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ABSTRACT 

High strength 7xxx series Al-Zn-Mg-Cu alloys are widely used in the aerospace 

Industry due to their high strength to weight ratios. The high yield strength of alloys such as 

AA7075 or AA7074 is achieved through precipitation hardening, the highest of which can be 

in excess of 600MPa and are achieved through the addition of Cu. There is however a 

medium strength group of alloys in the 7xxx series which are characterised by their low 

copper levels maintained below 0.3wt% in order to prevent liquation cracking and hence 

allow them to be welded. 

These medium strength Al-Zn-Mg(-Cu) alloys are mostly found in light weight 

armoured vehicles due to their weldability, low density and good ballistic performance. 

There is however very little published on the corrosion characteristics of these alloys and the 

little that exists is confined to studies of stress corrosion cracking (SCC) and weld fatigue. 

This work will attempt to understand the general corrosion characteristics of this alloy under 

free corrosion conditions and to establish in the literature the microstructure, particularly 

with regard the nature of the coarse intermetallics. 
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1 INTRODUCTION 

High strength heat treatable 7xxx series Aluminium-Magnesium-Zinc (Al-Mg-Zn-(Cu)) 

alloys are widely used for their high strength to weight ratio. They are mainly adopted in the 

aerospace industry for this very property (e.g. AA7075 and AA7475), where strengths can 

exceed 600MPa and densities as low as 2.70 g/cm³, less than 35% that of the density of 

steel. 

Aluminium alloys however can suffer from localised corrosion which can cause 

catastrophic premature failures in service. In the case of the high strength 7xxx series alloys 

it has been demonstrated through much published literature that the localised corrosion 

behaviour of these alloys is strongly associated with the copper content, where copper levels 

as high as 2 wt% are added for strength and stress corrosion cracking (SCC) resistance. 

There are however many low copper (up to 0.3 wt%), medium strength weldable 7xxx 

grades (e.g. AA7017 and AA7039), that have seen use in armoured military vehicles due to 

their good ballistic performance, strength to weight ratio and weldability. 

These vehicles are seeing greater challenges as they face longer service lives than 

planned, great threats from improvise explosive devices (IEDs) and are deployed to varying 

and more highly corrosive environments around the world. These light weight armoured 

vehicles are of particular importance for getting military personnel rapidly into new arenas 

but keeping them safely behind primary armour protection. Corrosion is also one of the 

biggest through life costs to military and armed forces worldwide. 
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These low copper grades used in armoured vehicles have remained little studied in 

comparison to those containing higher copper, and the low copper levels leave questions 

around the initiation and propagation mechanisms of corrosion. 

It is the aim of this thesis to better characterise the corrosion character of AA7017-T651 

alloy (Cu 0.2 wt% max). This work will also attempt to link the corrosion characteristics with 

the microstructure and chemistry of the alloy through multiple characterisation techniques. 

An attempt will also be made to place AA7017-T651 within the context of other 7xxx series 

grades and their corrosion properties. 
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2 LITERATURE REVIEW  

2.1 Introduction to Aluminium-Magnesium-Zinc Alloys 

Pure aluminium has very low yield strength (7-11 MPa), which is the stress at which 

the material begins to deform plastically. Its strength can be increased by alloying with 

metals such as Cu, Mg, Mn and Zn.  

High strength 7xxx series Aluminium-Magnesium-Zinc (Al-Mg-Zn-(Cu)) alloys are widely 

used for their high strength to weight ratio. They can be split into two groups the high 

strength high Cu non-weldable alloys (e.g. AA7075 and AA7475) and the weldable medium 

strength low Cu alloys (e.g. AA7017 and AA7039). Cu also has the ability to reduce the 

susceptibility to stress corrosion cracking (SCC) which is common in the low Cu weldable 

alloys, however it does increase the general corrosion susceptibility. Much work has been 

done to characterise the corrosion characteristics of the high Cu 7xxx series alloys, however 

the second group containing little copper (<0.2 wt%) has little published on the general 

corrosion characteristics. The high Cu alloys are typically used in aerospace applications 

where mechanical fixing is employed, whereas the low Cu alloys are found in military land 

vehicle applications where their weldability and good ballistic performance are exploited. 

Table 1 contains the typical chemistries of some common 7xxx series alloys. This work 

focuses on the peak aged T6 condition, which is solution heat treated and artificially aged. 

The AA7017-T651 grade used in this work had also undergone stretching of up to 3% to help 

relieve internal stresses; this is signified by the Tx51 designation. 
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Table 1. Some typical 7xxx series alloy compositions in wt%. AA7075 and AA7475 are classed as copper 
containing Al-Zn-Mg-Cu alloys, and AA7017 and AA7020 are classed as low copper Al-Zn-Mg alloys. The 
balance of all compositions is Al. (1) 

Alloy Zn Mg Cu Mn  Cr Ti Zr Fe Si 

AA7075 5.1-6.1 2.1-2.9 1.2-2.0 0.30 0.18-0.28 0.20 - 0.50 0.40 

AA7475 5.2-6.2 1.9-2.6 1.2-1.9 0.06 0.18-0.25 0.06 - 0.12 0.10 

AA7017 4.0-5.2 2.0-3.0 0.20 0.05-0.50 0.35 0.15 0.10-0.25 0.45 0.35 

AA7020 4.0-5.0 1.0-1.4 0.20 0.05-0.50 0.10-0.35 - 0.08-0.20 0.40 0.35 

AA7039 3.5-4.5 2.3-3.3 0.10 0.10-0.40 0.15-0.25 0.10 - 0.40 0.30 

AA7004 3.8-4.6 1.0-2.0 0.05 0.20-0.70 0.05 0.05 0.10-0.20 0.35 0.25 

 

2.1.1 Strengthening Precipitates 

Both the Al-Zn-Mg and the Al-Zn-Mg-Cu alloys are heat treatable and strengthening is 

achieved through precipitation hardening. Under artificial aging from supersaturated solid 

solution spherical GP zones less than 1 nm in size form in 7xxx series alloys. The peak age 

(highest strength) is reached in the T6 temper where semi-coherent intermediate phase 

precipitates are produced (2). At higher temperatures and longer aging, overaging occurs in 

the T7 temper where the incoherent equilibrium phase is produced, and hence there is a 

slight drop in strength from the T6 to the T7 temper.  

Figure 1 shows the aluminium corner of the Al-Mg-Zn phase diagram, lines marked 

with temperatures indicate the temperature at which different concentrations of Mg and Zn 

are in solid solution in the aluminium.  
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Figure 1. Phase diagram of a Al-Mg-Zn ternary alloy (84). 

It is not expected that a difference exists between the nature of precipitates formed 

in between a material in the T6 or the T651 temper. This is because there is no real 

difference in the aging behaviour between the stretched T651 and the un-stretched T6 (3-5). 

The dominant alloying elements involved in precipitation hardening of 7xxx series 

alloys are Zn and Mg. In ternary Al-Zn-Mg alloys the type of precipitate formed is dependent 

on the ratio of Zn to Mg. Two different homogeneous phases can be produced under 

equilibrium conditions. A Zn/Mg ratio greater than 2 produces η (eta) phase MgZn2 (6), i.e. 

stoichiometry. The η phase forms in coarse plates in the hexagonal close packed structure in 
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7xxx series alloys (7-10). If naturally aged only GP zones are formed in the final material (10). 

In the T6 and T651 condition the η′ (eta prime) phase is the strengthening phase (2, 10, 11). 

αssss → GP zones (spherical) → η′ → η 

A Zn/Mg ratio less than 2 gives a stable precipitate of Mg32(Al, Zn)49, this is called T 

(tau) phase and it has a cubic structure in 7xxx series alloys (7, 8).  

αssss → GP zones (spherical) → T′ → T 

The quaternary Al-Zn-Mg-Cu 7xxx series alloys have copper added to give additional 

strength, where yield strengths for up to 600 MPa can be achieved (10). The addition of 

copper has an effect on the chemistry of the strengthening precipitates. Copper is soluble in 

both the η and T phases producing Zn(Al, Cu, Zn)2 and Mg32(Al, Cu, Zn)49 respectively. Starke 

proposed that ZnMg2 and AlMgCu are in an isomorphous series, with increasing volume 

fractions of AlMgCu phase as the copper content is increased (8). Aluminium and copper 

being so soluble in the η phase that they substitute for zinc (6). 

It is well known that increasing copper content increases the volume fraction of 

strengthening precipitates and causes them to form in a finer dispersion; this has the effect 

of further strengthening copper rich alloys in the peak aged condition (10-12). Sarkar et al. 

states that in the T651 condition copper affects the nature of the precipitates, stating that 

the degree of coherency of strengthening precipitates in Al-6Zn-2Mg alloys can be affected 

by copper content (11). They state that in the T651 condition, low copper alloy precipitates 

are coherent with the matrix. It would follow therefore that precipitates are sheared by 

transient dislocations upon deformation. In copper rich Al-6Zn-2Mg alloys, the strengthening 
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precipitates are partially coherent and incoherent (11), implying a mixture of looping and 

shearing of dislocations. Sarkar et al. also states that in the T7 condition the strengthening 

precipitates in both the copper rich and low copper alloy are incoherent. Hence, dislocations 

will tend to loop around the strengthening phase. This fits with what we know of the 

equilibrium phases often being incoherent with respect the matrix (13). 

Work by Chinh et al. states that in Al-Zn-Mg alloys mainly spherical GP zones are 

formed. In Al-Zn-Mg-Cu alloys additional ellipsoidal GP zones are also formed; only the 

ellipsoidal GP zones being rich in Cu. They state that the ellipsoidal GP zones are more 

readily used as nucleation sites for the η′ phase. 

Work on 7050 alloys by Sha and Cerezo agrees that Cu content in the ellipsoidal GP 

zones is slightly higher than the spherical ones and state that it may be involved in the initial 

clustering process. They also state that the ellipsoidal GP zones are slightly Zn rich (Zn/Mg 

ratio ≈1.1) and that the η′ phase that forms on them is also Zn rich (Zn/Mg ratio ≈1.2) (14). 

It is known that the shape of a GP zone is likely related to the crystallographic plane 

on which it forms (9). It can be implied from this that the additional strengthening 

precipitates are being caused to form on an additional crystallographic plane by the addition 

of Cu. 

In summary, Cu additions to 7xxx series alloys increase the volume fraction of 

strengthening precipitates; this contributes to the hardening of the alloys. It is also known 

that precipitates with a higher aspect ratio have a greater strengthening effect. Therefore 

both Chinh et al. and Sha et al. indicate that the additional strengthening given to Cu 

containing Al-Zn-Mg alloys is partially due to the shape of the precipitates formed due to Cu. 
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2.1.2 Grain boundary precipitates 

Heterogeneous precipitation at the grain boundary also occurs in 7xxx series alloys, 

(see Figure 2). These precipitates are typically ~50-100 nm in the T6/T651 condition (10, 15). 

Their formation creates precipitate free zones (PFZ) adjacent to the grain boundaries, where 

solute atoms and vacancies are depleted in the PFZ. The width of the PFZ is closely related to 

the quench rate after heat treatment, the slower the cooling rate, the wider the PFZ. It 

follows logically that this is due to the rate of diffusion of the solute atoms towards the grain 

boundary, a slower cooling rate giving more time and energy for diffusion. 

2.1.3 Dispersoids 

Submicron dispersoid particles (0.05-0.5 µm) precipitate during the homogenisation 

heat treatment (9). They are formed from elements which are slow diffusers in solid 

aluminium, such as Cr, Mn and Zr, and once formed are relatively insoluble (9, 10). They 

suppress recrystallisation by the Zener drag effect. Zener drag is where incoherent particles 

resist the motion of grain boundaries past them. This is caused by the large interface energy 

associated with an incoherent particle (13). If grain boundary movement is restricted then 

this will serve to limit grain growth. 

Typical examples of dispersoids in 7xxx series alloys are Al3Zr, Al6Mn, Al12Mg2Cr and 

Al20Cu2Mn3 (9, 10). Zirconium is the most efficient of the dispersoid forming elements, and is 

commonly added to retard recrystallisation (9, 10, 16). Al3Zr will readily dissolve Ti (Figure 3) 

and it is common to find Al3(Zr,Ti) in alloys which contain both Zr and Ti (17).  
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Figure 2 shows Al6Mn dispersoids formed in a 0.3 wt% Mn Al-Zn-Mg alloy, on slow 

heating to the homogenisation temperature. The dispersoids formed heterogeneously on 

η-MgZn2 particles. Grain boundary precipitates and a PFZ can also be seen (9). 

 

Figure 2. TEM micrographs showing Al6Mn dispersoids in a 0.3 wt% Mn Al-Zn-Mg alloy. η-MgZn2 particles 
acted as a heterogeneous nucleation site for their formation. (18) 

 

Figure 3. Aluminium corner of a binary Al-Zr phase diagram (17). 
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2.1.4 Constituent particles 

Constituent particles are coarse intermetallics which form interdendritically upon 

casting (9). They are impurities in the alloy microstructure and although undesirable they are 

tolerated. They form through eutectic decomposition, and come in two categories, soluble 

constituents and insoluble constituents. The insoluble constituents usually contain iron 

and/or silicon, and the soluble constants are usually compounds of the major alloying 

elements (9). The soluble constituents are usually removed through homogenisation heat 

treatment. The insoluble constituents remain after homogenisation, but are broken into 

0.5-10 micron pieces through rolling. These pieces form in clusters called ‘stringers’, aligned 

with the rolling direction (9). 

Table 2. Example of some typical constituent particles found in aluminium alloys, classed by their solubility 
(9). 

Typical soluble constituents Typical insoluble constituents 

Al2Cu, S-Al2CuMg, Mg2Si Al3Fe, Al6(Fe,Mn), Al7Cu2Fe, α-Al(Fe,Mn,Si) 

 

Constituent particles have a number of detrimental effects. Firstly, their brittle 

nature allows them to fracture within a strained ductile aluminium matrix. This fracture and 

their incoherency with the matrix allows for a stress concentration field to form within the 

material at the crack tip (9). This causes a decrease in toughness of the material. Secondly, 

these intermetallics have a detrimental effect on the corrosion properties, as is explained in 

section 2.3. 
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Table 3. Common particles found in 7xxx series alloys. 

Classification Size Composition 

Hardening precipitates < 0.1 μm η-Mg(Al, Zn, (Cu))2 (6, 7, 9, 19) 

T-Mg32(Al, Zn, (Cu))49 (7, 10) 

Dispersoids 0.05 – 0.5 μm Al3Zr (9, 10, 20, 21), Al12Mg2Cr, Al6Mn 

(9), Al20Cu2Mn3 (9, 10) 

Constituent particles/ 

inclusions 

0.5 – 10+ μm Al3Fe, Al3(Fe,Si), Al3(Fe,Cu,Si), Al2CuMg, 

Al3(Fe,Cu), Mg2Si, Al7Cu2Fe (19), Al6Fe, 

Al3Mn, Al3(Fe,Mn), Al6(Fe,Mn), 

Al6(Mn,Cu), Al23CuFe4, Al7Cu2Fe, α-AlFeSi, 

α-Al(Fe,Mn)Si, α-AlMnSi (9), Al3(Zr,Ti) 

(17), Al20Cu2Mn3 (10) 

 

2.1.5 Composition and Microstructure of AA7017-T651 

AA7017-T651 is a medium strength Al-Zn-Mg alloy mainly employed in structural 

applications such as lightweight bridges and armoured vehicles, where its weldablility is a 

key property. Little is published directly relating to AA7017; what does exist is focused on 

the structural characteristics of the material, either under stress corrosion cracking 

conditions or corrosion after welding (both explained in section 2.2.1). Almost nothing is 

mentioned in the literature regarding the as received microstructure or common 

precipitates in AA7017 in any temper condition. There is also little or nothing in the 

literature relating to general corrosion characteristics of the alloy. The Aluminium 

Association designated composition of AA7017 is shown in Table 4. 
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Table 4. Elemental composition of AA7017 aluminium alloy in wt%. The balance of the composition is Al. (1) 

Si Fe Cu Mn Mg Cr Ni Zn Ti Zr 

0.35 0.45 0.20 0.05-0.50 2.0-3.0 0.35 0.10 4.0-5.2 0.15 0.10-0.25 

 

One piece of work by Mukhopadhyay gives us some clues as the microstructure of 

AA7017-T651 (22), all other information must be gathered from alloys of similar composition 

and temper. Figure 4 shows optical micrographs of all three orthogonal faces, as well as a 

Transmission Electron Microscope (TEM) image of a grain boundary of AA7017 in the T651 

condition, taken from Mukhopadhyay (22). The optical micrographs show a highly fibrous 

partially recrystallised microstructure, where the grains are flattened perpendicular to the 

rolling direction. Grains appear to be in the order of 100s of microns wide and only 10s of 

microns deep. The TEM image shows fine strengthening precipitates in the grain body, with 

a maximum size of 10s of nm. Mukhopadhyay states that these are η΄ precipitates. The TEM 

image also shows grain boundary particles, we are told that these are η particles. It is 

evident that the grain boundary η particles are incoherent to the observed grains next to 

them due to their lens shapes (13). A precipitate free zone can also be seen adjacent to the 

grain boundary in the TEM image. 

Literature relating to many other Al-Zn-Mg alloys was reviewed to give incite as the 

likely microstructure and precipitates present in 7017. These alloys included 7003, 7004 (19), 

7005, 7010, 7018, 7020, 7039 (19), 7079, 7108, 7179 and unclassified low Cu (<0.2 wt%) Al-

Zn-Mg alloys. The most similar alloys compositionally to 7017 are 7018, 7020 and 7039. 

Meng et al. studied a number of 7xxx series alloys with a range of Cu contents (15, 

19). They identified the only coarse intermetallic in AA7039 to be Al3(Fe, Si). The alloys 
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studied with Cu contents above this had Cu containing intermetallics such as S-phase. This 

indicates that 7017 will also contain the insoluble Al3(Fe, Si) coarse intermetallic.   

 

Figure 4. Images of AA7017-T651. a) optical images of the three orthoganal faces, the rolling direction is 
shown. b) TEM image of the grain boundary region. (22) 

2.2 Corrosion of Aluminium Alloys 

2.2.1 Corrosion of Aluminium 

Corrosion can be defined as the deterioration of a material’s properties due to its 

interaction with its environment (23). Pure aluminium is excellent at resisting this 

deterioration in most environments as it is protected by a persistent oxide film which forms 

on its surface in the oxidation reaction: 

2Al + 3H2O → Al2O3 + 6H+ + 6e-    Equation 1 

The layer that forms is typically 1-10nm thick (24), porous on the outer surface and 

dense near the interface with the aluminium (25). In general this oxide layer protects against 
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corrosion by acting as a physical barrier from the environment and an electrical insulator, 

preventing electrochemical reactions. The oxide film will reform within seconds in most 

oxygen containing environments if damaged, dependent on pH and temperature (9).  

This passive oxide layer is however only stable between pH 4.5 and 8.5 (26), as 

aluminium alloys are amphoteric and can dissolve in both strong acid or alkali solutions. The 

stability of the passive oxide layer at varying potentials is shown in the aluminium-water 

Pourbaix diagram (Figure 5). 

 

Figure 5. Potential-pH equilibrium diagram for aluminium and water at 25˚C. Details of the labelled lines can 
be found in the “Atlas of Electrochemical Equilibria in Aqueous Solutions” (26). 
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When the passive oxide layer is exposed to acidic solutions it dissolves by the 

following equation: 

Al2O3 + 6H+ → 2Al3+ + 3H2O     Equation 2 

Once the oxide layer is removed in acid conditions the aluminium substrate dissolves 

by: 

Al → Al3+ + 3e-       Equation 3 

In alkaline solutions aluminium dissolves by: 

Al2O3 + 3H2O + 2OH- → 2Al(OH)4
-    Equation 4 

Once the oxide layer is removed in alkali conditions the aluminium substrate 

dissolves by: 

Al + 4 OH- → Al(OH)4
- + 3e-     Equation 5 

In most service conditions aluminium alloys are not exposed to these extremes of pH, 

but neither are they protected by a continuous and flawless oxide film. This is because when 

aluminium is alloyed above solid solution precipitates form within the material. Where these 

precipitates break the surface of the alloy a thinner less protective oxide film grows on them 

and they allow for transport of electrons to the solution allowing electrochemical reactions 

to take place (24). 

Corrosion is usually the removal of material through anodic dissolution. In aluminium 

this is the dissolving of aluminium ions into solution: 

Al → Al3+ + 3e-       Equation 6 
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To balance the charge the electrons produced in this reaction must be consumed in a 

cathodic reduction reaction. These typically take the form of the reduction of either water:  

2H2O + 2e- → 2OH- + H2     Equation 7 

or the reduction of oxygen: 

O2 + 2H2O + 4e- → 4OH-     Equation 8 

The changes in solution chemistry local to the anodic and cathodic sites can also 

contribute to the corrosion process. Hydrolysis of Al3+ from anodic dissolution (Equation 6) 

causes the acidification of the local solution through production of H+ ions: 

Al3+ + H2O → AlOH2+ + H+     Equation 9 

Hydroxide ions produced in the cathodic reactions (Equations 7 & 8) causes a 

increase in pH local to the cathodic sites resulting in alkaline dissolution: 

Al + 4OH- → Al(OH)4
- + 3e-     Equation 10 

2.2.2 Corrosion Mechanisms of High Strength Aluminium Alloys 

As described in the previous section, alloying of aluminium has a detrimental effect it’s the 

corrosion characteristics. Some of the most highly alloyed and consequently highly prone to 

corrosion are the high strength aluminium alloys, which include the 2xxx and 7xxx series 

alloys. The alloying of aluminium can result in the formation of intermetallic precipitate 

particles within the material as described in section 2.1.1. This heterogeneity in the material 

allows for corrosion in discrete areas of the alloys surface, this is called localised corrosion. 

One such mechanism of localised corrosion is pitting corrosion. 
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2.2.2.1 Pitting Corrosion in Pure Aluminium 

Pitting is localised accelerated dissolution of a metal in the form of pits. It is an 

autocatalytic phenomenon whereby the internal solution within the pit gradually gets more 

aggressive due to a drop in pH (Equation 9) and an increase in aggressive ion (e.g. halides) 

concentration, typically chloride (Cl-). The role of chloride means that pitting is more likely in 

chloride containing environments. Negative chloride ions are drawn in due to charge 

balancing with the outside solution as more and more positive Al2+ ions are generated in the 

pit. This low pH and high Cl- concentration results in sustained corrosion as the internal 

surfaces of the pit are prevented from repassivating. Pits can form many shapes as shown in 

Figure 6. Microstructure can also play a key role in the morphology of the pits that form 

(Figure 6f). Often they have a small opening at the surface with a relatively large volume 

subsurface (Figure 6d). This can make pits particularly dangerous when a material’s integrity 

is safety critical as a large amount of attack can go overlooked. 
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Figure 6. Variety in pit cross-sectional shape. (27) 

2.2.2.2 Pit Initiation 

The initial breakdown of the oxide layer is known to generally occur at or near to 

sites of local heterogeneity. These include second phase particles, inclusions, solute 

segregated grain boundaries, flaws, mechanical damage or dislocations (28). The most 

common of these to act as pit initiation sites in high strength aluminium alloys are 

intermetallic/constituent particles (29). First however, we must consider passive film 

breakdown in pure aluminium without the existence of intermetallic particles. This is 

because it can be considered that the passive film covering the matrix of an aluminium alloy 

will be similar to that of pure aluminium. Although it should be noted that this is not always 

the case, as alloying additions have been known to change the nature of the oxide film (30). 
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Many theories of pit initiation have been proposed (28, 31-40), however most fall 

into three categories as summarised by Frankel (32). Schematic diagrams of these 

mechanisms are shown in Figure 7. They include: 

1. Penetration Mechanism, which state that aggressive anions are transported 

through the passive oxide layer to the metal beneath where dissolution can occur. 

2. Adsorption Mechanism, where local thinning of the passive film is induced by 

some local adsorbed species which leads to local increases in electric field strength. Leading 

to passive film breakdown and pit formation. 

3. Film Breakdown Mechanism, assumes the passive film is in a constant state of 

breakdown and repair. The stresses caused in the surface oxide from electrostriction and 

surface tension allowing local breakdown to occur. In passive environments these flaws 

would quickly heal, but in aggressive environments could propagate into a stable pit. 

None of these pitting models alone can fully describe all the pitting phenomena 

found in metal alloys. 
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Figure 7. Schematic diagrams representing pit initiation by three mechanisms, Penetration, Adsorption and 
Film Breaking. (32) adapted from (31) 

2.2.2.3 Metastable pitting 

It is known that not all pits initiated will survive to become autocatalytic. Pits that 

form and then repassivate are called metastable pits (32, 36). Passivation or stabilisation are 

dependent on local potential and solution chemistry in and around the pit (33). Metastable 

pits in aluminium are in the order of sub microns to a few microns, existing for only seconds 

or less. They can exist below the pitting potential (associated with stable pit formation) and 

are found to be more frequent close to the pitting potential, as seen in the schematic of a 
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polarisation curve in Figure 8(36). Although much work has focused on metastable pitting in 

stainless steels since its discovery in the early 1970’s (41), little work has been done on 

metastable pitting in aluminium alloys. Although Pride and co-workers (42) working on pure 

aluminium found that frequency of metastable pitting events increased the closer to the 

pitting potential they measured and with increasing chloride concentration. Detailed studies 

suggest that the initial growth of stable pits is identical to that in metastable pits (32), thus 

allowing for initial passive oxide breakdown studies to be conducted below the pitting 

potential. Frankel (32) suggests that metastable pit repassivation is due to rupture in the 

porous passive film remnant covering the pit, thus allowing the aggressive solution 

environment to be flushed out. This theory is supported by the rapid nature of the 

repassivation seen in metastable pit current transients (43). Metastable pits are not 

considered a corrosion risk in themselves but a firm understanding of them may give a good 

insight into stable pit formation and initiation. 

 

Figure 8. Schematic cyclic polarisation curve. Pitting potential (EP) and the repassivation potential (ER) and 
labelled. (44) 
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2.2.2.4 Pit Growth 

Pit growth rate is dependent on the composition of the alloy, the solution chemistry 

in and around the pit, as well as the potential at the pit bottom. Three factors influence pit 

growth, charge transfer, ohmic control, and mass transport (45-48). These factors are 

dependent on five variables, potential (E), current (I), current density (i), time (t) and pit 

radius/depth (r). Charge transfer being related to Tefel’s law, ohmic control to Faraday’s law 

and mass transport being related to Fick’s law (32). 

The relationship between these variables can be hard to distinguish when many are 

unknown. For instance pits do not often grow in a hemispherical shape and pit radius (r) will 

be continually changing, thus making pit current density (i) difficult to assess. Therefore 

some researchers have made artificial pits by embedding a wire in epoxy, which works well 

for iron (49). This technique does however encounter problems with aluminium testing due 

to the evolution of hydrogen gas at the corrosion front. Therefore many (50, 51) have used 

artificial crevice electrodes which allow the escape of H2 bubbles. These studies have 

indicated that pits in both materials grow in two ways. Either under mass transport control 

with a salt film covering the corrosion front or under ohmic control in an active state with no 

salt film. 

2.2.2.5 Pit stability 

Pit stability is governed by the chemistry within the pit; if the pit can be kept at a low 

enough acidity then the pit will be stable. This acidity is linked with the rate of hydrolysis 

(Equation 9) within the pit. Galvele found there to be a critical acidification to sustain pit 

growth in 1D pits, which was the product of pit depth and current density being greater than 
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10-2 A/cm (33). Pride and co-workers found that pits in pure aluminium would only be stable 

if they had a ratio of Ipit/rpit greater than 10-2 A/cm (42). Williams and co-workers found that 

for stainless steel the Ipit/rpit ratio must be greater than 4 x 10-2 A/cm (52). 

Trueman argues that the work of Galvele and Pride is too simplistic in real life 

applications, as they use cylindrical shape pits with only an active pit bottom and do not 

account for pit caps (53). Trueman used a statistical method to determine the probability a 

metastable pit will form into a stable one in AA2024-T3. It was deduced that the size a 

metastable pit must achieve before becoming stable in AA2024-T3 was 13.7 µm in diameter 

for a hemispherical pit. This agrees with the findings of Pride et al. for pure aluminium (42). 

The presence of chloride in the environment also helps to stabilise pits as it too helps 

to destabilise the passive oxide layer of the aluminium. I mechanism for this is suggested by 

Frankel, where AlCl3 or aluminium oxy-chlorides such as Al(OH)2Cl and Al(OH)Cl2 form a salt 

film. This salt film acts as a buffer or ionic species, which dissolve into the pit maintaining 

aggressive conditions within the pit, such as low pH (32). 

2.2.2.6 Intergranular Corrosion 

As well as pitting corrosion, high strength aluminium alloys are also generally very 

susceptible to intergranular corrosion (IGC). IGC is the selective attack of the grain 

boundaries or the region closely adjacent to the grain boundaries, with minimal or no attack 

to the grain interior. This phenomenon is attributed a difference in electrode potential 

between the grain boundary region and the interior of the grain. IGC is well known to be 

common in high strength aluminium alloys such as AA2014-T3 and AA7075-T6. The 

difference in electrode potential is correlated to the precipitation of microstructural 
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heterogeneities at grain boundaries. These heterogeneities at the grain boundaries take the 

form of grain boundary precipitates and a precipitate free zone (PFZ); these can be seen in 

Figure 4. Differences in the electrochemical behaviour of the precipitates, PFZ and the alloy 

matrix are suspected to drive the IGC process. 

Three models have been proposed to explain the IGC process: 

1. The Galvanic Couple Model 

This states that the difference in corrosion potential (Ecorr) between the grain 

boundary region and the grain interiors sets up a galvanic couple. Differences in corrosion 

potentials of the grain boundaries and the grain interiors of AlCu alloys have been 

found (54-56). Cocks and Brummer found that widening the PFZ through aging caused an 

increase in corrosion rate but not IGC susceptibility, suggesting that not only the galvanic 

model is responsible (54). Galvele and DeMicheli found that IGC does not occur in all ion 

conducting solutions, however if the galvanic couple model is true then this would not be 

the case (56). 

2. The Precipitate Free Zone (PFZ) Breakdown Model 

This is based on the work by Galvele and DeMicheli (56), they proposed that IGC is 

due to differences in breakdown potential (Epit) between the matrix and the PFZs. This work 

was however only conducted in AlCu alloys and it is not clear that this is the only mechanism 

at play. 



Chapter 2. Literature Review 

25 

3. The Anodic Dissolution of Grain Boundary Precipitates 

This model states that the grain boundary precipitates act as net anodes and dissolve 

preferentially to the rest of the grain. This has been observed in an AlMg alloy where the 

Mg5Al8 grain boundary precipitates dissolved resulting in IGC and IGSCC (57). Anodic 

dissolution of grain boundary precipitates has also been seen in AlLiCu alloys where the T1 

(CuAl2Li) phase underwent anodic dissolution (58). 

It is likely that aspects of all three of these models play a role in IGC as no one model 

has been found to satisfy all experimental observations. 

2.2.2.7 Exfoliation Corrosion 

Exfoliation corrosion is a particular form of IGC where layers for the metal surface are 

delaminated from the bulk. This is due to a corrosion front progressing parallel to the 

surface creating voluminous corrosion product that lifts off the surface layers. Exfoliation 

corrosion is anisotropic in direction due to anisotropy in the grain structure of the material, 

caused by flattening of the grains through rolling during processing. 

2.2.2.8 Stress Corrosion Cracking (SCC) 

Stress corrosion cracking is the brittle fracture of usually ductile materials while 

under non-critical loading in a critical corrosive environment. It is neither the stress on the 

material or the corrosion alone which causes the brittle failure but the combination of the 

two. SCC can be intergranular or transgranular in nature, where the intergranular SCC 

follows the path of sensitised grain boundaries. In aluminium alloys SCC is almost always 

intergranular in nature. In fact IGC susceptibility is a prerequisite to SCC susceptibility. 
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There are three things required for SCC to take place, 1. Some form of tensile stress 

(e.g. loading or internal stresses), 2. A critical environment, different materials become 

susceptible to SCC due to specific chemical species in the environment (most commonly 

chloride induced), 3. A susceptible alloy, not all alloys or tempers are susceptible to SCC, 

although it is common in high strength aluminium alloys. 

The SCC process can be split into three distinct stages, initiation, propagation and 

failure. The initiation of SCC is not well understood, but it is generally accepted that stress 

corrosion cracks will initiate at surface defects such as pits or intergranular corrosion. The 

final brittle failure of a stress corrosion crack is in many ways identical to a traditional brittle 

failure, and will not be discussed further. The majority of work on SCC mechanisms has been 

focused on the propagation mechanisms. 

There have been many propagation mechanisms proposed for SCC, which is found in 

both the 5xxx and 7xxx series alloys. No one mechanistic explanation is satisfactory for all 

conditions; making it likely that the precise mechanism is very complex and dependant on 

precise conditions. It is found that one mechanism fits better than another in an individual 

environment, or occasionally a mixture of mechanisms. Three commonly accepted models 

have been proposed, Anodic dissolution, Hydrogen embrittlement and Mg depleted zones. 

None will be discussed further, as it is thought that Anodic dissolution only applies to 5xxx 

series alloys which have β phase (Al3Mg2) present at the grain boundaries (59), and 

Hydrogen embrittlement and Mg depleted zone models are also not directly relevant as the 

later stages of corrosion are not explored in this work. 
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2.2.3 Corrosion of Al-Zn-Mg(-Cu) alloys 

2.2.3.1 Effect of Alloying Elements 

In order to understand the effect of each alloying element on the corrosion 

behaviour of aluminium alloys Muller and Galvele analysed a number of binary alloys of 

Aluminium. The electrochemical potentials of various compositions of Al-Zn, Al-Mg, and Al-

Cu binary alloys in deaerated 1 M NaCl were measured (60, 61) (Figure 9).  
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Figure 9. Variations of pitting potential as a function of alloying element content of (a) Al-Zn, (b) Al-Mg, and 
(c) Al-Cu binary alloys (60, 61). 
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Increasing Zn content up to 3wt% decreased the pitting potential, but did not 

decrease beyond this up to 5wt%. The Mg content up to 5wt% showed little influence on 

pitting potential. The addition of Cu up to 5wt% showed an initial rapidly increasing in pitting 

potential up to 1wt% and a steady linear increase after that. Microscope examination of the 

3wt% binaries of these alloys showed tunnel like pits in the Al-Zn alloy, and 

crystallographically shaped pits on Al-Mg and Al-Cu. Sato and Newman suggest that pit 

growth rather than pit nucleation is influenced by Zn content through the study of 

metastable pitting on Al-Zn alloys. As they found that pit nucleation was independent of Zn 

content. 

It has been found through electrochemical experimentation that aluminium matrix 

pitting potential can be greatly improved by the addition of alloying elements that are kept 

in SSSS (62-65). It is thought that enrichment of the passive film may slow the movement of 

chloride ions through to the bulk matrix. It should be noted however that Smialowska (66) 

proposed that the alloying additions reduced the susceptibility of the oxide film to attach 

fully due to the acidic conditions in the pit interior. Whichever mechanism, it is clear that 

alloying additions can alter the pitting probability of aluminium alloys. 

An artificial crevice electrode technique was used by Ramgopal and Frankel (51) on 

the Al-Zn, Al-Mg and Al-Cu binary alloys. They found that the alloying additions altered the 

overpotential and this in turn altered the repassivation potentials as summarised in Table 5. 
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Table 5. Effect of alloying elements in aluminium alloys on overpotential and repassivation potential. (51) 

Alloying element Overpotential Repassivation Potential 

Zn Decrease Increase 

Mg No Change No change 

Cu Decrease Increase 

 

2.2.3.2 Intermetallic Particles 

Intermetallic particles such as the ones in Table 3 can decrease an alloys resistance to 

corrosion via different mechanisms dependant on their classification. Intermetallic particles 

can be classed into two groups, fine precipitates (which include strengthening particles, 

dispersoids and grain boundary precipitates) and coarse intermetallic particles (which 

include constituent particles and inclusions). The coarse intermetallic particles are formed or 

present during solidification whereas the fine precipitates develop during aging. The nature 

of the intermetallics varies with alloy composition and heat treatment. Section 2.2.2.6 earlier 

covers the role of the fine precipitates in the corrosion of aluminium alloys.  

The coarse intermetallic particles can be described as either being active or noble 

relative to the Al matrix. The range of particle chemistries and difference in electrochemical 

properties from the matrix can be striking. This can be seen in the comprehensive review of 

coarse intermetallics compiled by Buchheit (67) which lists the corrosion potentials of each 

type of particle.  

Figure 10 shows a step by step representation of the pit initiation mechanism via the 

presence of cathodically active noble intermetallic particles taken from work done by Park 

and co-workers (68). This work focused on alloy 6061 and the role of the Al3Fe constituent 
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particles. The Al3Fe particles were found to be noble relative to the matrix and supported 

oxygen reduction. This resulted in loss of material in the matrix adjacent to the particles due 

to a locally high pH which results on alkaline dissolution, this phenomena will in this work be 

referred to as cathodic grooving. This is shown to initiate pitting, but the environment of the 

groove must somehow switch from an alkaline chemistry to that of an acid one for a stable 

pit to be established. 

 

Figure 10. Schematic representation of initial stages of pit initiation around iron rich intermetallics during 
2-3 h of immersion into aerated NaCl solution (68). 
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Both Mg-containing Mg2Si (β) and Al2CuMg (S) phases act as anodes relative to the 

matrix, and are found to be prone to active dissolution or Mg dealloying when exposed to 

acidic or chloride solutions (67, 69-74). It has been found that S phase (Al2CuMg) in 

AA2024-T3 undergoes selective dissolution of Mg and Al when under both anodic and 

cathodic polarisation (69, 71-74). This dealloying left Cu-rich remnants which were noble 

relative to the matrix and so produced cathodic grooving followed by pitting at the site of 

the dealloyed S phase particle. Buchheit and others (69, 71-74) suggested that corrosion was 

accelerated by Cu release and redistribution from the S phase and has been supported by 

rotating ring-disk electrode (RRDE) experiments.  

It can be seen therefore that alloy chemistry and the phases that form through heat 

treatment play a key role in the corrosion of aluminium alloys, and that Cu enrichment and 

redistribution is of some importance. 

2.2.3.3 Cu Enrichment and Redistribution 

As mentioned earlier Cu enrichment and redistribution from Al2CuMg S phase 

particles has been suggested to enhance corrosion in the 2xxx series alloys, it therefore 

follows that this mechanism may also be present in the Cu containing 7xxx series alloys. The 

noble nature of Cu relative to the matrix of these alloys leads to cathodic regions on the 

surface necessary for localised corrosion to take place.  

Figure 11 shows a graphical representation of the enrichment and redistribution 

mechanism. It has been found that in either chloride rich or acidic solutions S phase can 

undergo dealloying (71), where dissolution of Mg and Al from the particle leaves Cu rich 

sponge remnants. It has been proposed by Buchheit et al. that the dealloying process allows 
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for mechanical freeing of the Cu rich remnants which in turn allows for their movement 

away from the site of the intermetallic through convection. This can explain how the Cu rich 

surface regions can form below the reversible potential for Cu/Cu2+, as once they are 

electrically isolated from the bulk alloy they can be oxidised to Cu2+ ions which then reduce 

back to atomic Cu if they come into contact with the alloy surface again. Rotating ring-disk 

electrode (RRDE) experiments maintain this hypothesis when conducted below the 

reversible potential for Cu/Cu2+ (69). 

 

Figure 11. Schematic representing Cu enrichment and redistribution during localized corrosion in AA2024-T3 
(71). 

Another mechanism by which Cu ions can be released from S phase below the 

reversible potential for Cu/Cu2+ has been proposed by Dimtrov et al. (75, 76). They suggest 

that the Cu ions have sufficient energy to be freed from the surface of the intermetallics due 

to the curvature effect, thus moving the reduction potential to be more anodic. They found 
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that a radius of 40 nm was sufficient to shift the reduction potential into the region where 

Cu ion formation is possible (76). 

It has also been suggested that Cu freed from the matrix rather than the 

intermetallics could also lead to Cu enrichment on the surface (75, 77). The cathodic Cu 

sponge remnant left behind after dealloying could lead to alkaline dissolution adjacent to 

the intermetallic. It is suggested that during this dissolution of the matrix somehow the Cu in 

the matrix is left behind on the surface. It is possible that both mechanisms hold true and 

that Cu enrichment comes from both the matrix and the intermetallics. Work done utilising a 

rotating ring-disk electrode (RRDE) (69) indicates that initially the redistribution of Cu from 

S phase dominates whereas over longer periods it is the dealloying of the matrix which 

dominates.  

2.2.4 Effect on Corrosion Characteristics of Al-Zn-Mg(-Cu) Alloys by altering Cu 
Content 

 

Almost all published research on low copper (<0.2 wt%) 7xxx series alloys (Al-Zn-Mg) 

focuses on either stress corrosion cracking (SCC) or on weld attack, which will be discussed 

below. A fully comprehensive study of the corrosion mechanism for un-stressed and 

un-welded material has yet to become available; this work attempts to go some way to 

filling that absence. As the corrosion mechanisms discussed above in section 2.2.3 for high 

Cu aluminium alloys all rely on the presence of Cu, it is of value to investigate the 

mechanism for low Cu alloys too, as the methods for preventing corrosion in these alloys 

may differ. It can also be assumed that the role of intermetallic particles in AA7017 will also 
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be important in the corrosion mechanism, however little is published on the fine precipitates 

and nothing on the coarse intermetallics found in this alloy. 

Work by Meng (19) studied the effect of Cu content on the corrosion properties of 

7xxx series alloys. Five alloys of increasing Cu content were chosen, their breakdown 

potentials can be seen in Table 6. All the alloys exhibited two breakdown potentials, except 

for 7004 which had effectively zero Cu. The initial breakdown potential E1 is due to the 

transient dissolution of an active surface layer created in polishing and described in more 

detail by Zhijun (78). The breakdown potential at E2 is associated with combined IGC and 

selective grain attack.  

Table 6. Breakdown potentials for AA7xxx-T6 in deaerated 0.5 M NaCl, pH=3.56 (19). 

Alloy Cu content (wt %) E1 (mV SCE) E2 (mV SCE) E2-E1 (mV) 

7004 0.013 N/A -951 ± 3 N/A 

7039 0.077 -905 ± 4 -835 ± 6 70 

7029 0.69 -821 ±3 -766 ± 1 55 

7075 1.36 -780 ± 4 -720 ± 2 60 

7050 2.00 -751 ± 3 -699 ± 1 52 

 

Under free corrosion conditions in aerated chloride solutions Meng (19) found that 

corrosion potential increases with Cu content, and polarisation resistance decreases with Cu 

content. This is due to Cu enrichment on the surface causing greater oxygen reduction. 

Meng concludes that Cu content is overall detrimental to the corrosion characteristics of the 

alloys (19). The work also concluded that the low Cu alloys 7004 and 7039 would not 

undergo sustained localised attack, as after a few days both of their OCP values had dropped 

very low. 7039 and 7017 have a similar Cu content and they are however found to undergo 
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severe IGC in service conditions on land vehicles, therefore there must be conditions which 

will facilitate corrosion in these alloys. 

2.2.1 Stress Corrosion Cracking (SCC) and Weld Attack in 7017 

As mentioned earlier SCC has been well studied in 7017, this is due to it having good general 

corrosion resistance, so any failure is usually due first to SCC attack. As 7017 is a structural 

alloy there is usually some form of tensile loading on the alloy plate.  Residual stresses within 

the plate are also introduced through the welding process; this helps to give an opportunity 

for SCC in the ‘white zone’ which is the interface between the weld bead and the HAZ (79, 

80). The dominance of SCC in failure of these alloys has meant that research regarding 7017 

has focused in this area (94-106); however nothing has been published on the general 

corrosion characteristics of this alloy or the mechanism of initiation.  

Holroyd, Scamans and Kotsikos have all proposed that SCC is initiated from grain 

boundaries in the ‘white zone’ of welds. They also propose that elevated concentrations of 

hydrogen at the crack tip are correlated with increased SCC (79). There is evidence that 

thermal treatment such as that found next to a weld promotes movement of Mg towards 

the grain boundaries (9, 79). This Mg rich region then acts as a site for localised corrosion, 

which generates both hydrousoxide and nascent hydrogen. This free hydrogen then migrates 

into the adjacent grain boundary eventually causing embrittlement of the boundary when 

sufficient hydrogen has accumulated. This area of embrittled material can then undergo a 

burst of brittle fracture when stressed, thus exposing further material to corrosion and 

resultant hydrogen rich environment allowing the process to continue. 
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Al-Zn-Mg alloys such as 7017 are designed to be weldable, this has meant that Cu 

levels must be kept below 0.3% to prevent hot-cracking (liquation cracking) during weld 

solidification (9). Lower Cu also helps to reduce the general corrosion and pitting corrosion 

susceptibility. The lower Cu levels however make the alloy highly susceptible to SCC. It is also 

known that increasing Mg + Zn value in these alloys increases SCC susceptibility but also 

increases strength, therefore it is necessary to find the middle ground between these 

properties when selecting an alloy chemistry (9). It is thought that Mg + Zn value should not 

exceed 6% in order to have acceptable resistance to SCC. Gruhl found that Zn:Mg ratio was 

important in achieving SCC resistance, he found that a ratio between 2.7 and 2.9 was 

optimum (81).  

 7017 is also known to be susceptible to attack from the short transverse (ST) section 

of rolled plate. This is due to the fully non-recrystallized nature of the grain structure, where 

the grain structure is highly anisotropic with very elongated grains in the direction of rolling. 

The grain boundaries of these grains penetrate deep into the plate meaning that SCC and 

exfoliation corrosion are more favourable. A process has been developed to protect the end 

grain sections of the plate; this process is known as ‘buttering’. Buttering is a type of welding 

process where weld/filler material is applied to the end of the plate. This process acts as a 

barrier from corrosive environments and alters the grain boundary microstructure to an 

equiaxed one. The thermal cycle introduced by buttering also relieves the internal stresses in 

the end of the plate thus helping to mitigate against SCC, as the end plate is un-restrained 

and so is free to remove any internal stress. The type of welding rod used for buttering is 

Al-5% Mg (82). 
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 Figure 12 shows the relationship between copper content and temper and their 

effect of SCC resistance within aluminium alloys. A copper addition of 1% helps dramatically 

to slow the crack velocity and similarly so does over-aging to the T7 temper (66). 

 

Figure 12. Effect of overaging and Cu content on SCC resistance of an Al-Zn-Mg alloy in 3.5% NaCl solution. 

(66) 

General exfoliation corrosion has also been observed in the HAZ (79, 80). This is due 

to the fact that 7xxx series alloys are generally electronegative compared to the weld bead, 

which is the reverse to most weldable aluminium alloys. This means that the parent material 

is attacked preferentially to the weld. The susceptibility of the HAZ to initiation of exfoliation 

corrosion has led to a novel method of protecting this area from the environment. A 
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thermally sprayed aluminium coating is applied to the areas adjacent to the weld line to 

maintain 7017 welds within the ‘safe potential zone’ and thus reduce corrosion. Another 

approach is to alter the weld material chemistry to cause it to become electronegative with 

respect to the parent material, this has been achieved in experimentation through addition 

of varying proportions of indium, tin and gallium (83). 
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3 EXPERIMENTAL PROCEDURE 

3.1 Material 

AA7017-T651 material was supplied by Alcan UK and was manufactured to be 

compliant to MODUK DEF STAN 95-31 and all tests were conducted in the as received 

condition. Alloy chemistry was taken from the mill certificate which was also confirmed 

through inductively coupled plasma atomic emission spectroscopy (ICP-AES) by a UKAS 

(United Kingdom Accreditation Service) accredited third party test house (Table 7). 

Table 7. ICP-AES measurements of AA7017-T651 test material in wt%. The balance is Al. 

Si Fe Cu Mn Mg Cr Ni Zn Ti Zr 

0.029 0.092 0.191 0.251 2.54 0.153 0.755 4.231 0.035 0.100 

 

The sample material was solution treated at 455°C for 1.5 h, quenched in water at 

ambient temperature followed by artificial aging to the peak-aged condition through 8 h at 

100°C followed by 24 h at 120°C. The T651 condition involves solution heat treatment and 

stress relieved by stretching (permanent set 1.5 to 3% for sheet and plate), then artificially 

aged. 

 As the mil certificate indicated the material passed all required testing under DEF 

STAN 95-31 and would have met the requirements of the following assessments: 

 Ballistic Assessment 

 Mechanical Properties 

 Chemical Composition 
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 Weldability 

 Long Transverse Stress Corrosion Resistance 

 Short Transverse Stress Corrosion Resistance 

3.2 Sample Preparation 

AA7017-T651 samples were mounted in epoxy and polished to a 1 μm diamond finish 

in non-aqueous media, Struers DP-Lubricant yellow. 

3.3 Characterization Techniques 

3.3.1 Metallographic Etching 

3.3.1.1 Keller’s Etch 

Metallographic preparation was performed on three orthogonal orientations by 

sectioning then polishing to a 1 μm finish with a diamond suspension using an alcohol based 

lubricant. Etching was performed using Keller’s reagent, 1 HF:1.5 HCl:2.5 HNO3:95 H2O, by 

volume. 

3.3.2 Optical microscopy 

Optical images were taken using a Carl Zeiss Axioplan microscope fitted with a 

selection of lenses of varying magnification. The camera and software are supplied by 

Struers. 

3.3.3 Scanning Electron Microscopy 

Secondary electron and backscatter electron images were taken using a Leo 1450-VP 

scanning electron microscope (SEM). 
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3.3.4 Energy-Dispersive X-Ray Spectroscopy (EDX) 

EDX measurements were taken using a Leo 1450-VP scanning electron microscope 

(SEM) equipped with an Oxford Instruments Inca X-act, at a working distance of 15mm and 

at 20 kV. Figure 15 shows the through thickness composition of AA7017-T651 plate as 

measured using a 1 mm area EDX scan at 1 mm intervals. 

3.3.5 Wavelength dispersive X-Ray Spectroscopy (WDX) 

 WDX measurements were taking at the University of Birmingham Centre for Electron 

Microscopy on a JEOL 7000F fitted with Wave WDS. 

3.3.6 Micro Hardness Testing 

Vickers micro hardness testing was conducted with a 15 second dwell time and a mass 

of 300g. 

3.4 Solution Preparation 

All solutions were made fresh on a daily basis and fresh solution was used in each 

experiment. Solution pH was measured regularly with a calibrated pH probe and pH adjusted 

with dilute HCl(aq). Salinity was adjusted through addition of NaCl(s) only. Where 0.5 M NaCl 

solutions with pH adjusted to 3.56 are used, this chemistry was chosen to match that of the 

work done by Meng and co-workers in order for results to be directly comparable. 

Reproducibility of Meng values was confirmed through parallel testing of AA7075-T6 (19). 

3.5 Electrochemical Testing 

3.5.1 Polarization Experiments 

Electrochemical polarization measurements were performed on samples ground to 

1200 grit just prior to testing. The tests were conducted at room temperature in flat cells 
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with an exposure area of 1cm2. The electrolyte solution used was 0.5M NaCl solution pH 

adjusted to pH 3.56 by the addition of HCl. The solution was sparged with Ar to reduce the 

corrosion potential and allow clear observation of the breakdown potential. Measurements 

were made using an ACM Gill AC potentiostat. A Pt counter electrode and a Ag/AgCl 

reference electrode were used. The scan rate was 0.2 mV/s. The corrosion morphologies and 

surfaces were examined metallographically after exposure to determine the nature of the 

attack. 

3.5.2 Open Circuit Potential (OCP) Measurements 

OCP measurements were performed on samples ground to 1200 grit just prior to 

testing. The tests were conducted at room temperature in flat cells with an exposure area of 

1cm2. The electrolyte solution used was 0.5M NaCl solution pH adjusted to pH 3.56 by the 

addition of HCl. The solution was open to the air. Measurements were made using an ACM 

Gill AC potentiostat. A Pt counter electrode and a Ag/AgCl reference electrode were used. 

The corrosion morphologies and surfaces were examined metallographically after exposure 

to determine the nature of the attack. 
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3.6 Reproducibility and statistical significance 

Reproducibility was of upmost importance during experimentation, therefore many 

repeat experiments were made. All values given are either averages, and will have 

associated error bars, or will have been repeated a minimum of three times and found to be 

consistent. 

Plots of electrochemical data is chosen to be representative of a minimum of 5 

measurements and any values taken from them are the average of all 5 or more plots with 

percentage error given. 

Micrographs were also chosen to be representative of the surfaces and features 

encountered. 

Errors bars were scrutinised to determine if the found variations in results could be 

deemed to be within accepted known variation and therefore systematic errors discovered.



Chapter 4. Corrosion Characterisation of AA7017-T651 

45 

4 MICROSTRUCTURAL AND CORROSION CHARACTERISATION OF 
AA7017-T651 

4.1 Introduction 

In this chapter the microstructural and chemical characteristics of the as-received 

AA7017-T651 material will first be identified. This is for two reasons, firstly to confirm the 

provenance of the material and secondly to establish the microstructural features of the 

alloy as there is no known published literature specific to the microstructure of 

AA7017-T651. The corrosion behaviour will then be studied and compared the work of Meng 

(15, 19) on the influence of Cu in the corrosion behaviour of 7xxx series alloys. Various 

electrochemical techniques such as open circuit measurement and potentiodynamic 

polarisation will be employed along with surface analysis and microscopy. The corrosion 

behaviour will then be associated to the microstructure that was identified. 

4.2 Microstructural characterisation 

4.2.1 Grain structure 

Figure 13 depicts the orthogonal metallographic microstructure of AA7017-T651 in 

the T651 condition. The alloy has an elongated grain structure in the direction of rolling; this 

is produced through the cold rolling and stretching defined by the Tx51 temper regimen. 

Keller’s reagent was used to develop the grain boundaries. Although the grain structure was 

made clear by the etching the grain boundaries were not fully developed due to the alloying 

element Zr which retards the recrystallization of the alloy favouring a fibrous or lamellar 

grain structure with poorly defined grain boundaries. (A different etch chemistry and varying 

etch times were tried to achieve better results these are shown in Appendix 6.1). 
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Figure 13 Microstructure of three orthogonal sections of AA7017 - T651, the diagram (bottom right) depicts 
how each image (a), (b) or (c) corresponds to regarding the rolling direction. The surfaces have been etched 
in Keller’s reagent for 30s. 

4.2.2 Through thickness variation 

Plate homogeneity was of upmost concern to maintain consistent results under 

corrosion testing. The plate supplied was relatively thick (30mm); therefore through 

thickness variation was a possibility. Visual inspection via optical microscope and statistical 

analysis of constituent particle distribution was conducted; no through thickness variation 

was found. Through thickness hardness testing was also conducted to assess if there was a 

variation in strengthening precipitates, which would not be resolvable through microscope 

inspection. The results of these tests are shown in Figure 14, again no significant variation 

was found. 
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Figure 14. Mean average of three Vicker’s micro hardness measurements taklen through the thickness of 
AA7017-T651 plate. 

Compositional through thickness variation was also conducted using EDX and 

wavelength-dispersive X-ray spectroscopy (WDX); no variation was found using EDX, which is 

suitable for measuring the higher weight percentage alloying elements such as Zn and Mg 

(Figure 15). Three of the slowest diffusing lower weight percentage alloying elements, Mn, 

Cr and Zr, were then tested at different points through the plate using WDX. Slowest 

diffusing as these would be the most likely segregated. WDX of these elements also showed 

no significant variation, see Figure 16. 
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Figure 15. Composition of alloying elements in AA7017-T651 as measured by EDX at 1 mm intervals across 
the thickness of the plate. 
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Figure 16. WDX measurements of the matrix composition of Mn, Cr and Zr at different depths within a 
sample of AA7017-T65151 plate. Error bars indicate the range of 5 repeat measurements taken at each 
depth. 

4.2.3 Coarse Intermetallic Particle Identification 

A SEM equipped with EDX was used to identify the coarse intermetallic particles 

present in the alloy. Figure 17 and Figure 18 show the general distribution of the coarse 

intermetallic particles. The sizes of the particles was in the region of 1-40 µm and so were 

often too small avoid signal contamination from the matrix surrounding them. Therefore 

analysis of large numbers of particles was conducted and then plotted to find the trend in 

their composition (Figure 19, Figure 20 & Figure 21). Fifty point analysis measurements were 

made for each type of particle. Three types of particle were identified. 
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Figure 17. SEM backscatter images depicting representative distributions of coarse intermetallic particles in 
AA7017-T651 in three orthogonal directions at two magnifications. 

 

Figure 18. SEM backscatter image of the long transverse section of AA7017-T651 showing general 
distribution of coarse intermetallic particles. 
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Figure 19. Scatter plot showing composition of Al verses the composition of all other elements present in 
Al6(Fe, Mn) containing particles. The composition was determined using point analysis EDX. The green point 
shows the background composition of these elements. 

 

Figure 20. Scatter plot showing composition of Si verses Mg present in Mg2Si containing particles. The 
composition was determined using point analysis EDX. The green point shows the background composition 
of these elements. 
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Figure 21. Scatter plot showing composition of Al verses Zr + Ti present in Al3(Zr, Ti) containing particles. The 
composition was determined using point analysis EDX. The green point shows the background composition 
of these elements. 

Al6(Fe, Mn) particles 

Figure 22 shows the typical morphology of the Al6(Fe, Mn) constituents found in this 

alloy. These constituents were typically found in clusters generally aligned in the rolling 

direction of the plate. The shape of the individual particles was random, but fairly angular 

with a wide variation in size, from 2-20μm. The number of Al6(Fe, Mn) particles were 

counted and found to be ~650 per mm2 ± 100. The silicon content of these particles was 

regularly ~5 at% or greater. 

 

Figure 22. Backscattered Scanning Electron Microscope (SEM) image of AA7017- T651 in longitudinal section. 
Al6(Fe, Mn) particles can be seen in white. 

Mg2Si particles 
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The dark particles in Figure 23 show the typical morphology of the Mg2Si particles. 

They are generally found in small clusters containing 1-5 discrete particles. These particles 

are typically more rounded in shape than the other two constituent particle types, but can 

be found in groups of particles apparently fractured from one single particle. They are 

typically 1-20 μm in size. The number of Mg2Si particles were counted and found to be 

~110 per mm2 +/- 30. 

 

Figure 23. Backscattered Scanning Electron Microscope (SEM) image of AA7017 – T651 in longitudinal 
section. The dark particles are Mg2Si. 

Al3(Zr, Ti) particles 

By far the least common particle type are the Al3(Zr, Ti) constituents, typically 

~1.5 per mm2 ± 1 of sectioned material. These are found in small clusters of highly angular 

plate like particles or fractured plate like particles. The plates are typically 5-10 μm in width 

and <40 μm in length, Figure 24 shows a typical example. Point EDX showed the composition 

of Zr to be ~20 at% ±1% and the composition of Ti ~5 at% ± 1%. Fortier et al. also found 

these particles to be present in AA7046 an alloy of similar composition to AA7017-T651 (17). 

Zr is added to these alloys to act as a grain refiner and retard recrystallization through 

forming fine dispersoids of Al3Zr, however these particles are far too large in size to be 

performing this role. It is expected that these particles have formed in solidification and have 

been partially broken up during rolling.  
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Figure 24. Backscattered Scanning Electron Microscope (SEM) image of AA7017- T651 in longitudinal section. 
Al3(Zr, Ti) particles can be seen in white. 
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4.3 Corrosion Characterisation 

4.3.1 Sort Term Exposure to High Cl- Concentration Solution  

Figure 25 shows images of the three known particles found in AA7017-T651 before 

and after exposure to 5 wt% NaCl aerated solution (~1 M) at room temperature for 90 

minutes. Multiple (<10) particles were examined before and after using point id EDX analysis 

on one sample and these particles were chosen at random for inclusion in this thesis. The 

Mg2Si particles had a marked drop in Mg concentration upon point analysis with EDX, 

however Si concentrations generally stayed the same or only slightly lower. The sites where 

the Mg2Si particles were identified generally resembled a void under secondary electron 

SEM observation. These observations would be consistent with anodic dissolution of the 

particles and/or the dealloying of the particles of Mg, leaving behind a Si rich remnant. 

Both the Al6(Fe, Mn) and Al3(Zr, Ti) particles display cathodic grooving around their 

circumference. This is typical of cathodic activity as the local drop in pH causes instability of 

the passive film and the dissolution of the local matrix material. The grooving around some 

of the particles was not uniform on all sides, this can be seen in the image of the Al3(Zr, Ti). 

There are two possible reasons for this: 

1. There are marked inhomogeneities in the composition of the particle/matrix which 

make certain areas more cathodic than others, or  

2. The test was so rapid that there was not time for the groove to grow to all sides of 

the particle, as there will always be minor inhomogeneities in the particle composition that 

will allow cathodic activity to begin in one place first over another. 
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It is also possible that grooving in those areas of the particles could be enhanced by 

the geometry of the particle, causing increased cathodic activity or occlusion for the 

concentration of low pH. Due to the resolution limits in EDX technique, it is not possible to 

identify any compositional variation in the particles. 

 

 

 

Figure 25. Before and after SEM backscattered electron images of  the three particle types found in 
AA7017-T651 in longitudinal section. Showing before and after immersion in 5wt% NaCl solution for 90 min 
at room temperature. 
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4.3.2 Longer Exposure to Lower Cl- Concentration solution 

In this test polished samples were exposed to 0.1 M NaCl solution at room 

temperature for initially 16 hours (Figure 26) which showed little attack except around the 

cathodically active particles. Therefore a longer duration of 40 hours was chosen for further 

testing. The three orthogonal sections after immersion can be seen in Figure 27, it can be 

noted that the surface discolouration in the longitudinal direction is different to that of the 

longitudinal transverse and the short transverse. The long transverse section after 

immersion is shown in Figure 28, corrosion product can be seen around the Al6(Fe, Mn) and 

Al3(Zr, Ti) particles but not the Mg2Si particles. Unknown surface deposits were seen and are 

indicated by white arrows, these deposits were ubiquitous and not apparently associated 

with any microstructural features. EDX analysis could not find any measurable chemical 

identity to these deposits; this could be due to the lack of a great enough interaction 

volume, the composition being the same as the bulk matrix, or due to them being formed 

substantially of the lighter elements undetectable by EDX.  

The samples were then cleaned of corrosion product by immersing in concentrated 

nitric acid for 20s. Figure 29 shows an SEM image of the surface at 30° to the normal. It can 

be seen that after this time cathodic grooving has progressed to such an extent as to 

undermine the Al6(Fe, Mn) coarse intermetallics, which have then subsequently fallen out of 

the surface. This also occurs with the Si rich remnants of the Mg2Si particles. 
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Figure 26. Microscope images of polished longitudinal face of AA7017-T651 after immersion in 0.1 M NaCl 
solution for 16 hours at room temperature. Various magnifications are shown and labelled. 

 

 

Figure 27. Stitched microscope images of three orthogonal faces of AA7017-T651 after exposure to 0.1 M 
NaCl solution for 40 hours. Longitudinal face (L), long transverse (LT) face and short transverse (ST) sections 
are labelled. Red line indicates where samples were sectioned. 
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Figure 28. SEM backscattered electron images of long transverse section of AA7017-T651 after 40 hours 
immersion in 0.1 M NaCl solution at room temperature. Three magnifications are given and are labelled, 
100x, 250x and 500x. White arrows indicate unknown surface deposits. 



Chapter 4. Corrosion Characterisation of AA7017-T651 

60 

 

Figure 29. SEM micrograph taken at 30° from the normal, depicting the surface of a AA7017-T651 sample in 
longitudinal section after exposure to a 0.1 M NaCl solution at room temperature for 40 hours, nitric acid 
cleaned. 

Figure 30 shows image of the surface at 30° to the normal of the same sample as in 

Figure 29. These are images representative of the Al3(Zr, Ti) coarse intermetallics. They also 

show cathodic grooving however the particles are large enough to remain embedded in the 

surface after this length of exposure. 

Figure 31 is of the same sample as depicted in Figure 29 and Figure 30. It shows the 

morphology of the cathodic grove interiors. The cathodic grooving is typically shallow and 

open. This form of attack would not lead to the occluded environment required for 

sustained localised attack. As the solution surrounding the pit is free to diffuse into the grove 

and neutralise any acidity caused by later anodic activity within the grove. The same goes for 

the increased concentration of Cl- ions within a pit typical of localised corrosion.  
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Figure 30. Images of increasing magnification depicting a AA7017-T651 surface in longitudinal section after 
exposure to a 0.1 M NaCl solution for 40 hours. a) Optical micrograph showing a Al3(Zr, Ti) coarse 
intermetallic at the centre. b) and c) SEM micrographs taken at increasing magnifications of the same 
intermetallic. 

 

Figure 31. Cross section SEM micrograph taken at 30° from the normal to the longitudinal (L) section of 
sample shown in Figure 29, depicting the surface of a AA7017-T651 sample after exposure to a 0.1 M NaCl 
solution at room temperature for 40 hours, short transverse plane labelled (ST). 
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4.3.3 Electrochemistry 

4.3.3.1 Anodic Polarisation 

Anodic polarisation measurements were made of AA7017-T651, these are plotted in 

Figure 32 along with the curves taken from Meng (19). They show that AA7017-T651 has two 

breakdown potentials, E1 and E2, similar to that found by Meng for other Cu containing 7xxx 

series alloys (19). AA7017-T651 fits with the pattern observed by Meng (19), in that Cu 

content will dictate the corrosion potential of the material. E1 for AA7017-T651 being -840 

mV (Ag/AgCl) and E2 being -760 mV (Ag/AgCl), where , E1 is associated with the dissolution of 

an active surface layer and, E2 is the actual breakdown potential of the bulk material. 

 

Figure 32. Anodic polarisation curves for AA7017-T651, AA7039-T6 and AA7017-T651 in deaerated 0.5 M 
NaCl, pH 3.56 with a scan rate of 0.2 mV/s. (Dashed lines are taken from data from Meng (19).) 
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Figure 33. SEM image of AA7017-T651 in the short transverse section surface after polarisation beyond the E1 
breakdown potential. 

 Between E1 and E2 the morphology of the surface attack found was as shown above in 

Figure 33. The surface showed angular facets where material had been removed through 

corrosion. These features are on the scale of sub-grains and so it is thought they indicate 

selective sub-grain attack and dissolution beyond the first breakdown potential of the 

material. 
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4.3.3.2 Open Circuit Conditions 

Figure 34 shows the open circuit potential of AA7017-T651 over the initial 1000 

seconds of exposure, compared to the values by Meng et al. for three other 7xxx series 

alloys (19). The rest potential of AA7017-T651 is consistent with the findings of Meng et al., 

that increasing Cu content influences the open circuit behaviour negatively (19). The open 

circuit potential for AA7017-T651 is close to that of AA7039, which has a similar Cu content 

and fits the pattern of increased Cu content relating to increased corrosion potential. This 

suggests that Cu content also dominates the corrosion potential of AA7017-T651 over the 

transient initial corrosion of the modified surface layer. 

 

Figure 34. Open circuit potential measurements of initial exposure of AA7017-T651 to deaerated 0.5 M NaCl 
solution adjusted to pH 3.56, compared with data from Meng et al. under the same conditions. (19) 
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Longer term open circuit measurements were taken under the same conditions. 

These are shown in Figure 35, which also plots the results found by Meng (19). It can be seen 

that for the first 48 hours AA7017-T651 behaves similarly to the alloy of similar Cu content 

AA7039-T6. Meng states that an alloy of this low Cu content cannot sustain localised 

corrosion and so as seen in Figure 35, the OCP drops to a very low value (-1050 mV). Figure 

35 shows that AA7017-T651 maintains a high OCP value over the entire week; this suggests 

that AA7017-T651 is more susceptible to free corrosion than AA7039-T6. The form of attack 

on the surface of the long term open circuit samples can be seen in the SEM image in Figure 

36. This shows suspected selective sub-grain attack very similar to that shown beyond the E2 

breakdown potential as see in Figure 33, which is supported by the OCP shown in Figure 35 

being between the E1 and E2 potentials. 

 

Figure 35. Long term open circuit potential measurements of a AA7017-T651 sample exposed to 0.5 M NaCl 
solution pH adjusted to 3.56, at room temperature and open to the air, plotted against Meng et al. data. (19) 
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Figure 36. Secondary electron image of the surface of a sample of AA7017-T651 in the short transverse 
section exposed to 0.5 M NaCl solution pH adjusted to 3.56 for 336 hours. 

 

4.3.4 Discussion 

As covered in the literature review, it has been shown that the nature of the 

intermetallic particles found in an alloy can have a strong influence on the corrosion 

characteristics. With this in mind microstructural characterisation was conducted. Point EDX 

has shown that this alloy contains three coarse intermetallic particles, Al6(Fe, Mn), Mg2Si and 

Al3(Zr, Ti). This tells us that the Cu levels were not sufficient for Cu containing coarse 

intermetallic particles to develop. This is important as Cu containing intermetallics are 

suspected to lead to Cu enrichment on the surface, eventually leading to localised corrosion. 

Short exposures to high chloride concentration aerated solution gave an indication 

as to the electrochemical nature of the coarse intermetallics. The Al6(Fe, Mn) and Al3(Zr, Ti) 

particles displayed cathodic grooving in the surrounding matrix and stayed intact after 



Chapter 4. Corrosion Characterisation of AA7017-T651 

67 

exposure, meaning they are likely noble relative to the matrix. Whereas the Mg2Si 

constituent particles were found to leave what appeared to be a void in the surface after 

exposure. EDX analysis of the location previously occupied by the Mg2Si particles showed a 

strong Si signal. This is most likely due to Mg dealloying from the particle leaving a Si rich 

sponge remnant as has been observed by others (67, 69-74).  None of the samples showed 

signs pitting or IGC at either the cathodic or anodic particle sites. 

Long term exposure to a less concentrated aerated salt solution of 40 hours was 

conducted to attempt to develop some sustained localised corrosion. Visual inspection of 

both the surface and cross-sections in all three orthogonal directions showed no evidence of 

pitting or IGC at any point on the surface including the coarse intermetallic particles. In most 

instances the Al6(Fe, Mn) intermetallic particles had experienced such great cathodic 

grooving as to free the particle of the matrix. The far rarer Al3Zr particles however remained 

imbedded in the surface, most likely due to their far greater size requiring a greater amount 

of alkaline attack to undermine them.  

As it was found to be difficult to achieve substantial attack of the alloy, 

electrochemical investigations were conducted. It was suspected that Cu would play a key 

role in the corrosion behaviour the results were compared with those of Meng (15), where 

the measurement of a range of 7xxx series alloys of various Cu content was made. To make 

sure that the results obtained were accurately reproducing those gathered by Meng an 

AA7075-T6 sample was also tested in parallel and compared with his results for the same 

material (15).  
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In the as-polished state AA7017-T651 shows two breakdown potentials which 

follow the observations of others (19) and the mechanism proposed by of Zhijun (78). This is 

due to the presence of a modified surface layer formed on polishing. Meng et al. (19) 

showed a link between Cu content and the presence of this transient first breakdown, with 

the exception of the low copper alloy AA7004-T6 not demonstrating this behaviour. It was 

therefore chosen to establish if an active surface layer as was also present in AA7017. Figure 

32 shows the results of Meng compared to those gathered for AA7017-T651 (19). It can be 

seen that AA7017-T651 fits where would be predicted for its Cu content and also displays 

the two distinct breakdown potentials, E1 and E2, consistent with the dissolution of an active 

surface layer followed by the breakdown potential of the bulk alloy. This gave confidence 

that Cu too plays a key role in the corrosion characteristics of this alloy. 

Further confidence that the findings of Meng (19) were consistent with 

AA7017-T651 was found in the OCP of the first 1000 seconds of exposure to the solution, 

Figure 34. Here too the pattern of increased Cu content relating to increased corrosion 

potential is maintained. This suggests that Cu content also dominates the corrosion potential 

of AA7017-T651 under deaerated conditions. 

Of most interest were the long term OCP measurements with aerated solution 

that show AA7017-T651 exhibits corrosion behaviour more akin to that of the high Cu 

content 7xxx series alloys. Figure 35 shows this relationship, where the initially high 

corrosion potentials of the low Cu AA7004-T6 and AA7039-T6 drop after several days to 

much lower potentials, whereas AA7017-T651 and the high copper non-weldable alloys 

maintain this high corrosion potential. Meng explains the relationship of increasing corrosion 
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potential with increasing Cu content as being connected through the Cu enrichment and 

redistribution theory (19). Stating that the sharp contrast in the sustained corrosion 

potential in the intermediate and high Cu alloys is likely the result of the enhanced oxygen 

reduction reactions associated with redistributed Cu on the surface. This does not however 

satisfactorily explain why there is such a dramatic difference between the low Cu alloys and 

the others and why the relationship is not linear. If Cu content is the major contributing 

factor in maintaining a high corrosion potential then the amount found in AA7017-T651 

must be sufficient to redeposit on the surface to maintain the cathodic reduction reactions. 

These findings however shed further light on the precise mechanism of Cu 

enrichment and redistribution as there is no Cu rich coarse intermetallics found in 

AA7017-T651. This means that only Cu dealloyed from the matrix would be able to be 

explained as present for enrichment and must be sufficient at the early stages of surface 

dissolution to maintain the high potentials initially achieved through the dissolution of the 

active surface layer. 

Further work will need to be conducted to confirm the presence of enriched and 

redistributed Cu on the surface of AA7017-T651 through X-ray Photoelectron Spectroscopy 

(XPS).  

Figure 36 shows the nature of attack after exposure to free corrosion condition of 

2 weeks. There appears to be selective crystallographic attack of the subgrains. This is of 

interest in helping to characterise the nature of attack under free corrosion conditions. Even 

with a sustained corrosion potential close to that of the second breakdown potential for 

AA7017-T651 there was little localised corrosion found other than this subgrain attack. This 
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is contrary to the electrochemical data. Further work will be needed to explain these 

findings. 
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5 SUMMARY AND CONCLUSIONS 

5.1 Summary and Conclusions 

The focus of this work is the aluminium alloy AA7017-T651. It has a low Cu level of 0.2 wt% 

to aid with weldability. Cu levels in the 7xxx series alloys are of key importance to their 

corrosion behaviour and typically range from essentially Cu-free up to 2 wt%. Most work 

reported in the literature has focused on the high Cu alloys such as AA7075 where Cu 

enrichment and redistribution plays a key role in localised corrosion. 

Although the Cu levels in AA7017-T651 are low in the 7xxx series they are some of the 

highest found in the weldable grades. OCP measurements were taken in aerated solutions to 

ascertain the corrosion behaviour of AA7017-T651 relative to the other 7xxx series alloys. 

Typically low Cu weldable 7xxx series alloys show an initially high OCP that corresponds to 

the dissolution of an active surface layer. The corrosion potential then drops after several 

days and little localised corrosion is found in these alloys. In high Cu 7xxx series alloys the 

corrosion potential is maintained at the initially high levels and this is due to Cu enrichment 

and redistribution leading to sustained localised corrosion. In this work it was found that 

AA7017-T651, although a weldable Cu alloy behaves in a similar manner to the high Cu 7xxx 

series alloys and maintains a high OCP after the dissolution of the active surface layer. It 

follows therefore that 0.2 wt% Cu is beyond that required for sustained localized corrosion 

in 7xxx series alloys, excluding any unknown contributing factors in AA7017-T651. 
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The microstructure of AA7017-T651 was also characterised as this information could not be 

found in the known literature. It was found that AA7017-T651 contained a fully 

non-recrystallized grain structure containing three main constituent particles. In order of 

prevalence, Al6(Fe, Mn), Mg2Si and Al3(Zr, Ti) particles were found. As is found in other 7xxx 

series alloys the Mg2Si constituents behaved anodically and the Al6(Fe, Mn) and Al3(Zr, Ti) 

constituents cathodically in relation to the matrix. These three types of particle were found 

to be uniformly spread throughout the plate when surveyed in the three orthogonal 

directions and had distinguishing distribution and morphology. Surprisingly none of the 

three types of intermetallic particles found in this alloy contain copper, which is identified as 

the key contributing factor in sustained higher corrosion potentials in higher copper 7xxx 

series alloys which display copper enrichment and redistribution (section 2.2.3.3.). The 

mechanism by which this is occurring should be the subject of further work. 
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6 APPENDIX 

6.1 Experiments in developing AA7017-T651 using Keller’s reagent 

Figure A1 shows progressively longer exposure of AA7017-T651 to Keller’s reagent in order 

to ascertain the optimum etch time and develop clear grain boundaries. Clear grain 

boundaries could not be developed due to the non-recrystralised microstructure. 

 

Figure A1. Microstructure of AA7017-T651 in longitudinal section after being etched in Keller's reagent for 
varying amounts of time, (a) No etch (as polished), (b) 10s etch, (c) 30s etch, (d) 45s etch, (e) 75s etch, (f) 
120s etch. 
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