the heat treatment, the precipitates will be the main 

concern in this work. 

Although the diffusivity of alloying elements allows the precipitation, it 

is also the limitation for high temperature applications. As Figure 12 

suggested, the precipitation hardening is dependent on the radius of 

precipitates. Even if the alloying elements are well adjusted, so that the 

equilibrium concentration in the matrix is attained right after the heat 

treatment, the precipitate radius is still influenced by the temperature. 

As long as the diffusion permits, the precipitates will reduce their overall 

surface energy in the process called the Ostwald ripening, the coarsening 

of precipitates at the cost of smaller precipitates nearby. The Ostwald 

ripening is schematically illustrated in Figure 13. As the precipitate 2 

coarsens, the concentration of an alloying element near the precipitate 

will be lower. In order to maintain the bulk concentration cB, this 

depletion will be compensated by the shrinking precipitate 1. 

 

Figure 13   Diffusion scheme during Ostwald 

ripening due to different precipitate size [32] 
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Since the diffusion is a thermally activated process, in the end, the 

strength of heat-treatable aluminium alloys is ruled by the thermal 

stability of the precipitates. 

Still, the material matrix is influenced along with precipitates during heat 

treatment, which can result in the rearrangement of the material matrix, 

namely the recovery and recrystallisation. The effect of precipitates on 

the recrystallisation will be introduced in chapter 2.2.3. 

2.2.2 Recovery and recrystallisation 

During plastic deformation, about 1% of deformation energy will be 

stored in form of crystallographic defects, mostly dislocations [33]. 

However, the materials are not able to use such stored energy to rearrange 

themselves into a more thermodynamically stable state without any heat 

treatments. This indicates that the rearrangement is also a thermally 

activated process. 

The power difference, Vickers hardness and specific resistivity change of 

75% deformed pure aluminium during isochronal annealing are shown in 

Figure 14. The plateau of the heat difference curve between 100-250°C 

indicates the recovery stage. During recovery, the crystallographic defects 

are annihilated, and rearranged. The interstitial atoms diffuse to vacancies, 

and the opposing dislocations will compensate themselves, see Figure 

15a and b. The remaining dislocations will form an array shown in 

Figure 15c. This phenomenon is called polygonisation, the formation of 

subgrains (low angle grain boundary). The specific resistivity is expected 

to be lower resulting from a reduced number of crystallographic defects, 

while mechanical properties, in this case Vickers hardness, are barely 

affected until the transition to the recrystallisation stage [2]. 

The peak at 300°C is the recrystallisation peak followed by significant 

changes in Vickers hardness and specific resistivity. The recrystallisation 

is characterised by the rearrangement of a deformed structure with a high 

dislocation density by forming new grains. The dislocation density will 

be reverted back to the magnitude of non-deformed material. The 

dislocations will serve as nuclei for new grains, and these grains will 

grow in order to lower the Gibbs free energy per unit volume. Therefore, 

it is not surprising that the energy per unit volume will often be described 

as the driving pressure (J⋅m
-3

 = N⋅m
-2

), or the physically incorrect but 

more conventional expression - the driving force [9,34-43]. 
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Figure 14   Recovery and recrystallisation of 

99,998% pure aluminium compressed 75% 

measured by calorimetry with heating rate 

6°C/min [33] 

 

a)  

b)  

c)  

Figure 15   
Crystallographic defect 

annihilations and 

rearrangement during 

recovery [2] 

a) Interstitial atoms 

diffusion 

b) Dislocation annihilation 

c) Polygonisation 



2. Groundwork 

26 

2.2.3 Zener drag and its benefit in recrystallisation 

resistance 

Precipitates play a very complex role in the recrystallisation of materials. 

Similar to solidification, particles are able to promote heterogeneous 

nucleation of the recrystallisation, if their sizes are larger than a critical 

size about 1 µm [33]. This process is known as particle stimulated 

nucleation (PSN), see Figure 16. Contrarily, the growth of recrystallised 

grains is pinned down at precipitates, and is explained as follows: 

 

Figure 16   Nucleation of the recrystallisation 

at the oxide inclusions in iron [33] 

Because the surface area of a migrating grain boundary is reduced during 

contact with the precipitates, the same area has to be formed again as it 

departs the precipitates. The cause of this hindrance is boundary tension, 

see Figure 17. The retarding force Fr is given by equation (13) [33]. 

 θγθπ cossin2
pr
rF −=  (13) 

where 

Fr Retarding force per unit length of interfacial boundary in N⋅m
-1

 

rp Radius of precipitate in m 

γ Specific grain boundary energy in J⋅m
-2
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Figure 17   Retarding force Fr 

resulting from boundary tension of 

departing grain boundary [32] 

The migrating grain boundary has to overcome the maximum value of 

equation (13) when θ = 45° in order to depart from a single precipitate. 

The negative sign indicates the retarding effect on recrystallisation, if we 

consider the driving pressure in the last chapter as being positive. The 

retarding pressure, commonly known as the Zener drag, is formulated by 

multiplication of the maximum retarding force with the number of 

momentary intersecting precipitates per unit area. 

 
2pz

2

3

2

1

2

1
2

p
r

f
rP

π

γπ ⋅−=  
(14) 

 

p

z
2

3

r

f
P γ−=  

(15) 

where 

Pz Zener drag in J⋅m
-3

 

f Volume fraction of precipitates; dimensionless 
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It should be noted that the number of momentary intersecting precipitates 

is based on rigid and planar grain boundary, in which the retarding force 

would have compensated itself, see Figure 18. In reality, the grain 

boundary is flexible, and the pinning effect will take place on each 

precipitate, see Figure 19. 

 

Figure 18   Compensation of 

retarding force in simplified 

grain boundary, redrawn from 

reference 44 

 

a)  b)  

Figure 19   Pinning effect of flexible grain boundary: a) schematic [33] and b) 

in α-brass [32] 

From equation (15), large Zener drag can be achieved by raising the value 

of ratio 
p
r

f
. In this work, scandium and zirconium will be used to produce 

the very fine and homogeneously distributed Al3(Scx,Zr1-x) precipitates. 
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2.2.4 Corrosion of aluminium alloys 

Aluminium is, in fact, a very reactive metal with the standard electrode 

potential -1660 mV versus the standard hydrogen electrode (SHE) at 

25°C. For the sake of consistency, the electrode potential is recalculated 

into -1904 mV versus the saturated calomel electrode (SCE) used in this 

work, which has a +244 mV potential shift from SHE [5]. 

The value of the standard electrode potential does not imply any 

corrosion resistance of pure aluminium in practice because during the 

above mentioned measurement, the surface of aluminium is always in the 

active state. The measurement of the standard electrode potential takes 

place in the electrolyte with 1 M hydronium ions, where the aluminium 

surface is not passivated. 

In order to understand these circumstances, we will have to make a detour 

and first, explain how the aluminium surface is passivated. As stated in 

chapter 2.1.3.3, the passivation of the aluminium surface is due to the 

protective oxide layer, the passive layer. 

 
322

OAl2O3Al4 ⇔+  (16) 

The very first layer formed on the surface is called the barrier layer. It is 

formed almost within the order of milliseconds after contact with oxygen, 

or oxidising media [5]. The formation of the passive layer is also possible 

in an electrolyte. Huppatz has demonstrated the almost instantaneous re-

formation of the passive layer during polarisation of alloy 5049, see 

Figure 20. 

The observation made by Vernon shows that further oxidation has 

resemblance to the parabolic law [45]. Thus, the structure of the barrier 

layer can be assumed dense and compact, and the further oxidation is 

provided by the diffusion. The second layer will grow on the top of the 

barrier layer, which explains the parabolic law. The maximum thickness 

of the second layer is 4 nm [46]. 
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The parabolic growth of the second layer is within a matter of weeks or 

even months, much slower than the barrier layer. The formation depends 

on the alloy compositions, and the environment such as temperature and 

humidity. In literature, the total thickness of a naturally formed passive 

layer is about 5-10 nm [5,45,47]. 

 

Figure 20   Re-formation of the 

passive layer of alloy 5049 during 

polarisation in artificial sea-water 

after mechanical damages [48] 

The corrosion resistance of aluminium material is generally understood as 

the stability of the passive layer, which is commonly determined by the 

corrosion potential, see chapter 2.1.3.3. Normally, the oxidation of an 

aluminium surface will give aluminium oxide, which is an amphoteric 

compound, and will react in acidic as well as alkaline media. Therefore, 

in general, aluminium alloys may be considered stable in the solution 

with pH values between 4 to 9 as shown in Figure 21, which is the reason 

why the standard electrode potential of the aluminium is from the active 

state. 
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Figure 21   Corrosion of alloy 1100 in 

different acidic and alkaline media [5] 

In the presence of chloride ions, the intermediate aluminium chloride 

AlCl3 [47] or hydrochlorinated intermediate complex −

4
AlCl  [5] can be 

formed. These products are able to hydrolyse water molecules into 

hydrochloric acid, causing local acidity, in which the pH can be lower 

than 3 [5]. This will cause localised corrosion known as pitting corrosion. 

 −+

++⇔+ Cl3OH3Al(OH)2OH6AlCl
3323

 (17) 

Alloying elements can either increase or decrease the corrosion potential 

of aluminium alloys. Figure 22 shows the effects of some alloying 

elements on the corrosion potentials of aluminium in standard solution 

according to ASTM G69. 
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Figure 22   Effects of alloying elements on 

the corrosion potential of aluminium in 53 g/L 

NaCl plus 3 g/L H2O2 solution at 25°C [29] 

The reference electrode used for the test is the standard calomel electrode. 

The concentration of potassium chloride (KCl) for this electrode is 

defined as 0,1 M instead of saturated KCl in SCE. Its potential shift from 

SHE is +336 mV, which explains the corrosion potential of aluminium 

without any alloying elements about -840 mV or -750 mV versus SCE. 

It has to be emphasized that the condition of alloying elements in Figure 

22 is in a solid solution of the aluminium matrix. The influence of 

alloying elements as precipitates is different from the solid solution, 

because the precipitates themselves display different corrosion potentials 

from the matrix. As heat-treatable aluminium alloys rely on precipitates 

to gain more strength, the corrosion potentials of heat-treatable alloys are 

distinguishable in artificial aged conditions (T6-T8), see Table 5. The 

description of the heat treatment conditions can be taken from Table 6. 
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Alloy 

Heat 

treatment 

condition 

ECorr vs 

SCE in 

mV 

 Alloy 

Heat 

treatment 

condition 

ECorr vs 

SCE in 

mV 

1050A   -750  5042   -770 

1100   -740  5083   -780 

2024 T3, T4 -600  6061 T4 -710 

  T8 -710    T6 -740 

2219 T3, T4 -550  7075 T6 -740 

  T6, T8 -700    T7 -750 

3003   -740  8090 T3 -700 

3004   -750    T7 -750 

Table 5   Corrosion potentials of some aluminium alloys according to 

ASTM G69 [5] 

 

Heat 

treatment 

condition 

Description  

Heat 

treatment 

condition 

Description 

Quenched from hot 

work temperature 
 

Solution heat 

treatment T1 

Natural ageing  

T6 

Artificial ageing 

Quenched from hot 

work temperature 
 

Solution heat 

treatment 

Strain hardening  

T7 

Over ageing T2 

Natural ageing  
Solution heat 

treatment 

Solution heat 

treatment 
 Strain hardening 

Strain hardening  

T8 

Artificial ageing T3 

Natural ageing  
Solution heat 

treatment 

Solution heat 

treatment 
 Artificial ageing 

T4 

Natural ageing  

T9 

Strain hardening 

Quenched from hot 

work temperature 
   

T5 

Artificial ageing    
 
Table 6   Definition of the heat treatment condition [47] 
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These potential differences will lead to the microscopic galvanic couple 

between the aluminium matrix and precipitates. Liao et al. has monitored 

the corrosion of polished 2024-T3 alloy in a 0,5 M NaCl solution for 24 

hours. The surface before and after the test in Figure 23 shows that the 

dissolution of the aluminium matrix took place intensively near the 

precipitates. 

 

Figure 23   Surface comparison of 2024-T3 alloy before and after 

immersion in 0,5 M NaCl solution for 24 hours [49] 

The corrosion potentials of solid solutions and precipitates can be found 

in Table 7. In general, if the galvanic couple has more than 100 mV 

corrosion potential difference, the galvanic corrosion has to be taken into 

consideration. Depending on microstructure, solution type, and the 

investigator himself, the results can be indicated as galvanic, 

intercrystalline or even pitting corrosion [5,47,49]. 

Nevertheless, the galvanic couple is not entirely undesirable. There is a 

specific type of alloys, which are designed to be less noble. Intentionally, 

they will be attached to protect another material by forcing the corrosion 

to occur upon themselves. Hence, they are given the names sacrificial 

anodes or galvanic anode. 
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Solid 

solution 
Precipitate 

ECorr vs 

SCE in 

mV 

 
Solid 

solution 
Precipitate 

ECorr vs 

SCE in 

mV 

  Si -170  Al-3Mg   -780 

  Al3Ni -430  Al-5Mg   -790 

  Al3Fe -470  Al-1Zn   -850 

Al-4Cu   -610    Al2CuMg -910 

  Al2Cu -640    MgZn2 -960 

Al-1Mn   -650  Al-5Zn   -970 

1050A   -750    Al3Mg2 -1150 

  Al6Mn -760    Mg2Si -1190 

Table 7   Corrosion potentials of solid solutions and precipitates according to 

ASTM G69 [5] 

Moreover, oxide complexes above the precipitates also have diverse 

mechanical, chemical and electrochemical properties, which will modify 

the corrosion behaviour, see Figure 24. The volume difference between 

two oxides will create microscopic flaws on the passive layer. The oxide 

complexes may not have the same chemical resistance, and electrical 

conductivity as the passive layer. In general, the smaller precipitates will 

affect the surface less. 

 

Figure 24   Structure of passive layer in aluminium alloys 

with precipitates [47] 
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3. Literature review 

In this chapter, the effects of alloying elements added in our samples will 

be specified. Manganese (Mn) is the main alloying element for the 3000 

series commercial wrought alloys. The intermetallic phase formed by 

scandium (Sc) and zirconium (Zr) is Al3(Sc,Zr) on the aluminium-rich 

corner. Therefore these two alloying elements will be reviewed together. 

In the third section, the previous investigation results regarding physical 

properties, such as hardness, extrudability and electrical resistivity will be 

given for the aluminium alloys containing manganese, scandium and 

zirconium. 

A small amount of antimony (Sb) and tin (Sn) are identified in the sample 

3. According to the ASM Handbook, the presence of these elements will 

affect the passivation behaviour of aluminium in salt water [29]. For this 

reason, the influence of these elements on the corrosion resistance will 

also be included in this part. 

3.1 Al-Mn alloys 

Aluminium-manganese wrought alloy (Al-Mn) is a non-heat-treatable 

alloy known for its good formability, and corrosion resistance similar to 

pure aluminium alloys (1000 series). Yet, Al-Mn alloys have a generally 

higher strength than the 1000 series [50], see Figure 25. 
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Figure 25   Effects of Mn-addition on 

the mechanical properties of Al99,95 

base material [50] 

The Al6Mn intermetallic phase is a common phase on the Al-Mn alloys. 

The Al-Mn phase diagram on the aluminium-rich corner is shown in 

Figure 26. Aluminium and Al6Mn form an eutectic system with the 

eutectic point at 1,95 wt% Mn. The maximum solubility of manganese in 

aluminium is 1,82 wt% at the eutectic temperature of 658°C. 

 

Figure 26   Phase diagram of the Al-Mn 

binary system [51] 
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The manganese solubility in aluminium declines rapidly as the 

temperature decreases as shown in Table 8. However, the aluminium 

matrix tends to be oversaturated with manganese in practical 

solidification. As an example see Figure 27 for the microstructure of Al-

1,9Mn cast alloy. It is obvious that despite the near-to-eutectic 

concentration of manganese, the alloy is solidified with only a little 

amount of eutectic structure. The oversaturation can be enhanced further 

in the manufacturing processes. This is the reason, why the manganese 

concentration can be as high as 1,5 wt% in commercial wrought alloys 

(3000 series) regardless of Al6Mn formation [6,52]. 

Temperature 

in °C 

wt% 

Mn 

658
a
 1,82 

626 1,35 

600 0,95 

570 0,78 

500 0,36 

400 0,09 

300 0,02 

200 0,003 
a
) eutectic temperature of Mn 

Table 8   Solubility of 

manganese in aluminium [50-52] 

 

Figure 27   Microstructure of cast 

aluminium with 1,9 wt% Mn 

(magnification 100:1) [51] 
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Recrystallisation behaviour 

The manganese addition up to about 1 wt% will raise the recrystallisation 

temperature from 250-300°C of the 1000 series alloys to 300-350°C [53-

57]. The investigation by N. H. Lee et al. shows partial recrystallisation 

of aluminium alloy with 0,24 wt% Mn after annealing at 300°C, whereas 

no change is observed in aluminium alloy with 0,74 wt% Mn after the 

same annealing [56], see Figure 28. 

a)  

b)  

Figure 28   Microstructure of 95,5% 

cold-rolled aluminium alloys with a) 

0,24 wt% Mn and b) 0,74 wt% Mn after 

annealing at 300°C for 3 hours [56] 

Nevertheless, the recrystallisation temperature found in literature depends 

on several parameters, e.g., other alloying elements, deformation rate and 

annealing time as well. The formation of Al6Mn intermetallic phase is 

suggested to benefit the recrystallisation resistance. W.C. Liu and B. 

Radhakrishnan have demonstrated diverse recrystallisation possibilities of 

the AA3003 alloy (EN AW-Al Mn1Cu) by annealing at different 

temperatures [58]. 

The recrystallisation at 371°C annealing in Figure 29 displays similar 

recrystallisation as in Figure 28a. At 399°C annealing, the 

recrystallisation has started from the middle of the sample. This is in 

contradiction to the general concept of recrystallisation, in which the 

recrystallisation should have started from high dislocation density such as 

on the top and bottom of cold-rolled surfaces. 
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Figure 29   Microstructure of 90% cold-rolled 3003 alloy annealed at different 

temperatures [58] 

The reason for this phenomenon is, the Al6Mn intermetallic phase 

precipitated at high temperature is able to pin down the migrating grain 

boundary during the recrystallisation. The fine recrystallised grains from 

the annealing at 427°C and 482°C are explained by the formation of finer 

and more disperse Al6Mn precipitates. 

Corrosion behaviour 

In general, the alloying elements in the matrix are depleted by the 

formation of the precipitation. The corrosion potential of the depleted 

matrix may be considered about the value of the 1000 series (-750 mV 

versus SCE). 

In case of Al-Mn alloys, Al6Mn shows almost the same corrosion 

potential (-760 mV) as the 1000 series, see Table 7. Therefore, the Al-

Mn alloys are much less susceptible to corrosion reaction induced by the 

microscopic galvanic couple. 
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3.2 Al-Sc-Zr alloys 

Scandium and zirconium are transition metals with the atomic numbers 

21 and 40 respectively. Unlike manganese, these elements are not the 

main alloying elements of any commercial aluminium alloys. Both 

elements have low solubility in aluminium, which decrease rapidly with 

decreasing temperature as shown in Table 9. Under practical conditions, 

these elements tend to be oversaturated in the solid solution, because of 

the narrow temperature interval between the melting point of aluminium 

at 660°C and the temperature of the eutectic reaction of scandium as well 

as that of the peritectic reaction of zirconium. In the literatures, the 

eutectic temperature of scandium is between 655-660°C [59,60]. For 

zirconium, its peritectic temperature is 660-663°C [61]. 

T in °C 
wt% 

Sc
a
 

wt% Zr 

663
b
 - 0,28 

655
c
 0,35 - 

640 0,31 0,23 

600 0,22 - 

500 0,08 0,14 

450 - 0,11 

350 - 0,08 
a
) recalculated from at% 
b
) peritectic temperature of Zr 
c
) eutectic temperature of Sc 

Table 9   Solubility of scandium 

and zirconium in aluminium 

binary system [59] 
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The binary phase diagram of system Al-Sc and Al-Zr are displayed in 

Figure 30 and Figure 31 respectively. The intermetallic phases formed at 

the aluminium-rich corner have the same stoichiometry, namely Al3Sc 

and Al3Zr. 

More importantly, the Al3Zr does not precipitate as a stable tetragonal 

type D023 during heat treatment. Instead, a metastable face-centred cubic 

(FCC) type L12 is formed, which is the same structure as the stable Al3Sc 

[12,13,40,62,63]. This coincidence allows the solubilities of 34-36 wt% 

zirconium in Al3Sc and 5 wt% scandium in Al3Zr at 600°C [59]. Their 

corresponding isothermal section is shown in Figure 32. Thus, both 

Al3Sc and Al3Zr are commonly referred to altogether as Al3(Scx,Zr1-x) or 

just Al3(Sc,Zr) [11,63-66]. 

 

Figure 30   Phase diagram of the Al-Sc 

binary system [60] 
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Figure 31   Phase diagram of the Al-Zr 

binary system [61] 

 

 

Figure 32   Isothermal section of the aluminium-

rich corner of Al-Sc-Zr system at 600°C [37] 

The advantages of Al3(Sc,Zr) compared to Al3Sc and Al3Zr are the 

uniform distribution and the temperature stability of the precipitates. At 

first glance, these combined benefits do not seem to be compatible with 

each other. The uniform distribution can be explained by the high 
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diffusivity of scandium over zirconium, see Figure 33 and Figure 34. 

The investigation by Jia Zhi-hong et al. indicates that the 0,05 wt% 

addition of scandium will decrease the radius of the precipitates 

dramatically, while further addition will mainly increase the number 

density of the Al3(Sc,Zr) precipitates [14]. 

 

Figure 33   Arrhenius plot comparing diffusion coefficients of impurities in 

pure aluminium between temperature range 350 and 660°C, extrapolated 

from the data in references 67-72 

 

a)  b)  c)  

Figure 34   Area with a) high and b) low density of the Al3Zr precipitates and 

the c) uniform distribution of Al3(Sc,Zr) in Al-Mn-Zr alloys without and with 

Sc respectively [11] 
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By analogy of the diffusivity, the coarsening of the precipitates 

containing scandium should have been easier too, but instead, the 

Al3(Sc,Zr) precipitates are stabilised by the addition of zirconium 

[7,13,65]. The alloys containing Al3(Sc,Zr) show considerably better 

temperature resistance than the alloys containing Al3Sc. The hardness 

drop from the coarsening of the precipitates is distinguishable in Al-0,3Sc 

alloy as compared to Al-0,2Sc-0,04Zr alloy at a temperature above 350°C, 

see Figure 35. 

 

Figure 35   Hardness 

development of Al-Sc alloys
a
 

with and without Zr during 

isothermal annealing at a) 

300°C, b) 350°C and c) 

375°C [65] 
a
) For the consistency, the 

alloy compositions in the 

figure are recalculated from 

at% to wt%. 
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Further understanding of this phenomenon is provided by the 

investigation using three dimensional atom probe analyses [73]. The 

concentration profile of an Al3(Sc,Zr) precipitate is displayed in Figure 

36. The precipitate consists of the Al3Sc core and the zirconium-rich 

Al3(Sc,Zr) shell as shown in Figure 37. 

The precipitation kinetics has been suggested by Lefebvre et al. [74] as 

follows: At 250°C, the scandium is able to diffuse, while zirconium 

remains stationary. The formation of the Al3Sc precipitates is controlled 

by scandium diffusion, until the diffusion of zirconium becomes 

significant from 350°C [12,39]. The zirconium is enriched at the 

precipitate interfaces, and the zirconium-rich Al3(Sc,Zr) shells are formed. 

 

Figure 36   Concentration profile of an Al3(Sc,Zr) 

precipitate in Al-0,15Sc-0,08Zr heated from room 

temperature with 50°C/h and hold at 475°C for 15 hours 

[73] 

 

 

Figure 37   An Al3(Sc,Zr) precipitate in Al-0,61Sc-

0,4Zr after annealing at 450°C for 69 hours [38] 
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The temperature resistance of aluminium alloy containing zirconium at 

375°C in Figure 35 can be explained by the low diffusivity of zirconium, 

as the coarsening of the precipitates is controlled by the zirconium 

diffusion [40]. 

3.3 Al-Mn-Sc-Zr alloys 

Addition of manganese does not affect the solubility of scandium in 

aluminium, while scandium decreases the manganese solubility. The 

solubilities of manganese and scandium have been reported as Al-0,2Mn-

0,08Sc at 500°C and Al-0,55Mn-0,2Sc at 600°C [59], compare with 

Table 8 and Table 9. No ternary phase has been reported in the Al-Mn-

Sc system. The ternary eutectic temperature of (Al), Al6Mn and Al3Sc is 

649°C. 

In the Al-Mn-Zr system, two ternary phases have been reported as 

Al6Mn6Zr and Mn2(Alx,Zr1-x). The latter is formed by the substitution of 

aluminium atoms in Mn2Zr [75]. Since both phases are not found in the 

aluminium-rich corner, they will not be taken into consideration in this 

work. 

The isothermal sections of the tetrahedron system Al-Mn-Sc-Zr with 0,18 

wt% Sc are constructed by Rokhlin et al. [76]. No manganese-rich phase 

other than Al6Mn has been reported at the aluminium-rich corner between 

500-640°C, see Figure 38. The scandium and zirconium are determined 

in the Al3Zr and Al3Sc precipitates respectively, which confirm the 

existence of the Al3(Sc,Zr) precipitates in the Al-Mn-Sc-Zr system. Their 

solubilities are negligible in Al6Mn precipitates. 
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a)  

b)  

c)  

Figure 38   Isothermal section of the aluminium-rich corner with 0,18 

wt% Sc of Al-Mn-Sc-Zr system at a) 500°C, b) 600°C and c) 640°C [77] 

His further investigation also discovers that the aluminium alloy 

containing 0,34 wt% Mn, 0,13 wt% Sc and 0,053 wt% Zr shows the first 

sign of the recrystallisation after the annealing at 600°C for 1 hour , 

whereas Al-0,79Mn-0,17Sc-0,12Zr has to be annealed at 630°C for the 

same duration before the recrystallisation can be observed. 
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Forbord et al. suggests that the manganese addition has neither effect on 

the formation nor on the coarsening kinetics of Al3(Sc,Zr) in extruded Al-

0,91Mn-0,17Sc-0,13Zr [39,40]. No recrystallisation can be observed in 

the samples with and without the precipitation annealing at 450°C for 12 

hours prior to the hot extrusion, and their extrudabilities are also the same. 

These results indicate the rapid precipitation of Al3(Sc,Zr) within 5 

minutes of pre-heating or during the hot extrusion at 480°C. The shorter 

production route can be made due to the unnecessity of an extra 

precipitation annealing. 

The effect of cold roll has been studied in Al-1,26Mn-0,24Sc-0,13Zr by 

Vlach et al. [78,79]. The electrical resistivity measurements display the 

same change in resistivity during the Al3(Sc,Zr) precipitation in all 

samples, while the stronger response for the precipitation of Al6Mn can 

be distinguished in 50% cold-rolled sample. The response is even 

stronger in the 75% cold-rolled sample. 

3.4 Al-Sb and Al-Sn alloys 

In the binary system of aluminium (Al) and antimony (Sb), aluminium is 

in the equilibrium of the eutectic type with the intermetallic phase, 

aluminium antimonide (AlSb), at 657°C, see Figure 39. The solubility of 

antimony in aluminium is 0,1 wt% at the eutectic temperature. 

Aluminium also forms the eutectic system with tin (Sn) at 228°C as 

shown in Figure 40a. 

Normally, the maximum solubilities of eutectic, peritectic as well as 

monotectic systems lie upon the temperatures of the associated invariant 

reactions. However, the Al-Sn system possesses a unique aluminium 

solid solution. Figure 40b shows the retrograde solubility at the 

aluminium-rich corner [80]. While aluminium has practically no tin 

solubility at the eutectic temperature (0,02 wt%), the tin solubility in 

aluminium is reported to be 0,026 at% or about 0,12 wt% at 625±20°C 

[81]. This extended solubility will play an important role in the specific 

resistivity result. 

The eutectic temperature of the ternary system Al-Sb-Sn is 227°C, 

located at about 99 wt% Sn. The isothermal section of Al-Sb-Sn system 

at 200°C is displayed in Figure 41. According to the database, no ternary 

phase has been reported [82]. The equilibrium phases consist of an 

aluminium solid solution, almost pure tin and AlSb. 
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Figure 39   Phase diagram of the Al-Sb binary system [83] 

 



3. Literature review 

51 

a)  

b)  

Figure 40   Phase diagram of a) the Al-Sn binary system and b) the 

retrograde solubility at the Al-rich corner showing retrograde solubility [81] 
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Figure 41   Isothermal section of the Al-

Sb-Sn system at 200°C [82] 

Although antimony (Sb) and tin (Sn) are used to inhibit dezincification, a 

selective corrosion attack, and enhance corrosion resistance of brasses 

respectively [29], these elements behave differently in aluminium alloys. 

The polarisation result from Krasovskii indicates that the addition of 

antimony up to 0,1 wt% will improve the corrosion potential (ECorr) via a 

more stable passive layer, which is in compliance with the claim made in 

ASM Handbook [80,84]. 

However, his potentiodynamic polarisation results also show the earlier 

emersion of pitting corrosions. In other words, the passive state becomes 

narrower as the antimony content increases, see Figure 42. So, in a sense, 

the addition of antimony could be considered as the negative effect on 

aluminium alloys. 
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Figure 42   Polarisation curve of Al-

Sb with different concentrations of 

antimony in 1 M NaCl solution [84] 

Tin is known to suppress the passivation of aluminium. Even 0,01 wt% 

Sn is enough to make aluminium alloys susceptible to corrosion [80]. The 

effect is so remarkable that about 0,1-0,2 wt% tin is added together with 

5-8 wt% zinc to make a sacrificial anode for offshore construction 

[5,29,85], see also chapter 2.2.4. 

Erb and Aust proposed the corrosion mechanism of the aluminium alloy 

containing 0,13 wt% Sn in 20% hydrochloric acid as the pitting corrosion 

initiated by the tin-rich particles [86]. The surface will not be passivated 

if the mean distance between the tin-rich particles is smaller than the 

diameter of the pits themselves because the further particles will be 

exposed to the corrosive medium. 

The potentiostatic polarisation curves of aluminium alloys containing 

0,02 and 0,4 wt% Sn were performed in a 2 M NaCl solution by Kliškić 

et al. [87], see Figure 43. Before the results are elaborated further, it 

should be pointed out that the samples were polarised from the anodic to 

cathodic area as opposed to the polarisation of this work. To avoid any 

confusion, all characteristic parameters are re-labelled as the definitions 

in chapter 2.1.3.3. 
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a)  

b)  

Figure 43   Polarisation curve of a) Al-0,02Sn 

and b) Al-0,4Sn in 2 M NaCl solution [87] 
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From his result, the 0,4 wt% tin addition will shift the open-circuit 

potential (OCP) about 350 mV in the negative direction in comparison to 

pure aluminium, whereas the OCP is not affected by 0,02 wt% tin 

addition. 

During the polarisation from the cathodic to the anodic area, the alloy 

containing 0,02 wt% Sn shows the passivation behaviour. In case of the 

alloy containing 0,4 wt% Sn, this plateau is replaced by another corrosion 

potential ECorr2, which indicates the activation of the surface by tin. For 

this reason, only one potential, Erp, can be found during the scan in the 

opposite direction. Additionally, Eh is the hydrogen evolution potential, 

which is outside the polarisation range in this work. 
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4. Experimental procedures 

This work will focus on the changes of hardness, electrical resistivity and 

corrosion behaviour of a novel aluminium alloy after several heat 

treatments. All tests will be performed on the samples from the same 

alloy produced by casting. In total, three samples are produced from this 

alloy. The samples are distinguished by the different production routes, 

namely the cast, cast-extruded and cast-atomized-extruded samples. They 

will be designated as sample 1, 2 and 3 respectively. 

4.1 Samples preparation 

The novel alloy Al-1,5Mn-0,3Sc-0,15Zr was prepared by melting 99,9% 

aluminium, Al-10Mn, Al-2Sc and Al-10Zr master alloys in a resistance 

furnace at 850°C. This alloy composition was chosen from the maximum 

concentrations indicated by the commercial Al-Mn alloys and from the 

previous studies [6,7,12,52]. The alloy was cast into a cylindrical steel 

mould with 7 cm diameter. Subsequently, the alloy was cut into three 

pieces. One of them was taken as sample 1. 

Sample 2 was made by heating the alloy to 350°C for 1 hour with 

following extrusion to 1,5 cm diameter bar. For sample 3, the alloy was 

remelted and atomised under protective atmosphere. The powder was 

compacted by cold isostatic pressing (CIP). Finally, the compacted 

cylinder was extruded in the same manner as sample 2. Figure 44 

illustrates the preparation processes of three samples. 

 

Figure 44   Sample overview 
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The powder composition was verified by X-ray fluorescence 

spectroscopy (XRF), and the compositions of the samples were 

determined by spectral analysis (Clausthal University of Technology). It 

should be noted that the scandium content could not be obtained from the 

latter method. Therefore, the scandium content as well as the other 

intentionally alloyed elements were verified by the inductively coupled 

plasma (ICP) method (IfG-Service GmbH). The compositions are listed 

in Table 10. 

Composition in wt% 
Sample 

Al Mn Sc Zr Sb Sn Mg Si Fe Cu 

SA Bal. 1,60 n/a 0,15 0,00 0,00 0,00 0,03 0,11 0,00 
1 

ICP - 1,38 0,26 0,16 - - - - 0,10 - 

SA Bal. 1,52 n/a 0,15 0,00 0,00 0,00 0,03 0,10 0,00 
2 

ICP - 1,38 0,27 0,19 - - - - 0,09 - 

SA Bal. 1,59 n/a 0,14 0,04 0,23 0,04 0,03 0,10 0,02 
3 

ICP - 1,50 0,22 0,18 - - - - 0,10 - 

XRF Bal. 2,45 0,30 0,24 - 0,35 - 0,06 0,17 0,02 
Powder 

ICP - 1,42 0,21 0,17 - - - - 0,10 - 

Table 10   Chemical compositions verified by spectral analysis (SA), inductively 

coupled plasma (ICP) and X-ray fluorescence spectroscopy (XRF) 

4.2 Heat treatment 

The samples were annealed in two different programmes. The first 

programme was the accumulative annealing in eight steps in total. During 

this heat treatment, the following tests were performed: the hardness, 

resistivity and potentiostatic electrochemical measurement. The other 

heat treatment is the recrystallisation annealing to demonstrate the 

recrystallisation in the extruded samples. 
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4.2.1 Step annealing 

All samples were annealed stepwise in a resistance furnace at constant 

temperatures ranging from 200°C to 600°C. The course of the annealing 

steps will be referred to as stage. The overview of the heat treatments can 

be found in Table 11. After each step, the samples were quenched in 

water to room temperature in order to proceed to the test methods in 

chapter 4.4, 4.5 and 4.6. 

Stage Steps of annealing 

1 as cast / as extruded 

2 
200°C 

1 h 
       

3 
200°C 

1 h 

+ 300°C 

1 h 
      

4 
200°C 

1 h 

+ 300°C 

1 h 

+ 400°C 

1 h 
     

5 
200°C 

1 h 

+ 300°C 

1 h 

+ 400°C 

1 h 

+ 500°C 

1 h 
    

6 
200°C 

1 h 

+ 300°C 

1 h 

+ 400°C 

1 h 

+ 500°C 

1 h 

+ 600°C 

1 h 
   

7 
200°C 

1 h 

+ 300°C 

1 h 

+ 400°C 

1 h 

+ 500°C 

1 h 

+ 600°C 

1 h 

+ 600°C 

1 h 
  

8 
200°C 

1 h 

+ 300°C 

1 h 

+ 400°C 

1 h 

+ 500°C 

1 h 

+ 600°C 

1 h 

+ 600°C 

1 h 

+ 600°C 

1 h 

Table 11   Annealing steps 

4.2.2 Recrystallisation annealing 

For the sake of comparison, sample 2 and 3 were annealed at 600°C for 

48 hours in order to observe the recrystallisation. For this heat treatment, 

only the metallography was performed on the samples. 

4.3 Characterisation methods and metallography 

The microstructure of the samples was characterised using a light 

microscope and a scanning electron microscope (SEM). Due to the size of 

the atomised powder, the presence of the phases was detected by X-ray 

diffraction (XRD). The phase compositions were determined by the 

energy dispersive X-ray spectroscopy (EDX). The observation of fibrous 

microstructure in sample 2 and 3 was made by the electron backscatter 

diffraction (EBSD). Transmission electron microscopy (TEM) was used 

to determine the Al3(Sc,Zr) precipitate. 
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The metallographic specimens were ground down with silicon carbide 

(SiC) paper, and subsequently polished with an oxide polishing 

suspension. The surfaces were etched according to the examination 

methods. 

For general observation of the microstructure with a microscope, the 

samples were electrolytically etched with Barker's etchant, diluted HBF4 

in distilled water. This was done to distinguish the grains depending on 

their orientations. 

Flick's etchant, diluted HCl and HF in distilled water, was used to make 

the Al6Mn precipitates visible. As opposed to Barker's etchant, the 

surface was not excessively oxidised. Thus, the investigation with SEM 

was not interfered. The compositions of alloying elements across the 

grain were measured with EDX. 

Due to the deformed structure of sample 2 and 3, the observation of the 

microstructure was carried out by EBSD. After the mechanical polishing, 

the specimens for EBSD as well as TEM were electrolytically polished 

with diluted HClO4 and HNO3 in ethyl alcohol. 

4.4 Hardness measurement 

The Vickers hardness was measured according to DIN EN ISO 6507-1 

with a 49,03 N load (HV5) and 15 s loading time, see chapter 2.1.1. After 

quenching, the samples were ground down with 1200-grit silicon carbide 

(SiC) paper to remove the oxide layer from the heat treatment. In this 

work, the hardness values are the average of 5 measurements. 

The hardness measurement was performed on the middle area of the cross 

section in sample 1, which was the position with the slowest cooling rate 

during casting. The hardness of sample 2 and 3 was obtained from the 

section parallel to the extrusion. 
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4.5 Resistivity measurement 

The electrical resistivity was measured using the DC four-point method. 

The pre-defined electrical current of 2 A was passed through the samples. 

The specific resistivities were subsequently calculated from the measured 

resistivities and the sample dimensions. The measurement devices were 

provided by the Faculty of Mathematics and Physics at the Charles 

University in Prague. From the past investigation, the accuracy of the 

measurement is about 0,05% [88]. 

As mentioned in chapter 2.1.2, the electrical resistivity of metals is 

temperature-dependent. The temperature has to be kept constant for all 

measurements. At the same time, the change in electrical resistivity due to 

phase transformations can be clearly distinguished at a low temperature. 

In order to achieve these two conditions, the electrical resistivities were 

measured in liquid nitrogen (-196°C). 

4.6 Potentiostatic electrochemical measurement 

The potentiostatic polarisations were performed in a 0,1 M NaCl aqueous 

solution at 30°C. As mentioned in chapter 1, the application field of 

aluminium-manganese alloys is dedicated to wrought alloys. For this 

reason, only sample 2 and 3 were subjected to the potentiostatic 

polarisation. 

The samples were immersed in the electrolyte for 30 minutes to monitor 

the open-circuit potential (OCP). They were cathodically polarised about 

500 mV away from OCP towards the anodic area. The average scan rate 

of 10 mV/s was implemented with the help of a computer. The 

polarisation consisted of the potential step 2,5 mV and the waiting time of 

15 s before sampling. 

The samples were polarised until the vertex current density of 0,1 

mA/cm
2
. After that, the samples were reversely scanned in the same 

manner until the polarisation went into the cathodic area again. 

The collected data were smoothed using moving average. Subsequently, 

they were plotted on a logarithmic as well as a linear scale for the 

evaluation. The Tafel lines were drawn manually by the guideline 

mentioned in chapter 2.1.3.2 to determine the corrosion potential ECorr 

and the corrosion current density jCorr, see Figure 6. 
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The breakthrough potential Eb was obtained from the transition point 

between the passive and transpassive state, see Figure 7. The potential at 

the vertex current density was regarded as the pitting potential Epit, and 

the corrosion potentials from the reverse scan was taken as the 

repassivation potential Erp, see Figure 8. 

According to the international standards, the uncertainty of this test 

method is not specified, and the reproducibility should be developed by 

the interlaboratory testing [28,89]. Because of the contamination in 

sample 3, only the measurement of sample 2 stage 1 will be repeated 5 

times to demonstrate the reliability of the test. The standard deviations of 

the corrosion characteristics are shown in Table 12. 

 
jCorr in 

µA/cm
2
 

ECorr in mV Eb in mV Epit in mV Erp in mV 

 0,27 -890 -575 -554 -1007 

 0,35 -876 -562 -542 -1010 

 0,33 -920 -585 -559 -969 

 0,36 -940 -594 -564 -978 

 0,33 -891 -588 -571 -985 

SD 0,04 26 13 11 18 

Table 12   Statistical reproducibility of the potentiostatic 

electrochemical measurement conducted on sample 2 stage 1 
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5. Results 

The results will be outlined by the investigation methods mentioned in 

the previous chapter. The microstructural changes of the samples will be 

illustrated with the help of the light microscope, scanning electron 

microscope (SEM) and transmission electron microscopy (TEM). The 

developments of hardness, resistivity and corrosion characteristics are 

subjected to comparison with other samples during the heat treatment as a 

preparation for the discussion in the next chapter. 

However, the corrosion characteristics were, in fact, the evaluations of the 

polarisation curves plotted from the potentiostatic electrochemical 

measurements. Without the polarisation curves themselves, the corrosion 

behaviour of the samples during the heat treatment will not be shown. For 

this reason, the progression of the polarisation values will be additionally 

pointed out for each sample. 

5.1 Microstructure 

The main interest of this chapter is the microstructural change induced by 

the heat treatment. First the microstructure at stage 1 will be described. 

After that, the change will be elaborated. 

5.1.1 Sample 1 

The microstructure of sample 1 is globular with an average grain size of 

about 100 µm, see Figure 45. A small amount of Al6Mn can be found at 

the grain boundaries as eutectic structure, see Figure 46. The observation 

with TEM also confirms the presence of Al3(Sc,Zr) precipitates with the 

L12 structure at stage 1, see Figure 47. 
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Figure 45   Light microscope image of 

globular grains in sample 1 stage 1 

 

Figure 46   Light microscope image of 

Al6Mn precipitates at the grain boundary in 

sample 1 stage 1 

 

Figure 47   TEM image of Al3(Sc,Zr) 

precipitates inside a grain in sample 1 stage 1 
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At stage 6, fine precipitates are formed near the grain boundary. The 

number of precipitates is increased after prolonged annealing at 600°C 

(stage 7 and 8). They are identified as needle-shaped precipitates of 

Al6Mn with the size of about 2 µm, see Figure 48 and Figure 49. 

 

Figure 48   Light microscope image of 

small Al6Mn precipitates (dots) near grain 

boundary in sample 1 stage 8 

 

 

Figure 49   TEM image of needle-shaped 

Al6Mn precipitates in sample 1 stage 8 

5.1.2 Sample 2 

Sample 2 shows a typical fibrous microstructure resulting from the 

extrusion. The thickness of the filaments is about 20 µm, see Figure 50. 

Inside these filaments, the subgrains of about 1 µm diameter can be 

observed by TEM and EBSD images, see Figure 51 and Figure 52. The 

precipitates of Al3(Sc,Zr) are distributed within the subgrains, see Figure 

53. 
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Figure 50   Light microscope image of 

sample 2 stage 1 

 

Figure 51   TEM image of subgrains in the 

cross section of sample 2 stage 1 

 

Figure 52   EBSD image of sample 2 stage 

1 
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Figure 53   TEM image of Al3(Sc,Zr) 

precipitates inside the subgrains of sample 

2 stage 1 

As sample 2 was extruded from sample 1, it is no surprise that the Al6Mn 

precipitates are also found here. However, the fine needle-shaped Al6Mn 

precipitates are less likely to have been formed during the heat treatment. 

In Figure 54, Al6Mn precipitates on the elongated grain boundary are 

clearly visible after annealing at 600°C. The microstructure of sample 2 

remains unchanged throughout the heat treatment, and no recrystallisation 

is observed after the heat treatment at stage 8, see Figure 55. 
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a)  

b)  

Figure 54   SEM images comparing the 

amount of Al6Mn precipitates in sample 2 a) 

stage 1 and b) stage 6 

After annealing at 600°C for 48 hours, the recrystallisation could be 

detected on the outside of sample 2. The recrystallisation shell has a 

thickness of 50 µm, see Figure 56. In the middle of sample 2, the 

recrystallisation was hardly noticeable. 
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Figure 55   Light microscope image of 

sample 2 stage 8 

 

 

Figure 56   Light microscope image of 

recrystallisation in the outside of sample 2 

after annealing at 600°C for 48 hours 

5.1.3 Sample 3 

The atomised powder displays globular grains of about 10 µm, see 

Figure 57. The size of the powder is between 20 to 100 µm, and the 

average diameter is 50 µm. The XRD result shows only the aluminium 

present in the powder, see Figure 58a. 
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Figure 57   Light microscope image of 

powder cross section after atomising 

 

a)  

b)  

c)  

Figure 58   XRD spectrum of sample 3 a) 

powder, b) stage 1 and c) stage 8 
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On the XRD spectrum, an unidentified phase can be detected at position 

34,6095°2θ after the extrusion. This phase is not in the database of the 

International Center for Diffraction Data (ICDD). The corresponding 

peak is marked with '?', see Figure 58b. 

The very first difference between sample 2 and 3 is the surface quality. 

The surface of sample 3 is distinguishable by the surface tearing, which is 

clearly visible without any further preparation, see Figure 59. 

 

Figure 59   Different surface quality of 

sample 2 (top) and 3 (bottom) 

The microstructure of sample 3 after the extrusion is shown in Figure 60. 

The EBSD image illustrates the subgrains within the filaments. The 

thickness of the subgrains is 2-3 µm, which is about the thickness of the 

filaments themselves, see Figure 61. The Al3(Sc,Zr) precipitates are also 

found inside the subgrains, see Figure 62. 

 

Figure 60   Light microscope image of 

sample 3 stage 1 

 



5. Results 

71 

 

Figure 61   EBSD image of sample 3 stage 

1 

 

 

Figure 62   TEM image of a subgrain 

containing Al3(Sc,Zr) precipitates 

Contamination in sample 3 was observed by an early reaction from the 

etchants, see Figure 63. High concentrations of antimony, tin and oxygen 

were verified in this area, see Figure 64 and Table 1. The contaminations 

consist of tin-rich particles and antimony/tin oxides border. The evolution 

of this structure will be elaborated in chapter 6.3.1.2. 
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Figure 63   Light microscope image of an 

uneven chemical attack on the surface of 

sample 3 stage 1 

 

 

Figure 64   SEM image of contaminated 

area in sample 3 stage 1 

 

Composition in wt% Analysis 

point Al Mn Fe Sb Sn O 

Sn-rich 

particle 
91,83 1,63 0,43 0,00 4,77 1,34 

Particle 

border 
34,14 0,58 0,36 37,75 12,56 14,61 

Matrix 95,71 1,41 0,35 0,64 0,21 1,68 

Table 13   EDX analysis of contaminated area in sample 

3 stage 1 
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The distribution of the contamination has been effected by the heat 

treatment. In Figure 65, it is obvious that the contamination has dispersed 

at stage 5 and does not form clusters anymore in comparison to stage 1. 

a)  

b)  

Figure 65   SEM images comparing the distribution 

of contaminated area in sample 3 a) stage 1 and b) 

stage 5 

As already displayed in Figure 58c, Al6Mn are formed during the heat 

treatment. The precipitates are located at the grain boundaries, see Figure 

66. At the end of the experiment, no recrystallisation could be observed in 

sample 3. Even after 48 hours of annealing at 600°C, a recrystallisation is 

not detected, see Figure 68. 
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Figure 66   SEM image showing Al6Mn 

(light grey) at the elongated grain 

boundary of sample 3 stage 6 

 

 

Figure 67   Light microscope image of 

sample 3 stage 8 
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Figure 68   Light microscope image of 

sample 3 after annealing at 600°C for 48 

hours 

5.2 Hardness 

The hardness development of three samples is roughly distinguished 

between cast (sample 1) and extruded (samples 2 and 3) samples. The 

progression of Vickers hardness (HV5) versus the course of step 

annealing is shown in Figure 69. 

The hardness of sample 1 displays four regions of precipitation hardening. 

(1) The change was insignificant from stage 1 to stage 3, in which the 

hardness is about 52 HV5 (under ageing). (2) The hardness increase was 

detected at stage 4 (age hardening). (3) The maximum hardness of 77 

HV5 was obtained at stage 5 (peak ageing). The hardness remains almost 

constant for one step. (4) After that, the hardness was gradually decreased 

from stage 6 onwards (over ageing). 
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Figure 69   Hardness development during step 

annealing, see Table 11 for the temperatures and 

durations 

In the case of samples 2 and 3, the hardness changes between the stages 1 

and 3 were also insignificant, like sample 1. The initial hardnesses were 

comparable to the hardness of sample 1 at stage 5. The average 

hardnesses from stage 1 to 3 were 77 HV5 in both samples. 

From stage 4, their hardnesses were decreased slightly, and dropped 

dramatically at stage 6. Interestingly, the hardness values of samples 2 

and 3 diverged from each other from stage 6. At the end of the 

experiment, the hardnesses of sample 1, 2 and 3 were 58, 46 and 32 HV5 

respectively. 

It should be noted that due to the large indentation area from the applied 

load of HV5, the hardness at the contaminated area is negligible. The 

measurements with the lowest load available showed a slightly noticeable 

hardness difference of 3-6 HV0,2. 
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5.3 Resistivity 

From the results of resistivity measurements, we are able to observe the 

same tendencies, which come from the influence of the heat treatment. 

The specific resistivities of three samples during the heat treatment are 

plotted in Figure 70. 

 

Figure 70   Specific resistivity development at -196°C 

(77 K) during step annealing 

At stage 1 and 2, the specific resistivity of sample 2 was only about 1 

nΩ⋅m less than that of sample 1 despite the huge hardness difference, 

which implied the effect of the precipitation hardening in sample 2. 

The values of sample 3, on the other hand, were clearly below the others 

until stage 5. The offset between the specific resistivity of samples 2 and 

3 was about 10 nΩ⋅m in this region. The difference started to narrow 

down after being annealed at 500°C (stage 5).  

At stage 6, in which the values were rebounded in all samples, the 

specific resistivity of sample 3 was almost the same as at the beginning. 

In contrast, the specific resistivity of sample 2 from stage 6 until the end 

was around 10 nΩ⋅m lower than that of the starting value, which was 

rather strange considering the same precipitation process. The meaning of 

these offsets in different samples will be detailed again in the discussion 

section (chapter 6.3). 
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5.4 Corrosion behaviour 

All five corrosion characteristics in this work will be presented by the 

polarisation order, namely the corrosion current density jCorr, corrosion 

potential ECorr, breakthrough potential Eb, pitting potential Epit and 

repassivation potential Erp. 

The first chapter will be the comparison between the evaluated values, 

while the rest of this section will introduce the change of the polarisation 

curves themselves, especially the anodic current density parts in samples 

2 and 3. 

5.4.1 Corrosion characteristics 

The first two corrosion characteristics we encountered during the 

polarisation are the corrosion current density and the corrosion potential. 

From the corrosion current density, sample 3 shows a higher corrosion 

rate from the beginning until the end of the experiment, see Figure 71. 

However, it is worth noting that the data scattering can be clearly seen at 

stage 2, 4 and 5. 

 

Figure 71   Corrosion current densities of sample 2 

and 3 in 0,1 M NaCl solution during step annealing 

The average corrosion potentials of samples 2 and 3 are about -900 mV 

and -1200 mV respectively, see Figure 72. It is the indication of the 

higher corrosion susceptibility in sample 3, which is also in agreement 

with the corrosion current density results mentioned above. 
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Figure 72   Corrosion potentials of sample 2 and 3 in 

0,1 M NaCl solution during step annealing 

 

 

Figure 73   Breakthrough potentials of sample 2 and 

3 in 0,1 M NaCl solution during step annealing 
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Figure 74   Potting potentials of sample 2 and 3 in 0,1 

M NaCl solution during step annealing 

 

 

Figure 75   Repassivation potentials of sample 2 and 

3 in 0,1 M NaCl solution during step annealing 

Throughout the experimentation, we are able to observe the influence of 

the heat treatment only in sample 3. From stage 4 onwards, the potential 

drops from the initial values can be found for the breakdown, pitting and 

the repassivation potentials, see Figure 73-76. In sample 2, these 

characteristics can be regarded as unchanged, namely Eb -600 mV, Epit -

580 mV and Erp -1000 mV. 
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It is interesting to consider the difference between ECorr and Erp. Sample 2 

repassivates -100 mV from ECorr. This negative potential shift confirms 

the damage of the passive layer, which has to be healed by the 

repassivation. Sample 3, on the other hand, has a positive potential shift 

despite its higher corrosion susceptibility. To be able to explain this 

contradiction, we have to detect the difference between the corrosion of 

these samples by analysing the polarisation curves first. 

5.4.2 Polarisation curves of sample 2 

Up to this point, the heat treatment seems to have no effect on sample 2, 

but in this chapter, the change induced by the heat treatment will be 

pointed out on the polarisation curves. 

Although all corrosion characteristics do not show any significant 

changes, the repassivation capabilities are displayed by the hysteresis 

loops formed during the reverse scans. The polarisation curves of sample 

2 are illustrated in Figure 76. The hysteresis loops have a similar shape 

from stage 1 up to stage 5. After sample 2 was annealed at 600°C (stage 

6), the size of the hysteresis loop shrank dramatically and stayed in such a 

narrow form until the end of the experiment. 



5. Results 

82 

a)  b)  

c)  d)  

e)  f)  

g)  h)  

Figure 76   Polarisation curves of sample 2 in 0,1 M NaCl solution a) stage 1 b) 

stage 2 c) stage 3 d) stage 4 e) stage 5 f) stage 6 g) stage 7 h) stage 8 
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As mentioned in chapter 2.1.3.3, the smaller hysteresis loop in Figure 

76f-h suggests that the pits on the surface of sample 2 were healed faster 

after stage 6 than they were in the earlier stages. 

With the logarithmic plot of the Tafel diagram, we are able to observe the 

progress of the polarisation near the corrosion potential. Figure 77 shows 

the Tafel diagrams of sample 2. The narrower hysteresis loops can also be 

seen in these diagrams from stage 6 onwards. 

The intersection of the hysteresis loop at stage 6 suggests that the surface 

became more protective during the reverse scan. However, this is the only 

stage, that displays such behaviour, as Erp at stages 7 and 8 are behind 

ECorr once again, see Figure 77f. This one-time observation will be 

discussed again in chapter 6.2.2.2. 
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a)  b)  

c)  d)  

e)  f)  

g)  h)  

Figure 77   Tafel diagrams of sample 2 in 0,1 M NaCl solution a) stage 1 b) 

stage 2 c) stage 3 d) stage 4 e) stage 5 f) stage 6 g) stage 7 h) stage 8 
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5.4.3 Polarisation curves of sample 3 

Aside from its lower corrosion resistance, the polarisation curves of 

sample 3 also show some considerable differences in the anodic area, 

which were constantly altered by the annealing. The cause of these 

changes will be discussed in chapter 6.3.2.2. As for this part, the 

corrosion behaviour of sample 3 will be underlined with the help of the 

polarisation curves. 

Sample 3 shows the anodic current densities similar to the passivation 

process in the early stages, compare Figure 78a-c with Figure 7. Due to 

the very small passivation current densities jp, it is simpler to observe the 

polarisation curves from the Tafel diagrams, see Figure 79a-c. In the 

Tafel diagrams, we are able to see the jagged lines on the curves, which 

began straight after the passivation of the surfaces. These jagged lines can 

be understood as the instability of the passivated surfaces. 

At stages 4 and 5, jp are clearly increased, which indicates some effects 

from the heat treatment, see Figure 78d and e. Despite this change, the 

passivation potentials Ep still remain unchanged at about -1100 mV. 

At stage 4, the jagged lines from stages 1 to 3 are not visible anymore. 

But still, we are unable to say that the passive layer has become more 

stable because the passive anodic current densities jpass have been 

gradually raised as shown in Figure 79a-e, implying more corrosion 

attack on the surface. The higher jp and jpass are followed by the narrower 

passive state approximately from -1030 to -870 mV in stage 4 in 

comparison to -950 to -850 mV in stage 5. 
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a)  b)  

c)  d)  

e)  f)  

g)  h)  

Figure 78   Polarisation curves of sample 3 in 0,1 M NaCl solution a) stage 1 b) 

stage 2 c) stage 3 d) stage 4 e) stage 5 f) stage 6 g) stage 7 h) stage 8 



5. Results 

87 

Although the corrosion characteristics and the corrosion behaviour 

indicate the greater corrosion susceptibility in sample 3, we have yet to 

find the reason for some irregularities of this sample such as the 

passivation process or the effect of the heat treatment on the passivation. 

The explanation is suggested by the reverse scan. 

Throughout the experiment, the hysteresis loops formed during the 

reverse scan of sample 3 are even smaller than those of sample 2. The 

smaller loops are understood as less pitting corrosion, which is in 

contradiction with the main results from the corrosion characteristics 

themselves. Not to mention that at stage 6 and later, the sample can not be 

considered passive anymore, as the anodic current density continues to 

increase without forming a plateau near the x-axis, see Figure 78f-h and 

Figure 79f-h. The cause of this phenomenon will be enlightened upon in 

the discussion. 
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a)  b)  

c)  d)  

e)  f)  

g)  h)  

Figure 79   Tafel diagrams of sample 3 in 0,1 M NaCl solution a) stage 1 b) 

stage 2 c) stage 3 d) stage 4 e) stage 5 f) stage 6 g) stage 7 h) stage 8 
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6. Discussion 

The main purpose of this work remains the investigation of the 

precipitation hardening in an Al-Mn alloy obtained by the scandium and 

zirconium addition. Meanwhile, the alloy has benefited from the 

nanoscale Al3(Sc,Zr) in regards to the recrystallisation resistance and the 

unaffected corrosion behaviour thanks to its small size. 

In this chapter, the results from the previous chapter will be discussed for 

each sample. The hardness change will be compared alongside the 

specific resistivity to provide information about the phase transformations. 

The corrosion resistance is monitored by the corrosion characteristics. 

While the hardness and the specific resistivity can be used to examine the 

effect of the production routes, the corrosion characteristics of the 

extruded samples can not be simply compared in such a way because of 

the interferences by the contaminations in sample 3. Instead, the 

development of the polarisation curves during the heat treatment will be 

discussed from the point of view of the microstructure. 

6.1 Sample 1 

6.1.1 Precipitation during under ageing condition 

The hardness and the specific resistivity development of sample 1 are 

summarised in Figure 80. We are able to see from Table 14, that the 

starting hardness of sample 1 is comparable to that of the alloys without 

Sc and Zr. So, it is arguable that the presence of Al3(Sc,Zr) precipitates 

has not contributed to the hardness increase at stage 1 yet. 

Even though the hardness at stage 3 does not show much difference from 

the first two stages, the specific resistivity drop implies the increased 

purity of the matrix by the precipitation as opposed to stage 2. If we 

consider that the effective diffusion of Sc is activated at a temperature 

above 250°C [13,39,74] and 350°C for Mn and Zr [12,58,90,91], the 

specific resistivity drop would not have been caused by the precipitation 

of Al6Mn but rather by the additional Al3Sc, which has not yet been 

precipitated during the cast process. 
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Figure 80   Hardness and specific resistivity 

development of sample 1 during step annealing 

 

Composition in wt% 

Mn Sc Zr Fe Si 
Measurement Hardness Reference 

1,19 - - 0,61 0,16 HV0,3 55 [55] 

0,48 - - 0,21 0,11 56 

0,74 - - 0,21 0,17 

HV, the load 

not mentioned 61 
[56] 

1,38 0,26 0,16 0,11 0,03 HV5 52 This work 

Table 14   As cast hardness of the Al-Mn alloys without Sc and Zr in 

comparison to the hardness of sample 1 stage 1 

6.1.2 Precipitation hardening 

For the same reason mentioned above, we should take the precipitation of 

Al6Mn into consideration from stage 4 onwards, although the precipitates 

may not be observable on the light microscope. However, as the general 

precipitation hardening effect of the Al-Mn alloys is negligible 

[59,78,92,93], it is safe to assume that the hardness increase at stage 4 is 

mainly the result from Al3(Sc,Zr) either by the decomposition of the 

matrix or the coarsening of the existing precipitates. Either way, the 

radius of the Al3(Sc,Zr) precipitates will increase to the optimum radius at 

stage 5. 
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6.1.3 Specific resistivity increase and subsequent hardness 

decline 

An increasing annealing temperature has a beneficial effect on the 

diffusivity of the alloying elements and, subsequently, their 

decomposition as precipitates. Nevertheless, the solubilities of the 

alloying elements in the matrix also increase with the temperature. In this 

scenario, the existing precipitates will be partially dissolved into the 

matrix again, which is the reason for the slightly increasing specific 

resistivity at stage 6. 

Not only the dissolution of the precipitates should be held responsible for 

the hardness drop because the specific resistivities continue to decrease in 

stages 7 and 8. The hardness drop is partly the result of the Ostwald 

ripening - the coarsening of the Al3(Sc,Zr) precipitates, while the 

increasing number and size of Al6Mn in stages 7 and 8 signify more 

precipitation of this phase and the further decreasing specific resistivity. 

6.2 Sample 2 

6.2.1 Hardness and specific resistivity 

6.2.1.1 Influence of the hot extrusion 

As mentioned at the beginning of this work, the intermediate results 

obtained from sample 1 will be taken into consideration in samples 2 and 

3. The difference in the starting condition between the cast (1) and the 

extruded samples (2 and 3) is caused by the production route. The pre-

heating at 350°C before the extrusion is more than enough to induce the 

precipitation of Al3(Sc,Zr) or even Al6Mn, see stage 3 in Figure 80. The 

unchanged specific resistivities from stages 1 to 3 are also the implication 

of the prior precipitation, see Figure 81. 

From the maximum hardness of sample 1 (77 HV5), it is obvious that the 

hot extrusion does not yield any noticeable strain hardening effect in 

sample 2, whereas the hardness increase in cold-rolled Al-Mn alloy of the 

comparable engineering strain without any Sc and Zr addition can be as 

high as 17 HV0,3 [55]. In other words, the peak ageing condition is 

already attained even before the experimentation begins, and the hardness 

increase as a result of the hot extrusion is negligible. 
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Figure 81   Hardness and specific resistivity 

development of sample 2 during step annealing 

Still, the starting value of the specific resistivity is not added on to our 

explanation yet because as mentioned in chapter 5.3, the specific 

resistivity of sample 2 stage 1 is only 1 nΩ⋅m less than that of sample 1 

regardless of the precipitation. According to the results from Knipling et 

al., the specific resistivity changes of about 5 and 7 nΩ⋅m are required to 

obtain the peak ageing condition in the aluminium alloys Al-0,12Sc-

0,26Zr and Al-0,15Sc-0,31Zr respectively [12,13]. This argumentation 

should give us a fair reason to assume that the specific resistivity drop 

from the precipitates in sample 2 is compensated by the dislocation 

density induced by the extrusion. 

6.2.1.2 Specific resistivity change in comparison to sample 1 

When the dislocation comes into consideration, it is crucial to elaborate 

further the meaning of the specific resistivity drop at stage 4 and stage 5, 

as the dislocation reduction could deliver a significant change in specific 

resistivity. But if the reduction of the dislocations is the only significant 

factor here, we would not be able to observe the rebound at stage 6 at all. 

So, we can be sure, that at least this rebound of about 12 nΩ⋅m belongs to 

the dissolution of the prior precipitation. 

The reason for more precipitation and a subsequently bigger rebound in 

sample 2 lies within the deformed microstructure. The positive effect of a 

deformation on the precipitation of Al6Mn has been confirmed by the 

previous investigations [78,79,93,94]. From our observation in the 

previous chapter, the deformation would help shorten the diffusion 

distance of Mn atoms, and promote the precipitation of the Al6Mn phase. 

Eventually, we are able to observe the Al6Mn precipitates at the grain 

boundary more than inside the deformed grains in Figure 54. 
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6.2.1.3 Hardness drop 

Up to this point, the hardness drop has been deemed as the coarsening of 

the Al3(Sc,Zr). Still, it is interesting to consider why the hardness has 

dropped sharply in sample 2, while sample 1 can maintain the hardness 

for 1 hour after annealing at 600°C before it declined slowly. 

Even with their uniform distribution, the coarsening of the Al3(Sc,Zr) 

precipitates is also promoted by the deformation due to the improving 

diffusion along the elongated grain boundary. Further more, the pre-

heating before the extrusion is undoubtedly counted towards the heat 

treatment. This basically means, the extruded samples are affected by the 

heat more than sample 1, which might accelerate the coarsening of the 

Al3(Sc,Zr) precipitates 

6.2.1.4 Recrystallisation annealing 

Nevertheless, considering how quick the Al-Mn alloy in Figure 29 can be 

recrystallised at a temperature below 500°C, the Al3(Sc,Zr) precipitates 

should be able to suppress the recrystallisation even after the hardness 

drop. The recrystallisation, however, takes place near the surface, unlike 

the recrystallisation at high temperature in Figure 29 probably because 

the Al3(Sc,Zr) precipitates are able to prevent the particle stimulated 

nucleation from the coarsening Al6Mn precipitates above the critical size, 

see chapter 2.2.3. So, the recrystallisation has to start from the location 

with a higher dislocation density. 

6.2.2 Corrosion behaviour 

6.2.2.1 Corrosion characteristics 

The corrosion characteristics from the other investigations are listed in 

Table 15. In order to compare the results, we will use the corrosion 

characteristics from this stage as the peak ageing condition of sample 2 is 

already represented at stage 1. The corrosion current density (jCorr) shows 

that sample 2 has a slightly higher corrosion rate in 0,1 M NaCl solution 

than the high purity aluminium. Its more negative corrosion potential 

(ECorr) also suggests less corrosion resistance in sample 2, which 

coincides with the claim made in chapter 3.1. 
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Alloys 

composition 

jCorr in 

µA/cm
2
 

ECorr 

in 

mV 

Eb in 

mV 

Epit 

in 

mV 

Erp in 

mV 
Reference 

High purity 

Al 
0,253 -828 - -615 - [95] 

Al-0,5Sc-

0,4Zr 
0,138 -754 - -625 - [95] 

Al-1,38Mn-

0,27Sc-

0,19Zr 

0,33 -891 -588 -571 -985 

This work 

(sample 2 

stage 1) 
Table 15   Comparison of the corrosion characteristics of the aluminium 

alloys obtained from the polarisation in 0,1 M NaCl solutions 

The excellent corrosion resistance of Al-0,5Sc-0,4Zr is partly based on 

the powder metallurgical preparation method, which enhances ECorr even 

further. The manganese addition is responsible for a marginal 

improvement on Epit. Unfortunately, it is not possible in this work to 

confirm the effect of the powder metallurgical preparation due to the 

contamination in sample 3. 

6.2.2.2 Polarisation curves 

Besides the corrosion characteristics, the main interest of this section is to 

explain the hysteresis loop, which has been drastically shrinking after the 

annealing at 600°C, but first, we should clarify some small details about 

the polarisation curve at stage 6. It is very unlikely for a metal to have an 

improved corrosion resistance only during the first hour of the annealing 

(stage 6) and then revert back to the similar corrosion characteristics as 

before. For this reason, the improved value of Erp in Figure 77f should be 

regarded as an experimental error. 

With reference to our test condition, the hysteresis loop is formed 

according to the pitting corrosion, which is repassivated during the 

reverse scan. The dissolution of the precipitates due to heat treatment has 

already been discussed in chapter 6.1.3, but we have yet to expand the 

scope to cover the effect of the alloying elements in the solid solution. 

The Mn atoms in the solid solution are known to raise the corrosion 

potential of the aluminium matrix, see Figure 22 and Table 7. As a result, 

the matrix will be more noble than the Al6Mn precipitates, making them a 

target in the corrosion reaction. Thus, the Al6Mn dissolution at stage 6 

does not only help to increase the Mn in the solid solution, but indirectly 

reduces the potential corrosion sites. Ultimately, the improved corrosion 

resistance is reflected in the smaller hysteresis loops. 
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6.3 Sample 3 

6.3.1 Hardness and specific resistivity 

6.3.1.1 Influence of the powder metallurgical preparation 

The fine globular grains within the powder are the product of the 

atomisation. The high cooling rate of this production route has suppressed 

the formation of the other phases. Even so, we can not exclude the 

existence of the Al3(Sc,Zr) precipitates in the powder due to their volume 

fraction and the size of the powder itself, which is confirmable neither by 

the X-ray diffraction (XRD) nor the hardness measurement. 

Theoretically, we should be able to observe only the Al and Al6Mn 

phases on the XRD spectrum. However, Figure 58b shows an unknown 

phase '?' after the extrusion. Considering its visible peak and the absence 

of the Al6Mn phase, this unknown phase could have consisted of the 

contaminants, Al and Mn. 

 

Figure 82   Hardness and specific resistivity 

development of sample 3 during step annealing 

The hardness of sample 3 can be understood the same way as sample 2. 

The Al3(Sc,Zr) precipitates are responsible for the initial hardness. On the 

other hand, the specific resistivity offset of about 10 nΩ⋅m, observed up 

to stage 4, indicates a difference caused by the production routes. 
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From the aspect of the grain size, the crystallographic defects at the grain 

boundaries should hinder or scatter the flow of the electrons, and the 

specific resistivity of the sample should have increased [18,19]. The same 

tendency can be expected from the additional substitutional or interstitial 

atoms brought on by the contamination. Even if the low solubilities of Sb 

and Sn in Al are negligible, the specific resistivity would be unaffected 

by these elements. 

The offset can be explained from an indirect effect from the powder 

material. The deformation behaviour of the loosely compacted powder 

cylinder is, by no means, identical to a solid material. While the 

deformation of the cast alloy is ruled by the material flow, the powder is 

able to squeeze itself through the opening. 

Hence, the dislocation density is lower in sample 3, and the specific 

resistivity is not compensated as it was in sample 2. Unfortunately, the 

comparison of the microstructure before and after the deformation is not a 

suitable demonstration for this statement due to a very high reduction 

ratio (reduction in area) about 95% by the extrusion. 

The lower dislocation density might be the possible explanation for the 

non-recrystallised microstructure of sample 3 after the recrystallisation 

annealing despite the much smaller grain size in comparison to sample 2, 

see Figure 68. 

6.3.1.2 Evolution of the contaminants 

The uneven chemical attack in Figure 63 is the result of the distribution 

of the contaminants. Their non-uniform distribution indicates that the re-

molten aluminium was not contaminated in the first place. Instead, the 

aluminium powder has probably come into contact with the contaminants 

during or after the atomisation. 

Due to its low melting point of Sn, the contaminants are able to form a 

liquid phase during the pre-heating at 350°C before the extrusion. After 

the extrusion, this liquid phase is cooled down and the oxide border is the 

segregation resulting from the solidification. This is the reason for the 

shape of the contaminants, which are surrounded by oxide borders and 

have the Sn-riched particle in the centre, see Figure 64. 

During the heat treatment, the high temperature will allow the diffusion 

of the alloying elements. The contaminants are no exception. As a result, 

the contaminants do not form a cluster anymore at the later stages, but 

rather are distributed over the sample, see Figure 65b. 
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6.3.1.3 Greater hardness drop in comparison to sample 2 

By analogy with sample 2, the finer grains of sample 3 would help the 

diffusion of Sc and Zr atoms even further. More over, the investigation on 

this sample by Vlach et al. shows an earlier precipitation of Al3Sc during 

the isochronal annealing if the sample is extra cold rolled prior to the 

annealing [94]. As a result, the hardness of sample 3 declines even lower 

than sample 2. 

6.3.1.4 Specific resistivity offset at the end of the experiment 

It was discussed earlier in chapter 6.3.1.1 that the offset between the 

specific resistivities of sample 2 and sample 3 is caused by the different 

dislocation density, which scatters the electron flow. However, the 

smaller offset becomes smaller at stage 5, and it is clear that the bigger 

rebound at stage 6 is responsible for the narrower offset. Its specific 

resistivity is almost identical to the beginning as opposed to samples 1 

and 2. 

Since the narrower offset shows up at stage 6, it might be tempting to 

think that the dissolution of the precipitates was stronger in sample 3. If 

that really was the case, the XRD spectrum in Figure 58c should have 

displayed nothing except aluminium. More over, with a lower dislocation 

density than sample 2, it is hardly possible for sample 3 to have recovered 

more than the former. All these contradictions lead us to consider the 

influence of the contaminations on this rebound. 

As mentioned above, the sample was contaminated when it was still 

aluminium powder. The clusters of contaminants are less likely to 

interfere with the electron flow. Additionally, the main element of the 

contamination is Sn, which has a very low solubility in Al (0,02 wt%). 

Therefore, the specific resistivities are not affected by the contaminations 

during the annealing at low temperatures. 
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However, the contaminants are scattered over the sample when annealed 

at a higher temperature due to the higher diffusivity. At the same time, the 

retrograde solubility of Sn allows the Al solid solution to contain more Sn 

at higher temperatures than at the eutectic. The Sn solubility is about 0,12 

wt% at 600°C according to Figure 40b. For us, at least the half of Sn 

should be stored in the Al solid solution when sample 3 is annealed at 

600°C. Thus, it is plausible that the dissolution of Sn and/or the other 

contaminants is responsible for the stronger rebound at stage 6. 

6.3.2 Corrosion behaviour 

6.3.2.1 Corrosion characteristics 

The corrosion characteristics are evaluated by the definitions given in 

chapter 2.1.3. As the corrosion reaction takes place at the interface of the 

sample and the environment, the microstructure is automatically 

understood to be the same as in the given states, that is, the similar 

distribution of the precipitates. Unfortunately, this is not the case for 

sample 3. 

Definitely, the corrosion characteristics are affected by the randomly 

found clusters of contaminants. Based on the background from chapter 

3.4, Sn would be the main element, which alters the corrosion behaviour 

of sample 3. The first effect we encounter, is the data scattering of jCorr, 

which occurs randomly before the annealing at 600°C. 

The observation indicates that the corrosion of sample 3 is accelerated by 

the presence of Sn. Moreover, Sn is responsible for the potential shift of 

about 300 mV between ECorr of samples 2 and 3. The gap is considerably 

large, even for the heat-treatable alloys, see Table 5. Ultimately, with the 

analysis of the hysteresis loops, the corrosion reaction of sample 3 can be 

considered as the galvanic corrosion rather than the pitting corrosion. 

The type of the corrosion reaction is very crucial for our further 

discussion since it can directly impact the validity of our evaluation in the 

first place. In this respect, the author believes that the other corrosion 

characteristics - Eb, Epit and Erp - should be discussed in chapter 6.3.2.3 

after the discussion of the polarisation curves. 
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6.3.2.2 Polarisation curves 

Normally, we would not be able to observe the passivation of aluminium 

alloys because of the instantaneous passivation of the surface, see chapter 

2.2.4. But as far as the results are concerned, the surface of sample 3 has 

to be active in order to show such behaviour, see Figure 79a. 

As suggested in the previous chapter, the corrosion should be induced by 

Sn. Hence, the corrosion reaction should arise excessively near the 

contaminations. The jagged lines in Figure 79a-c are caused by the 

inhomogeneity, which makes the passivation unstable. The smoothed 

polarisation curves of stages 4 and 5 are the result of the diffusion of Sn. 

The further the Sn atoms travel, the higher the anodic current density will 

become. At the same time, the passive state will be narrower due to the 

presence of Sn. Nevertheless, the data scattering of jCorr suggests that the 

contaminants are still not distributed over the sample until stage 6. 

From stage 6 onwards, the passive state does not exist anymore as shown 

in Figure 78f-h. At this point, the Sn atoms are more or less distributed 

over the sample, making the surface constantly active, and that goes 

against the definitions of the rest of the corrosion characteristics. 

6.3.2.3 Hysteresis loops and the validity of Eb, Epit and Erp 

In spite of the higher jCorr, the hysteresis loops of sample 3 are very small 

in comparison to that of sample 2. If the reaction had been the pitting 

corrosion, we should have observed much larger hysteresis loops, which 

would be necessary for the healing of more severe pitting. On top of that, 

the polarisation curve of stage 6 shows a negative hysteresis loop, which 

indicates the faster formation of the oxide layer than the corrosion rate. In 

other words, on the basis of the hysteresis loops, we are able to confirm 

that the corrosion reaction of sample 3 during the polarisation is 

definitely not a pitting corrosion. Together with the influence of Sn on the 

corrosion, it is safe to conclude that the corrosion of sample 3 is a 

galvanic corrosion between Sn and the aluminium matrix. 

Considering our conclusion, we may use the values of ECorr for Eb in 

stages 6, 7 and 8 because the active surface of the sample should be used 

to compare with the transpassive states in the earlier stages. The 

correction of Eb is displayed in Figure 83. 
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Figure 83   Breakthrough potentials of sample 2 and 

3 (correction) in 0,1 M NaCl solution during step 

annealing  

The evaluation of Epit, on the other hand, would be invalid simply because 

the reaction is not a pitting corrosion to begin with. As for Erp, the results 

of stages 6, 7 and 8 should be deemed invalid because the surface is 

unable to passivate itself in the given stages. The galvanic corrosion will 

just start and stop according to our polarisation, which can be clearly seen 

from the similarity between ECorr and Erp of these stages. 
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7. Conclusion 

The precipitation hardening effect and the corrosion behaviour of the 

aluminium alloys containing Mn, Sc, Zr with and without the trace 

elements (contaminations) have been investigated during the step 

annealing. Sample 1 and sample 2 are produced by cast and cast-hot 

extrusion respectively. Sample 3 is prepared by the atomisation following 

the hot extrusion. The contaminations are found in the latter sample. They 

consist mainly of Sb, Sn and O. 

The Vickers hardness test is used to monitor the hardness change in all 

samples. The potentiostatic electrochemical measurement is utilised to 

determine the corrosion characteristics - jCorr, ECorr, Eb, Epit and Erp - of 

samples 2 and 3. The additional corrosion behaviour is observed from the 

polarisation curves. Together with the light microscope, SEM and TEM 

images, the following results are observed and discussed: 

1) The hardness of the Al-Mn-Sc-Zr alloy containing about 1,4 wt% 

Mn is not influenced either by the Mn atoms in solid solution or 

the additional Al6Mn precipitates with the diameter of about 2 µm. 

2) The peak ageing of the aluminium alloy containing 0,25 wt% Sc 

and 0,15 wt% Zr contributes an additional hardness of about 20 

HV5. 

3) The Al3(Sc,Zr) precipitates are responsible for the hardness 

increase. They are found at stage 1 (as prepared) in all samples. 

However, the precipitation hardening of sample 1 does not take 

full effect until the annealing at stage 5, while the peak ageing 

condition is already obtained in samples 2 and 3 during or after 

the extrusion. 

4) The hardness increase by the hot extrusion at 350°C is negligible. 

Nevertheless, the increasing dislocation density from this process 

is still detectable by the resistivity measurement at -196°C (77 K). 

5) The precipitation of the Al6Mn phase is benefited by the extrusion. 

The filament grain structure also promotes the Al6Mn 

precipitation at the grain boundaries in comparison to the cast 

structure. 
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6) The hardness drop in the over ageing condition is due to the 

coarsening and the (partial) dissolution of the Al3(Sc,Zr) 

precipitates. 

7) The retrograde solubility of Sn can be accounted for the stronger 

rebound of the specific resistivity in sample 3 at stage 6. 

8) The Al3(Sc,Zr) precipitates and/or Al6Mn precipitates can prevent 

the recrystallisation during the step annealing. 

9) After the recrystallisation annealing at 600°C for 48 hours, sample 

2 is partially recrystallised near the surface, whereas the 

recrystallisation can not be observed in sample 3. However, the 

lower dislocation density (stored deformation energy) of sample 3 

might be the reason for this. 

10) The corrosion behaviour of sample 2 remains unchanged during 

the step annealing. Its corrosion characteristics determined from 

the potentiostatic polarisation in the 0,1 M NaCl solution are jCorr 

0,3 µA/cm² , ECorr -900 mV, Eb -600mV, Epit -580 mV and Erp -

1000 mV. The corrosion rate (jCorr) is slightly higher than the high 

purity aluminium, but Epit indicates a better resistance to the 

pitting corrosion. 

11) The contaminants, mainly Sn, are responsible for the erratic 

corrosion behaviour in the 0,1 M NaCl solution. As opposed to 

the pitting corrosion in sample 2, the corrosion reaction of sample 

3 is the galvanic corrosion. 

12) The contaminations are distributed over the sample during the 

heat treatment. As a result, the surface of sample 3 is always 

active after the annealing at 600°C. 

13) The Mn atoms in the solid solution have a more superior 

resistance to the pitting corrosion than the Al6Mn precipitates. 

The investigation results have displayed the precipitation hardening effect 

in the Al-Mn alloys, which are considered non-heat treatable, by the 

additions of Sc and Zr. It is shown that the peak ageing condition can be 

achieved straight after the hot extrusion, which is advantageous for the 

shorter production route. 



7. Conclusion 

103 

The hot-extruded alloy can withstand the recrystallisation up to 600°C for 

at least 3 hours due to the presence of Al3(Sc,Zr) and/or Al6Mn 

precipitates. On the other hand, the alloy prepared by the atomisation and 

hot extrusion has retained the non-recrystallised microstructure after 48 

hours at the same temperature, though the less deformation of the sample 

has to be taken into account. Still, the result could be seen as an 

additional recrystallisation resistance to the Al-Mn alloys, which will 

increase the temperature service of this material. 

The corrosion resistance of the extruded Al-Mn-Sc-Zr alloy in the 0,1 M 

NaCl solution is only slightly lower than the high purity aluminium. The 

unchanged corrosion characteristics mean that the corrosion behaviour is 

not affected by the precipitates during the heat treatment. With this, we 

are be able to suggest the combination of Sc 0,25 wt% and Zr 0,15 wt% 

as the additional alloying elements for Al-Mn alloys without affecting the 

corrosion resistance. 
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