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Abstract 

  

 A detailed microstructural investigation into possible metallurgical culprits of 

stress corrosion cracking (SCC) of Al-Li-Cu alloy AA2096 was carried out as a 

function of isothermal aging time at 160°C. Two tempers were analysed for this 

study: under-aged at 4 hours (UA4) and under-aged at 12 hours (UA12).  

 

 Transmission electron microscopy (TEM) was used to document T1 (Al2CuLi) 

precipitation near to and on low and high angle misorientation grain boundaries. The 

low-angle grain boundaries of the UA4 temper exhibited a fine, near continuous 

decoration of T1 precipitates and a narrow, but distinct T1 precipitate free zone (PFZ) 

adjacent to the boundary. The high angle boundaries of the UA4 temper either showed 

no grain boundary T1 precipitation, or contained a single, large T1 precipitate that 

grew along the boundary causing it to pucker. The low-angle boundaries of the UA12 

temper exhibited no such PFZ, with no greater T1 precipitation than observed in the 

grain matrix. 

 

An energy dispersive X-ray (EDX) study was conducted to investigate the 

possible occurrence of copper solute depletion across grain boundaries. In the UA4 

temper, the low-angle grain boundaries exhibited a distinct copped depleted zone that 

corresponded with the PFZ observed.  
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1. INTRODUCTION 

 

1.1. Background 

Over several decades rising fuels costs have driven the aerospace industry to 

constantly re-evaluate the materials used in modern air frames. In light of recent 

environmental concerns with CO2 emissions, reducing the weight of air frames in the 

interest of fuel efficiency is of primary concern. While some manufacturers have 

increased interest in carbon fibre composite designs, there is still a great deal of work 

being carried out to improve current super-alloys by increasing strength and 

toughness while reducing overall density/weight.  

 

It is widely accepted that the addition of lithium to modern Al-Cu alloys gives 

rise to a 3% decrease in density, while increasing the Young’s modulus by up to 6% 

(for lithium additions up to 4%) 
[2, 3]

. This factor, coupled with the high strength and 

toughness of Al-Cu alloys, makes the system commercially attractive. However, a 

significant concern has been raised in the form of intergranular stress corrosion 

cracking (IGSCC). SCC can lead to catastrophic and sudden failure of engineering 

components. Microscopic cracks develop under certain conditions, leaving otherwise 

ductile metals very brittle. Cracks initiate and propagate at very slow rates, typically 

of the order of 10
-9

 to 10
-6

 m.s
-1

. These cracks continue to grow until the fracture 

strength of the metal is exceeded. For SCC to occur three criteria must be met: a 

susceptible microstructure, a tensile stress, applied or residual and a corrosive 

environment.  
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1.2. Literature Review 

1.2.1. History 

Aluminium alloys with additions of lithium have been in development since 

the early 1920’s. Scleron, a Al-Zn-Cu-Li alloy, was developed in Germany in 1924 

[6]
 and more notably, Alloy 2020, an Al-Cu-Li alloy that was first developed in the 

United States in the 1950’s by Alcoa 
[6, 7]

. For both alloys the considerable reduction 

in density achieved with additions of lithium was the primary driving force for 

development. It was later realised that lithium also offered a significant increase in 

the Young’s modulus of the alloy system. Sankaran and Grant 
[8] 

went on to conclude 

that with each weight percent addition of lithium to the Al-Cu alloys (2XXX series) a 

corresponding decrease in density of 3% and an increase in modulus of 6% were 

observed for lithium additions of up to 4%.  

 

Although the potential of the Al-Cu-Li-X system was recognised in the early 

1940’s by LeBaron 
[9]

, working for Alcoa, it was quickly overshadowed by the 

introduction of an Al-Zn-Mg-Cu alloy system (7075). It wasn’t until the mid 1950’s 

that Hardy and Silcock 
[10, 11]

 picked up interest in the Al-Cu-Li system with their 

investigations into phase equilibria and tensile properties. By 1957 Alcoa had 

released their Al-Cu-Li-Mn-Cd alloy, X-2020 
[7]

. Not only did the high tensile 

properties of X-2020 stand out, but it also offered good resistance to stress corrosion 

cracking. The alloy was used for the wing skins of the US Navy’s supersonic 

‘Vigilante’ fighter – bomber (RA-5C) and marked the first commercial application of 

an Al-Cu-Li-X alloy. However, alloy X-2020 was plagued with poor fracture 

behaviour issues and occurrences of stress corrosion cracking which sparked further 
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research to understand the microstructure and precipitation reactions within Al-Cu-

Li-X systems as well as their response to cold work and aging treatments 
[12]

.   

 

1.2.2. Microstructure 

The physical metallurgy of Al-Li-Cu alloys is very complex with many forms 

and chemistries of precipitating particles. Figure 1.1. shows the phase diagrams for 

the binary Al-Cu and the ternary Al-Cu-Li alloys 
[1]

. Figure 1.2. shows the possible 

composition relationships for Al-Li-X alloys
[4]

. Huang and Ardell 
[13]

 showed that Al-

Li-Cu-X alloys were strengthened primarily by incoherent T1 (Al2CuLi) precipitation. 

T1 is known to precipitate heterogeneously at dislocations and grain boundaries in 

2090 type alloys and to lie on a {111}a habit plane 
[14]

. Lithium provides precipitation 

strengthening to aluminium alloys by a homogenous distribution of coherent, 

spherical δ’ (Al3Li). Equilibrium phase δ (AlLi) forms mainly at grain boundaries 
[7]

 

and can lead to void nucleation and intergranular fracture 
[15]

. With small additions of 

zirconium, precipitation of β’ is possible. β’ is a spherical, coherent L12 structure like 

δ’. The fine β’ particles act to pin grain boundary movement, thereby resisting grain 

growth 
[16]

. β’ particles also act as preferential nucleation sites for δ’. The S phase, 

lying on a {210} habit plane, is considered to be semi-coherent and lath-shaped. The 

S’ phase is nearly identical in structure, but with marginally different lattice 

parameters 
(14)

. This has led many authors to make no distinction between the two 

phases. S’(S) phases can form by heterogeneous nucleation from vacancy loops, by 

heterogeneous nucleation on dislocations, and by transformation of, or nucleation on, 

the intermediate precipitate S” 
[17]

. The binary θ’ (Al2Cu) phase has a {100} habit 

plane and can also form preferentially on β’ dispersoids throughout the matrix. θ’ 
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Table 1.1. Description of major precipitate phases in Al-Li-Cu-X alloys 

formation is affected by the Li:Cu ratio. Preferential formation of T1, T2 (Al6CuLi3) 

and TB (Al7.5Cu4Li) is at the expense of θ’ 
[18]

. Silcock suggested that Li could be 

incorporated into θ’ at longer aging times, leading to TB precipitates forming along 

grain boundaries 
[5]

. With over-aging, the T2 phase starts to nucleate at grain 

boundaries.  

 

In terms of localised corrosion the primary precipitates of interest are the T 

family and S phase. These precipitates have been shown to be electrochemically 

active compared to an Al-Cu matrix. The extent of activity and the extent and form of 

precipitation (e.g., continuous decoration along a grain boundary) may dictate the 

susceptibility of the alloy to preferential grain boundary dissolution. It should be 

noted that there may be differences in electrochemical activity within the T family. 

Due to the increased lithium content, the T2 particle has a high electrochemical 

activity, leading to a higher dissolution rate than T1 and TB 
[19, 20]

. The various 

possible phases are discussed in further detail in the following sections.  

 

 

 

 

 

Precipitate Structure Form Habit Plane References 

δ’ (Al3Li) FCC Sphere N/A [2, 21] 

θ’ (Al2Cu) Tetragonal Disc {100} [22] 

T1 (Al2CuLi) Hexagonal Plate {111} [10] 

S’ (Al2CuMg) Orthorhombic Lath {210} [23] 

Ω (Al2Cu) Orthorhombic Plate {111} [22] 

β’ (Al3Zr) FCC Sphere N/A [14] 
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Figure 1.1. a) Aluminium corner of the Al-Cu binary phase diagram 
[1]

. b) 

Aluminium corner of the Al-Cu-Li phase diagram 
[5]
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Figure 1.2. A compilation of possible composition/phase relationships in Al-

Li based alloys 
[4]

. 
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1.2.2.1. δ/δ’ 

The pioneering X-ray studies of Silcock 
[5] 

showed the precipitation sequence 

of the binary Al-Li system to be: 

 α (supersaturated) →  δ’ (Al3Li) → δ (AlLi) 

The metastable δ’ phase has a L12 structure and forms homogenously throughout the 

matrix as spheres, possessing a cube-cube orientation with the matrix and a small 

misfit strain 
[5, 24, 25]

. δ’ occurs when Al-Li alloys containing more than 1% lithium 

are quenched from solution heat treatment at a temperature above the δ solvus and 

artificially aged at a temperature below the δ’ solvus 
[26]

. It is generally accepted that 

the mechanism of formation is by spinodal composition 
[27, 28]

, although Williams et 

al. disagree, speculating the mechanism to be homogenous nucleation 
[25]

. The δ’ 

precipitate has been shown to coarsen in line with Lifshitz-Wagner kinetics with the 

average radius increasing approximately t
1/3

 
[25, 29-32]

. As well as this coarsening, δ’ 

has also been observed to coarsen at defects such as dislocations 
(9)

 and grain 

boundaries 
[21]

.    

 

δ’ plays a role in the strengthening of Al-Li-X alloy systems. A study by 

Noble et al. 
[33] 

summarised the four possible models for the strengthening of Al-Li 

alloy systems by δ’:  

• Strengthening by dislocation pairs forming an anti-phase boundary. 

• Strengthening due to the difference in shear modulus between the matrix and 

precipitate.  

• Strengthening due to the misfit strain between precipitate and matrix 

• Strengthening due to shearing of the precipitate by moving dislocations.  
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The study calculated that strengthening due to the formation of an anti-phase 

boundary by dislocation pairs, was the dominant mechanism. However, in systems 

with lower lithium content, such as 2xxx type alloys, the volume fraction of δ’ will 

be much lower than in higher lithium content alloys. The strengthening contribution 

from δ’ in that case will be much less than other precipitates 
[16]

. Although δ’ 

formation plays a role in strengthening of Al-Li-X alloys, precipitation close to grain 

boundaries can have a negative effect on the ductility and toughness of the material. 

Due to the highly shearable nature of δ’ particles leading to increased planar slip, 

their formation can cause high stresses at grain boundaries through dislocation pile 

up reducing the overall fracture resistance 
[33, 34]

. 

 

Generally, at longer aging times, formation of the stable, equilibrium δ 

precipitate is possible. The δ precipitate has a BCC structure and is semi-coherent 

with the matrix. The δ phase has been observed to predominately precipitate 

heterogeneously at high-angle grain boundaries (>9º) 
[34, 35]

. However, Tosten et al. 

[36]
 also observed some δ precipitation at high angle boundaries in an Al-Li-Cu alloy 

in the underage condition as well as at low angle boundaries and within the matrix in 

the overage condition. The formation of the δ phase can lead to δ’ precipitate free 

zones (PFZs) 
[37]

, having a deleterious effect of on the fracture resistance of Al-Li 

and Al-Li-X alloys 
[38]

. δ’ PFZs have been shown to be areas of increased plasticity 

compared to the matrix, leading to void nucleation and intergranular fracture 
[15]

.  
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1.2.2.2. θ’  

 The Al-Li system becomes more complex with the addition of copper. The 

precipitation sequence has been summarised below 
[4, 5, 10]

:  

    → T1 (Al2CuLi) 

   → T2 (Al6CuLi3)   

α (supersaturated) → TB (Al7.5Cu4Li) 

     → δ’ (Al3Li) → δ (AlLi) 

    → GP zones → θ’’ → θ’ → θ (Al2Cu) 

 

The tetragonal θ’ has a disc morphology, with a {100} habit plane and nucleates 

heterogeneously at dislocations 
[39, 40]

. Silcock showed that cold work and small 

additions of cadmium (0.1%) produce a finer dispersion of small θ’ platelets in an 

Al-Li-Cu alloy 
[5, 41]

. However, Starke and Lin warned that cadmium could segregate 

to grain boundaries, enhancing crack propagation by lowering the surface energy 
[42]

. 

Studies have found that θ’ aids in the strengthening of aluminium alloy 2020 (Al-Cu-

Li-Cd) 
[41, 43]

. 

 

1.2.2.3. T1 

The ternary T1 phase (Al2CuLi) posses a hexagonal structure and forms as 

thin plates with a {111} habit plane 
[10]

. The precipitate primarily nucleates 

heterogeneously at G.P. zones, dislocations by a stacking fault mechanism and at 

sub-grain boundaries 
[44]

. With higher densities of T1, the formation of θ’ is inhibited 

by competition for available copper 
[45]

. With over-aging, T1 becomes the dominant 

precipitate in Al-Li-Cu-X alloys at the expense of θ’ and to some extent δ’ 
[18, 36]

. 



 - 10 - 

There is some disagreement as to the strengthening contribution of the T1 precipitate. 

Gregson and Flower believed that T1 was ineffective at breaking up strain 

localisation in Al-Li-Cu-X systems, therefore having little effect on strength 
[46]

. 

However, other authors 
[47, 48]

 state that the unshearable nature of T1 governs the 

yield strength in these alloys. To further complicate matters, Howe et al. observed T1 

plates being sheared by moving dislocations using high resolution transmission 

electron microscopy (HRTEM) 
[49]

. In this case, the strengthening mechanisms 

involved are believed to be chemical strengthening and Orowan strengthening 
[50]

.  

 

In Al-Li-Cu alloys, T1 is the dominant precipitate at low-angle boundaries in 

the underage tempers 
[35]

. In aluminium alloy 2096, Connolly observed heavy, nearly 

continuous T1 precipitation in the under-aged temper at low angle grain boundaries 

(5 – 13º) 
[20]

. A corresponding δ’ PFZ of approximately 25nm was observed at such 

boundaries. Higher angle boundaries (≥13º) were found to contain one or two very 

large T1 precipitates that puckered the grain boundary. No associated grain δ’ PFZs 

were observed in the vicinity of this type of grain boundary. With very low angle 

grain boundaries (≤3º) no greater precipitate density than the matrix and no 

associated δ’ PFZ was observed. These observations are in line with previous studies 

into the role of grain boundary precipitation of T1 
[35]

. 

 

1.2.2.4. T2/TB 

 The icosahedral T2 phase (Al6CuLi3) forms as long rods of lengths in the 

region of 0.2 – 1µm 
[51, 52]

. The precipitate forms throughout the matrix , but more 

notably at grain boundaries 
[51]

, following a {100} habit plane 
[53]

. The formation of 
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T2 is the subject of some disagreement. White et al. found T2 to form during 

quenching from solution heat treatment 
[54]

, while Cassada et al. found the phase to 

precipitate during isothermal aging above 150ºC.  

  

 In terms of localised corrosion the T2 is of particular interest. The extent and 

form of precipitation (e.g. continuous decoration along a grain boundary) may dictate 

the susceptibility of the alloy to preferential grain boundary dissolution. Due to the 

high lithium content, the T2 particle has a higher electrochemical activity, leading to 

a higher dissolution rate than either T1 or TB 
[19, 55]

. Rioja et al. 
[53]

 found that an 

applied deformation, prior to aging, refined the microstructure of Al-Li-Cu alloys. 

The study demonstrated that as the amount of deformation increased the volume 

fraction of T2 within the matrix also increased reducing the amount of T2 at the grain 

boundary. With the reduction of the highly reactive T2 precipitate in the vicinity of 

grain boundarie, overall fracture toughness is improved. Crooks and Starke 
[56]

 

suggested that a reduction in the aging time of Al-Li-Cu alloys would reduce the T2 

precipitate size thereby increasing the overall strength.  

 

 The cubic (FCC) TB phase (Al7Cu4Li) forms in rod-like shapes lying on a 

{311} habit plane 
[57]

. Silcock suggested longer aging times in Al-Li-Cu alloys 

promoted the formation of TB precipitates along grain boundaries 
[5]

. The formation 

of TB is at the expense of θ’ due to competition for available lithium. A study of 

aluminium alloy X2020 by Kang and Grant 
[43]

 found agreement with the observation 

that the formation of TB is due to the transformation of θ’ in the presence of lithium. 
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The study also concluded that the presence of TB aids in the strengthening of Al-Li-

Cu alloys.   

 

1.2.2.5. β’ 

The coherent β’ dispersoid (Al3Zr) forms as small additions of zirconium are 

introduced to the system. The particle has a spherical morphology, a L12 structure 

and forms throughout the matrix 
[16]

. Several studies have shown that β’ acts as a 

preferential nucleation site for δ’ 
[35, 58-60]

. With the β’ particle acting as a central 

core, the δ’ completely ‘wets’ the β’ dispersoid. A study by Galbraith et al. 
[60]

 

showed that the β’ particle can also act as a nucleation site for the θ’ and, to a lesser 

extent, the T1 precipitates.  

 

As the degree of recrystallisation and grain morphology can have a 

detrimental effect on the corrosion behaviour of Al-Li alloys 
[61]

, it is desirable to 

keep such recrystallisation under control. Several authors have reported that β’ acts 

to pin grain boundaries thereby retarding recrystallisation 
[2, 16, 45]

. In particular the 

study conducted by Starke and Sanders 
[2]

 showed that the microstructure of an Al-

Li-Cu-Zr alloy, containing β’ particles, was completely un-recrystallised after 

processing. Rystad and Ryum 
[62]

 speculated that as the recrystallisation front passes 

the β’ particle the matrix-precipitate interface changes to a semi-coherent form, 

imparting a high drag force and inhibiting the movement. Alternatively, Sanders and 

Starke have suggested that for the subgrain boundary to move, the β’ particle must 

completely dissolve and re-precipitate after the advancement of the front. The 
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suggestion is in agreement with experimental observations that require a very high 

recrystallisation temperature for zirconium-containing aluminium alloys 
[30]

.  

 

1.2.2.6. S/S’/S’’ 

 As magnesium is added to Al-Li-Cu-X alloys precipitation of the S/S’/S’’ 

phase occurs. The lath-shaped, semi-coherent S phase (Al2CuMg) lies on a {210} 

habit plane with a face centred orthorhombic structure 
[63]

. The S’ phase is nearly 

identical in structure but with marginally different lattice parameters. This has led 

many authors to make no distinction between the two phases. Indeed Reich et al. 
[64]

 

ruled out S’ as a distinct phase concluding that it was a continuous precursor to S 

phase formation. Additionally, Wang and Starink 
[65]

 proposed an additional FCC, 

coherent, aluminium-rich structure that forms early in the aging process known as S’’ 

(Al10Cu3Mg3). With this considered the proposed precipitation process for Al-Cu-Mg 

alloys is as follows: 

 

α (supersaturated) →   GPBzone   →   S’’   →   S’   →   S (Al2CuMg) 

 

 The S phase has been observed to nucleate heterogeneously at vacancy loops, 

dislocations and low angle grain boundaries or by transformation of the intermediate 

S’’ precipitate 
[17, 23, 66, 67]

. A slight stretch, prior to solution heat treatment, will 

introduce further dislocations aiding with the nucleation of heterogeneous S 

precipitates 
[23, 68]

. S’/S plays an important role in the strengthening of Al-Li-Cu-X 

alloys. Gregson et al. 
[67]

 found that the presence of S precipitates in an Al-Li-Cu-Zn-

Mg alloy promoted cross slip within the system which helped in the homogenising of 
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deformation behaviour and improved overall ductility. In a study by Starink et al. 
[68]

 

two types of S phase strengthening were discussed. In the earlier stages of aging, 

dispersion strengthening is provided by heterogeneously nucleated, non-shearable S 

phase precipitates. Upon further aging this process is impeded due to competition for 

the available copper and magnesium by homogeneously nucleated S phase 

precipitates. These shearable, homogeneously nucleated precipitates provide order 

strengthening and will become the dominant factor in the later stages of aging.  

 

1.2.2.7. Ω 

The Ω phase precipitate forms in thin plates on a {111} habit plane 
[22, 69, 70]

. 

Some controversy exists regarding the structure of the Ω precipitate. Proposed 

structures have included monoclinic 
[71]

, hexagonal 
[69]

, tetragonal 
[72, 73]

 and 

orthorhombic 
[22, 70]

. Later review work carried out by Wang and Starink 
[74]

 

concluded that the precipitate was probably orthorhombic. It is widely reported that 

small additions of silver to the Al-Li-Cu-X system promote nucleation of the Ω 

precipitate 
[69, 74, 75]

. It is believed that a change in the vacancy-solute interactions as 

well as a change in the stacking fault energy is responsible.  

 

1.2.3. Intergranular Stress Corrosion Cracking of Al-Li-Cu-X Alloys 

Despite the seemingly attractive properties of the Al-Li-Cu-X system, these 

alloys have historically been plagued with issues of intergranular corrosion (IGC) 

and stress corrosion cracking (SCC). Although much previous work has been carried 

out to investigate the susceptibility of these alloys to SCC 
[3, 76-78]

 overall agreement 

on the mechanism of SCC is yet to be reached.  
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Four possible mechanisms for SCC failure of Al-Li and Al-Li-Cu alloys have 

been proposed: 1) Anodic dissolution at copper-depleted zones along high-angle and 

low-angle grain boundaries 
[79, 80]

. 2) Dissolution of anodic precipitates such as T1, T2, 

TB and δ at high-angle and low-angle grain boundaries 
[10, 41]

. 3) Dissolution or 

hydriding promoted by lithium or trace impurity segregation at grain boundaries 
[81, 

82]
. 4) Hydrogen embrittlement by decohesion of weakened interfaces or by hydrogen 

precipitate phases such as δ 
[83, 84]

. There is general agreement that localised corrosion 

sites serve as initiation points for SCC 
[85, 86]

.  

 

Galvele and DeMicheli’s work 
[87]

 concluded that intergranular corrosion of 

Al-Cu alloys would only occur if the following conditions were satisfied: The alloy 

must have a solute depleted zone along the grain boundaries; the corrosive 

environment must contain anions that are capable of breaking down the passivity of 

the alloy; the breakdown potential of the solute depleted zone must be a more 

negative electrochemical potential that that of the grain matrix and the corrosion 

potential of the alloy must be a less negative electrochemical potential to the 

breakdown potential of the metallurgical feature at the grain boundary and must have 

a more negative electrochemical potential to the breakdown potential of the grain 

matrix. With these conditions satisfied, it was believed that an overlapping string of 

micro-pits could form along the copper-depleted zone adjacent to the grain boundary.  

 

Sugimoto et al 
[88]

 investigated the role of aging time of the SCC susceptibility  

and pitting potential in a NaCl environment. Their work showed that the difference in 

the pitting potential of the grain boundary feature and the grain matrix was most 
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significant in the under-aged tempers whereas little difference was found between the 

pitting potential of the grain boundary feature and grain matrix in the over-aged 

tempers. Therefore SCC susceptibility is not observed of the over-aged alloy. Much 

agreement was found in further studies of various Al-Cu alloys 
[89-91]

, corroborating 

the findings of Sugimoto et al.  

 

There has been much disagreement over the controlling grain boundary 

feature for intergranular corrosion and SCC in Al-Li-Cu alloys with three possible 

mechanisms for the preferential anodic dissolution of grain boundary features 

proposed. Copper depletion adjacent to the grain boundary is accepted by several 

authors as the controlling feature of the electrochemical framework required for 

intergranular corrosion and SCC to occur in Al-Li-Cu alloys 
[79, 80]

.  

 

Although the mechanisms of intergranular corrosion and SCC of Al-Li-Cu 

alloys has been investigated in great detail reconciliation of SCC as a function of 

isothermal aging time is yet to be achieved. Much disagreement exists as to the most 

susceptible temper (i.e. under-aged, peak-aged or over-aged) to SCC. Several studies 

have concluded that the under-aged tempers are more susceptible 
[41, 92, 93]

 while 

others have reported the peak-aged tempers to be more susceptible 
[37, 93-95]

 others 

report that the over-aged tempers to be more susceptible 
[96]

 and yet other 

investigations suggest that all tempers are equally susceptible 
[3, 97]

. It must be 

considered that the variation in the alloy composition, dislocation density, re-

crystallised grain structure and processing techniques of these different studies will 

have affected the overall outcome, thereby confounding the use of aging treatment as 
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an indicator of SCC susceptibility. Conventional metallurgical thinking alone would 

suggest that more than one factor must be responsible for the different windows of 

SCC susceptibility observed in Al-Li-Cu alloys.  

 

Connolly and Scully 
[19, 20, 55]

 investigated the SCC susceptibility of AA2096 

as a function of isothermal aging time. The work concluded that two distinct windows 

existed for SCC susceptibility: the severely under-aged (4-8 hours) and the over-aged 

(70-120 hours) tempers (see Figure 1.3).  
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Figure 1.3. SCC susceptibility for AA2096 as a function of isothermal 

aging time at 160ºC 
(19, 20, 55)

.  
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1.3. Project Aims and Objectives 

Two possible metallurgical mechanisms that are viable to explain the SCC 

susceptibility of AA2096 will be investigated in this study. Firstly, a preferential path 

for grain boundary dissolution can be caused by the precipitation of actively 

corroding particles at grain boundaries. Secondly, the formation of copper-rich 

precipitates close to a grain boundary can lead to copper depletion from the solid
 

solution neighbouring the boundary, leaving the depleted zone that has a higher 

electrochemical activity
 
than the matrix. Due to the difference in electrochemical 

potential between the matrix and grain boundary the depleted zone is highly 

susceptible to preferential dissolution or pitting. Connolly’s work 
[19, 20, 55]

 indicated 

that grain misorientation plays a major role in the precipitation of T1 (Al2CuLi) 

particles at grain boundaries. Specifically, at low angle boundaries (5-13°) a greater 

density of T1 precipitates were observed along the boundary forming a near 

continuous coverage.  

 

 The primary aim of this project is to carry out a detailed transmission electron 

microscope (TEM) investigation into the microstructural evolution of AA2096 as a 

function of isothermal aging time. Electron diffraction is to be used to identify 

different precipitates, particularly near to and on grain boundaries, as a function of 

aging time and grain misorientation. The development of active precipitates (i.e., T1) 

as a function of aging time and grain misorientation will be documented. In addition, 

EDX line scans will be performed to measure Cu depletion as a function of aging 

time and grain misorientation.  
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Figure2.1. Electron diffraction 

pattern illustrating various spots and 

streaks associated with different 

precipitate phases being present. 

2. RELEVANT ELECTRON MICROSCOPY THEORY AND ANALYSIS 

TECHNIQUES [98-100] 

 

2.1  Transmission Electron Microscopy 

A Philips Tecnai F20 field emission gun transmission electron microscope 

(TEM) incorporating an Oxford Instruments Isis 300 energy dispersive X-ray (EDX) 

analysis system was used for imaging, microstructural characterisation, phase 

identification, precipitate density analysis, and X-ray line scans across grain 

boundaries.  

 

2.1.1. Electron Diffraction  

Electron diffraction is a collective scattering phenomenon occurring as the 

incoming electrons within the electron beam are scattered by the atoms of the crystal 

lattice within the specimen being examined. The 

incoming plane electron wave interacts with the 

atoms and secondary waves occur which 

interfere with each other. The interference occurs 

either constructively, reinforcing the electron 

wave at certain scattered angles generating 

diffracted beams, or destructively by cancelling 

out the wave. The process is analogous to the 

diffraction of light through a diffraction grating 

with the atomic planes acting as the grating slits.  
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As with X-ray diffraction (XRD) the scattering can be described as a 

reflection of the beams at planes of atoms (lattice planes). As the wavelength of the 

electrons, λ, and the diffraction angle, θ, are known, Bragg’s Law can be used to 

calculate the interplanar distances, d, of the lattice. Furthermore the technique can be 

used to identify different phases within a bulk sample. With knowledge of the crystal 

structure of possible precipitates, the diffraction pattern can be used to confirm the 

presence of such precipitates within the sample area being examined (see Figure 2.1).  

 

To analyse a small area of the diffraction pattern the selected area aperture 

can be used. By introducing the aperture to the beam at the back focal plane only 

electrons scattered from a particular area of the sample will pass through to the 

display screen. This technique is known as selected area diffraction (SAD). The 

technique can be particularly useful when qualitatively assessing distribution of 

precipitates within the area being examined.  

 

2.1.2.1. Kikuchi Diffraction 

 In addition to diffraction spots thicker areas of the specimen also contain 

complex patterns of pairs of dark and bright lines which contrast against the diffuse 

background scattering. These lines are known as Kikuchi lines. Kikuchi lines occur 

due to the Bragg diffraction of electrons that were initially inelastically scattered on 

entering the top surface of the specimen. In addition to electrons that pass straight 

through the specimen, and those that are elastically diffracted (without loss of energy) 

a proportion of the electrons are inelastically scattered through a wide range of 

angles, losing energy in the process. Some of these electrons will be scattered at such 
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Figure 2.3. Example of a Kikuchi Map Figure 2.2. Diagram illustrating Kossel cones 

originating at P on the diffracting plane.  As 

the cones intercept the Ewald sphere, 

parabolas are formed, approximating to 

straight Kikuchi lines in the diffraction 

pattern.  

 

an angle that they are subsequently elastically scattered by lattice planes lying at a 

Bragg angle, θB. In three dimensions the electrons re-diffracted in this manner form 

two cones, known as Kossel cones (see Figure 2.2). After the Bragg diffraction there 

is a net loss of electrons in the lines closest to the incident beam direction and a net 

gain in electrons in the line furthest from the incident beam direction. The result 

being that the lines of net loss appear dark in the image and the lines of net gain 

appear bright. Thus, Kikuchi lines always appear as a pair of bright and dark lines. 

Further lines will appear in the diffraction pattern for all other possible reflecting 

planes in the crystal resulting in a complex array of Kikuchi line pairs. This array of 

lines forms the basis of the ‘Kikuchi Map’ (see Figure 2.3). As the Kikuchi lines are 

fixed to the crystal structure, they will move as the specimen is tilted. To this effect 
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the lines can be used as a ‘roadmap’ assisting the operator in tilting between zone 

axes. 

 

2.1.2. Measurement of Grain Misorientation 

Several metallurgical factors control the chemistry in the vicinity of grain 

boundaries. The misorientation of one grain relative to an adjacent grain is one such 

factor having a distinct effect on the precipitation around the grain boundary area. 

Several techniques exist to reliably measure the misorientation between grains. For 

this project Kikuchi lines were used to measure misorientation, with an acceptable 

margin for error. Initially the primary grain is centred about a zone axis. The sample 

is then shifted, without tilting, to an adjacent grain. The Kikuchi map around the next 

grain is then imaged. By measuring the shift of the pole from the zone axis it is 

possible to calculate the angle of misorientation from the primary grain, to within ~1º 

of accuracy; regarded as a reasonable degree of error. For further information 

regarding the calculation of grain misorientation refer to section 3.2.1. 

 

2.1.3. Bright Field and Dark Field Imaging 

To reduce the scattering of electrons that would otherwise reduce the contrast 

of an image the objective aperture is introduced to the back focal plane. The aperture 

is then adjusted to allow only electrons from the direct beam through. The resultant 

image occurs due to a weakening of the direct beam by the sample. In this case mass-

thickness and diffraction contrast only contribute to the image formation. With this 

image formation thick areas and areas of increased crystalline density will scatter 
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more electrons than lower-mass areas and will therefore appear with darker contrast 

at the image plane.  

 

Dark field images are formed by adjusting the objective aperture to block the 

direct beam. The aperture can be shifted to only allow electrons from a specific area 

within the diffraction pattern to pass. As the diffracted beam has interacted strongly 

with the specimen the dark field image contains useful information about planar 

defects, stacking faults and particle size. It is also possible to use dark field imaging 

to qualitatively assess the distribution of precipitates within a sample area. Precipitate 

phases will cause reflections of the diffracted beam that appear as spots or streaks 

within the diffraction pattern. The objective aperture is shifted to only allow electrons 

from such a feature through. The contrast of the selected precipitate phase will be 

largely increased within the resultant dark field image assisting in the identification 

and assessment of the desired phase.  
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3. EXPERIMENTAL PROCEDURE 

 

3.1 Material 

The aluminium alloy 2096 used in this study was fabricated by Reynolds 

Metals. After casting the alloy was homogenised and extruded into 5mm thick panels. 

The panels were solution heat treated at 530ºC for 1.5 hours, stretched by 3% and 

isothermally aged by a single step method at 160ºC for various times covering the 

range from severely under-aged (2 hours) to over-aged (70 hours). The composition 

of AA2096 was analysed for a previous study 
[20]

 (see Table 4.1). 

 

3.2 Microstructural Characterisation 

For microstructural evaluation via TEM the specimen pieces were sectioned 

from the rolling direction/normal direction (RD/ND) plane of untested (i.e., not 

exposed to corrosive environments) extrusions using a Si-C wafering blade into slices 

approximately 0.5 – 1 mm thick. The slices were then mechanically ground to 

approximately 200 µm and punched into 3 mm discs. To create electron transparent 

foils the discs were polished using a Struers Tenupol-3 electro-polisher with a 2% 

Nital solution cooled to -30ºC. Specimen foils of the following tempers were made 

for analysis: UA4 (aged for 4 hours at 160ºC), UA12 (aged for 12 hours at 160ºC) 

and PA-T8 (Aged for 30 hours at 160ºC). 

 

 A Philips Tecnai F20 200 KeV STEM was used for microstructural 

characterisation of each temper. The TEM was operated at 200 kV with an extraction 
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voltage of 4500 V. When carrying out imaging and diffraction the microscope was 

operated in microprobe mode with spot size 3 and a C2 aperture of 3 giving an 

approximate probe size ~10 nm full width at ten percent maximum (FWTM). When 

carrying out analytical (EDX) techniques the microscope was operated in scanning 

TEM (STEM) nanoprobe mode with spot size 6 and a C2 aperture of 2 giving a probe 

size of ~1-2 nm (FWTM). The operating pressure of the microscope was <10
-5

 Pa.  

 

 The most potent strengtheners of AA2096 have been identified as δ’ and T1. 

Emphasis was placed on identifying these precipitates and distribution as a function 

of grain misorientation and temper. In particular T1 precipitation near to and along 

grain boundaries was documented as a function of grain misorientation and temper.  

 

3.2.1. Calculation of Grain Misorientation 

To calculate the misorientation between the grains of interest convergent 

beam electron diffraction (CBED) was used. Starting with the first grain the sample 

was tilted to a zone axis (the intersection of several planes). The sample was then 

shifted, without tilting, to an adjacent grain. The CBED pattern for the adjacent grain 

was used to measure the distance (D) from the zone axis and direct beam. The angle 

between the zone axis and direct beam (τ) was calculated using the relationship: 

 
L

D
=τtan    

Where L represents the distance from the specimen to the screen (the camera length).  
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 Throughout this study the grain boundaries of interest are relatively low-angle 

grain boundaries (see Figure 4.2). Anything over 9° is considered to be a high-angle 

grain boundary (Type I). For this reason when measuring the grain misorientation 

with CBED any grain that lies on a different zone axis to the reference grain can be 

considered high-angle and therefore a Type I grain boundary.  

 

3.2.2. T1 Precipitation Analysis as a Function of Grain Misorientation 

To analyse the distribution of different precipitates selected area diffraction 

(SAD) was used. SAD patterns were taken from the [112] zone axis within the 

matrix. Super lattice reflections within the SAD pattern cause characteristic spots and 

streaks, indicating the presence of particular precipitate phases. By using a small 

objective aperture to highlight a particular feature a corresponding dark field image 

can be produced illuminating the relevant precipitate within the material. For example 

a streak within the SAD pattern, characteristic of T1, can be highlighted. The 

corresponding dark field image of the material will illuminate T1 precipitates within 

the matrix. This technique offers a qualitative assessment of the presence of 

precipitate phases and the distribution relative to the grain boundary and matrix. This 

is of particular use when looking for solute-depleted zones.  SAD patterns and dark 

field images were taken of both the UA4 and UA12 tempers to observe evolution of 

T1 as a function of aging time.  
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3.3 EDX Analysis of Copper Depletion Across Grain Boundaries.  

 An Oxford ISIS energy dispersive x-ray (EDX) spectrometer was used to 

assess copper depletion near to grain boundaries. Low and high angle grain 

boundaries in the UA4 temper were analysed and compared to similar misorientation 

grain boundaries in the UA12 temper. A nano-probe was used to take line scans 

across the grain boundary. A line of approximately 130 nm was used to characterise 

the chemical composition ratio of Al:Cu as a function of distance from the grain 

boundary. For a high count rate the most efficient angle to tilt a specimen relative to 

the detector is 18º. Therefore line scan experiments were conducted within the range 

of 15 – 25º to give a high count rate and reliable data. Furthermore for quality line 

scans, the boundary being analysed had to be edge-on to the detector. For this reason 

it was necessary to locate grain boundaries that were edge on to the detector at 

approximately 18º tilt. It was found that a collection live-time of 7 seconds per point 

offered reliable quantitative data with minimum beam drift. The areas under the 

primary AlKα and CuKα peaks were used to semi-quantitatively measure the ratio of 

the two elements across the grain boundaries of interest.  
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Table 4.1. Alloy Composition (wt %) for AA2096 

4. RESULTS 

 

4.1. Material 

4.1.1. Alloy Composition  

Table 1 shows the composition of AA2096 measured by IC plasma mass 

spectrometry and DC plasma emission spectrometry, taken from a previous study 
[20]

. 

The measured results are tabulated along with the registered composition limits.  

 

 Cu Li Mg Zr Zn Ag Fe Si Mn Ti 
Registered 

composition limits 

2.3 - 

3.0 

1.3 – 

1.9 

0.25 – 

0.8 

0.04 – 

0.18 

0.25 

Max 

0.25 – 

0.6 

0.15 

max 

0.12 

max 

0.25 

max 

0.10 

max 

NASA-Langley 

Research Centre 1 
2.56 – 

2.92 

1.36 – 

1.41 

0.47 – 

0.53 

0.13 – 

0.17 

< 0.02 0.29 – 

0.35 

--- --- --- --- 

Burgess 

Laboratories 2 
2.84 1.72 0.48 0.52 0.012 0.36 0.051 0.034 0.001 0.05 

Wah Chang 

Laboratories 2 
2.7 0.837 0.601 0.104 0.019 0.282 0.06 0.0395 < 0.005 0.041 

 

 

4.1.2. Grain Size and Morphology 

Metallographic etching of AA2096 was carried out during a previous study 

[20]
. The grains were un-recrystallised and the grain microstructure had been 

elongated by the extrusion process. The elongated grains were of the order of 100 to 

150 µm by 10 to 30 µm (long transverse direction) produced in the extrusion/rolling 

direction. Low-angle sub-grains of the order of 10 µm by 10 µm were also present 

after all aging heat treatments.  

 

                                                 
1
 Measured via IC plasma mass spectrometry. 

2
 Measured via DC plasma emission spectrometry.  
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4.2 Microstructural Characterisation 

An examination of the microstructure for each temper was carried out using 

TEM and STEM. A qualitative study of T1 precipitate density throughout grain 

matrices and along grain boundaries of various misorientations has been made using 

dark field TEM imaging for the UA4 and UA12 tempers. Selected area diffraction 

patterns (SAD) were taken for the UA4 and UA12 tempers to identify all precipitate 

phases present within the alloy as a function of aging time. The convergent beam 

electron diffraction (CBED) technique was used to calculate grain misorientation 

from the reference grain for the UA4 temper (Figures 4.3, 4.4, 4.10 and 4.26) and 

UA12 temper (Figures 4.37 and 4.38). An EDX study was carried out to qualitatively 

profile solute depletion across low, mid and high-angle grain boundaries of the UA4 

temper (Figures 4.16 – 4.23 and 4.29 – 4.34) and a low-angle grain boundary of the 

UA12 temper (Figures 4.44 and 4.45).  

 

4.2.1. TEM and EDX Study 

4.2.1.1. AA2096 UA4 Temper. Area 1.  

For the UA4 temper, three representative areas of interest are presented (note: 

numerous areas on several foils were studied). Figure 4.1 shows a bright field image 

of the first area of interest. With grain 1 as the reference grain, the sample was tilted 

to a [112] zone axis. A SAD pattern (Figure 4.2) from the reference grain was used to 

identify precipitate phases present in this temper condition. By comparison to SAD 

patterns from a previous study 
[20] 

on Al-Li-Cu-X (see appendix A.1), it was possible 

to identify bright, characteristic spots and streaks associated with superlattice 

reflections of the β’, δ’, and T1
 
phases. Faint streaks associated with the S’ phase can 
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also be seen. The faint streaks associated with S’ indicate a low volume fraction of 

precipitates.  

 

Convergent beam electron diffraction (CBED) was used to calculate the 

degree of misorientation between the reference grain (grain 1) and each neighbouring 

grain of interest. Grain 1 was tilted to a [112] zone axis. The sample was then shifted 

without tilt to each neighbouring grain. A CBED pattern was taken for each grain and 

the degree of misorientation was calculated by measuring the distance from the [112] 

zone axis. Figures 4.3a, 4.3b, 4.4a and 4.4b show (CBED) patterns taken from grains 

2, 3, 4 and 5, respectively. The grain boundaries between the reference grain and 

grains 2, 3 and 4 were identified as low-angle boundaries (3 – 4.1º). Lying on a 

different zone axis [110] the grain boundary between the reference grain and grain 5 

was identified as a high-angle boundary (Type I). 

 

TEM dark field images were acquired for each grain boundary of interest. 

When viewing the SAD pattern, a small objective aperture was introduced to the back 

focal plane. The aperture was then shifted to allow electrons associated only with 

plate variants of the T1 phase through. This procedure increases the contrast of T1 

precipitates within the resultant dark field image, assisting in their identification. In a 

previous study 
[20]

, the distribution of T1 precipitates and grain misorientation were 

used to identify three types of grain boundary in the UA4 temper (see Table 4.2). 

Type I grain boundaries were associated with high-angle misorientations (≥ 9º). 

Large, isolated T1 precipitates were identified, growing along the grain boundary and 

quite often causing the boundary to pucker. Type II grain boundaries were associated 
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with relatively low-angle misorientations (≈3 – 9º). A single plate variant of T1 with a 

small inter-particle spacing densely decorated the grain boundary. Unlike Type I 

grain boundaries the T1 plates usually grow into the matrix (depending on the 

orientation of the plate) instead of along the boundary indicating a completely 

different growth mechanism. Type III grain boundaries were associated with very 

low-angle misorientations (≤ 3º). This type of boundary consisted of the same density 

of T1 as that observed within the matrix.  

 

 

Grain Boundary Type Angle of Misorientation T1 precipitation on/near 

to grain boundary 

 

Type I 

 

≥ 9º 

No continuous decoration 

of T1 particles on the 

boundary 

One or two large T1 

precipitates growing along  

grain boundary causing 

puckering 

 

Type II 

 

3 – 9º 

Near continuous 

decoration of fine T1 

precipitates growing into 

the matrix from grain 

boundary.  

 

Type III 

 

≤ 3º 

No preferential 

precipitation on grain 

boundary.  Same density 

of T1 precipitates as that 

observed within the grain 

matrix.  

 

 

Figure 4.5 shows a bright field grain map including the angles of 

misorientation for each grain of interest. Figure 4.6a shows the grain boundary 

between grains 1 and 2. The degree of misorientation at this boundary was calculated 

Table 4.2.  Grain boundary type comparing angle of misorientation with T1 precipitate density.  
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to be 4.1º. Referring to the grain boundary types described above, this boundary 

would be a Type II boundary (it should be noted that the plate variant lying along the 

boundary is not in an optimal imaging condition but does appear to decorate the 

boundary).  

 

Figure 4.6b depicts the grain boundary between grains 1 and 3. The degree of 

misorientation for this boundary was calculated to be 3º. This grain boundary is a 

Type II boundary in both angle of misorientation and the density of T1 precipitates. A 

high density of fine T1 precipitates can be observed, growing into the matrix, along 

the full length of the boundary.  

 

Figure 4.7a shows the grain boundary between grains 1 and 5. The degree of 

misorientation for this boundary was calculated to be 64.02º. This boundary is 

consistent with a Type I boundary due to the high-angle of misorientation, but no 

grain boundary T1 precipitation was observed anywhere along the full length of this 

boundary.  

 

Figure 4.7b shows a lower magnification image of the triple point between 

grains 1, 2 and 3. Both boundaries appear to be decorated with T1 particles. While the 

boundary between grains 1 and 3 shows the highest density of T1 precipitates; this 

may be due to the plate variant of T1 selected to image from the SAD pattern. 
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4.2.1.2. AA2096 UA4 Temper. Area 2.  

Two grain boundaries, adjacent to the reference grain, were chosen to study 

(see Figure 4.8). The grain boundary between grains 1 and 6 was identified as a high- 

angle boundary. The grain boundary between grains 1 and 8 was identified as a low- 

angle boundary (3.8º). Figure 4.11 depicts the bright field grain map with the angles 

of misorientation for these grains. Figure 4.12 shows a dark field image highlighting 

T1 precipitates throughout the reference grain and along the neighbouring grain 

boundaries (grains 6 and 8).  

 

Figure 4.13a depicts a bright field image of the grain boundary between grains 

1 and 6, with the corresponding dark field image, highlighting T1, shown in Figure 

4.13b. Large T1 particles can be observed at the centre of the image following the 

grain boundary. In line with a Type I grain boundary as described above one large 

particle appears to cause a distinct puckering of the boundary. It follows that this 

boundary is consistent with a Type I grain boundary in both its high-angle of 

misorientation and T1 precipitation density.  

 

Figure 4.14 shows a typical EDX spectrum obtained in the vicinity of a grain 

boundary. With the characteristic Al and Cu Kα peaks identified, peak integration 

was used to semi-quantitatively calculate the Al:Cu ratio. This technique was used to 

examine a series of points on a line perpendicularly bisecting each grain boundary. 

These line scans aided in profiling the possible occurrence of solute depletion across 

grain boundaries as a function of grain misorientation and temper. 
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Figure 4.15 shows the approximate position, length and direction of each line 

scan taken across the grain 1 – grain 6 boundary. Figures 4.16a – 4.18b show the 

results with the grain boundary peak approximately at the centre of the scan and the 

reference grain (grain 1) to the left of this peak.  Figures 4.16a and 4.16b show two 

line scans taken at a considerable distance from the large particle where little, if any, 

T1 was present at the boundary. There is no evidence of Cu depletion approaching the 

boundary for either line scan. Figures 4.17a and 4.17b show two line scans taken 

directly across the large particle. There is some evidence of Cu depletion apparent in 

both of these line scans. Although only slight, there is a reduction in the Cu, 

approaching the grain boundary, more notably in Figure 4.17a. Figures 4.18a and 

4.18b show two line scans taken in the vicinity of the large particle (within 10nm). 

The second line scan shows some evidence of Cu depletion. A Cu depleted zone of 

approximately 19nm width exists within grain 6.  

 

Figure 4.19a shows a bright field image of the grain boundary between grains 

1 and 8 with the corresponding dark field image, highlighting T1 in Figure 4.19b. A 

near continuous distribution of fine T1 precipitates can be observed along the full 

length of the boundary. A precipitate free zone may well be present, but if so, it is 

only slight. Although not completely denuded of T1 precipitates a reduced density of 

the particles can clearly be observed approaching the grain boundary within grain 1. 

Twenty measurements were made along the grain boundary of the PFZ and the 

average width was calculated to be 26.4nm. The boundary is a Type II grain 

boundary in both angle of misorientation (3.8º) and T1 precipitation density.  
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Figure 4.20 depicts the approximate position, direction and length of each line 

scan taken across the low-angle boundary (3.8º) between grains 1 and 8. Figures 

4.21a – 4.23b show the results of each line scan taken across this grain boundary. For 

each line scan the grain boundary is the large peak approximately at the centre with 

the reference grain (grain 1) to the right of this peak. Although every care was taken 

to place the line scan across areas without intersecting boundary or matrix 

precipitates it can be seen that the line has crossed precipitates in several of the scans. 

Precipitates intersected by the electron probe can be seen as large peaks in the line 

scan. It has been noted in section 4.2.1.2. that the boundary between grains 1 and 8 is 

consistent with a Type II boundary. The boundary is highly decorated with fine T1 

precipitates and shows evidence of a T1 PFZ. The reduced density of the Cu-rich T1 

phase, approaching the boundary, would suggest a reduction of the available Cu 

within the matrix. Each of the six line scans taken across this boundary appear to be 

in good agreement. To varying degrees each line scan shows a clear reduction in Cu 

approaching the grain boundary. It is interesting to note that the reduction in copper is 

more apparent on the reference grain side of each line scan (to the right of the grain 

boundary). The width of each Cu-depleted zone has been noted for this grain 

boundary and ranges from approximately 18 – 25nm, which is in line with the 

average width (26.4nm) of the PFZ measured above. 

 

4.2.1.3. AA2096 UA4 Temper. Area 3.  

Two grain boundaries adjacent to the reference grain were chosen to study. 

The grain boundary between grains 1 and 5 was identified as a high-angle boundary 

and the grain boundary between grains 1 and 2 was identified as a low-angle 
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boundary (3.51º). Figure 4.27 illustrates the bright field grain map and shows the 

angles of misorientation for the grains of interest. Figure 4.28a shows a dark field 

image highlighting T1 precipitation throughout the reference grain and along the 

neighbouring grain boundaries. From this dark field image there appears to be little, if 

any, grain boundary T1 precipitation along the boundary between grains 1 and 5. 

Although this boundary is consistent with a Type I grain boundary in respect of grain 

misorientation there are no large T1 type precipitates apparent.  

 

Figure 4.28b depicts a dark field image highlighting T1 precipitation along the 

boundary between grains 1 and 2. The boundary is decorated with a high density of 

fine T1 precipitates. Although there is some T1 precipitation in the zone adjacent to 

the boundary, within grain 1, there is clearly a reduction in the density of the 

particles, approaching the boundary. The average width of the PFZ was calculated to 

be 25.7nm. Similar to the boundary observed in Figure 4.13b this boundary is 

consistent with a Type II grain boundary in both angle of misorientation and T1 

precipitation density.  

 

Figure 4.29 depicts the approximate position, length and direction of three 

line scans taken across the boundary between grains 1 and 2. Figures 4.30a – 4.31 

show the line scans. This boundary has been identified as a Type II grain boundary, 

having a low angle of misorientation (3.51º), dense boundary T1 precipitation, and a 

narrow T1 PFZ. Once again the three line scans show a clear reduction in Cu content, 

approaching the grain boundary from both sides. The width of the Cu depleted zones 

ranges from approximately 19 to 26nm. Referring to Figure 4.28b, the width of the 
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Cu depleted zone correlates well with the average width of the T1 PFZ measured 

above (25.7nm).  

 

Figure 4.32 illustrates the approximate position, length and direction of three 

line scans taken across the high-angle boundary between grains 1 and 5. Figures 4.33 

– 4.34b show the result of each line scan. This boundary has been identified as a Type 

I grain boundary in respect of its high-angle of misorientation, absence of boundary 

T1 precipitation and lack of a T1 PFZ. However, there were no large, puckered T1 type 

particles apparent along this grain boundary as previously seen along other high-

angle grain boundaries in the UA4 temper. The three line scans taken correlate well 

with observations made from the dark field image. There is no clear drop in Cu 

approaching the grain boundary.  

 

4.2.1.4. AA2096 UA12 Temper.  

For the UA12 temper one area was studied as a comparison with the UA4 

temper (Figure 4.35). From the SAD pattern (Figure 4.36) it is possible to identify 

characteristic spots and streaks associated with superlattice reflections of the β’, δ’, 

T1, S’ and Ω
 
phases. Faint streaks associated with the θ’ phase can also be observed 

indicating a low volume fraction of precipitates.  

 

 Four grain boundaries adjacent to the reference grain were chosen to study. 

The grain boundaries between the reference grain and grains 2 and 4 were identified 

as very low-angle boundaries (0.95º and 0.85º respectively). The grain boundaries 
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between the reference grain and grains 3 and 6 were identified as low-angle 

boundaries (3.51º and 7.15º respectively).  

 

Figure 4.39 depicts the bright field grain map with the angles of 

misorientation. Figure 4.40 depicts a dark field image, highlighting T1 precipitates 

throughout the reference grain and the adjacent grains of interest. It is immediately 

apparent that a much higher density of large T1 precipitates exists throughout the 

reference grain when compared to the UA4 temper.  

 

Figures 4.41a and 4.42a show the grain boundaries between the reference 

grain and grains 2 and 4, respectively. Both boundaries show a much higher density 

of fine T1 particles than in the matrix (boundary between grain 1 and grain 2 to a 

lesser extent). However, unlike low-angle boundaries of the UA4 temper, no apparent 

PFZ can be observed with the area adjacent to the boundary having no less T1 

precipitation than the matrix. Figures 4.41b and 4.42b show the grain boundaries 

between the reference grain and grains 3 and 6, respectively. Both of these low-angle 

grain boundaries show no apparent T1 precipitation for the plate variant imaged.  

Faint illumination of a T1 plate variant can be seen decorating the boundary between 

grain 1 and grain 6.   

 

EDX line scans were taken across a single, low-angle grain boundary to 

compare to the Cu depletion profiles measured in the UA4 temper. As discussed 

above, the boundary between grains 1 and 4 (figure 4.42a) contained a high density of 

fine T1 precipitates but no apparent T1 PFZ, as observed on the low-angle boundaries 
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Table 4.3.  Measurement of average T1 precipitate length within the grain 

matrix as a function of aging time.  

of the UA4 temper. Figure 4.43 depicts the approximate position, length and direction 

of three line scans taken across the low-angle (0.85º) boundary between grains 1 and 

4. Figures 4.44a – 4.45 show each line scan taken across this low-angle boundary. No 

obvious Cu depletion is apparent in any of the line scans. The lack of Cu depletion in 

the grain boundary area correlates well with the lack of a T1 PFZ, observed in Figure 

4.42a. From this example there appears to be a levelling of available matrix Cu in the 

vicinity of the grain boundary. 

 

 As a point of interest, the average size of T1 precipitates within the matrix was 

calculated for both the UA4 and UA12 tempers. A sample group of twenty particles 

was selected across a wide area for each temper and measured. The results are 

displayed in Table 4.2 with the calculated standard deviation. The average particle 

length for the UA4 temper was 28nm with average length of a UA12 particle being 

distinctly larger at 52nm.  

 

AA2096 Temper Mean Grain Matrix T1 

Precipitate Length (nm) 

AA2096 – UA4 28nm ± 8nm 

AA2096 – UA12 52nm ± 11nm 

 

 

4.3. Results Summary 

For the UA4 tempe, 3 areas of interest were studied and one area of interest 

was studied for the UA12 temper. SAD patterns were taken from a [112] zone axis 

and compared to a previous study 
[20]

. From these diffraction patterns it was possible 
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to identify characteristic spots and streaks associated with the following precipitate 

phases: 

• UA4: β’, δ’, T1, and faint streaks associated with S’ 

• UA12: β’, δ’, T1, S’, Ω and faint streaks associated with θ’ 

 

The CBED technique was used to measure the degree of grain misorientation 

for all grain boundaries studied. Dark field images were acquired to analyse T1 

precipitate density near to and on all grain boundaries. The grain misorientation in 

conjunction with the T1 precipitate density was used to identify three types of grain 

boundary in the UA4 temper (see Table 4.2.). EDX line scan analysis was used to 

investigate the occurrence of copper solute depletion as a function of grain 

misorientation and aging time. Areas 2 and 3 of the UA4 temper and area 1 of the 

UA12 temper were analysed using this technique.   

 

  From area 1 of the UA4 temper the boundary between grain 1 and grain 3 and 

the boundary between grain 1 and grain 2 were consistent with a Type II boundary in 

both angle of misorientation and T1 precipitate density. A near continuous decoration 

of fine T1 precipitates was visible along the full length of the boundary. The boundary 

between grain 1 and grain 5 was consistent with a Type I boundary in angle of 

misorientation and similar in respect of T1 precipitate density although no large 

isolated precipitates were observed in the limited area analysed.  

 

 From area 2 of the UA4 temper one boundary (grains 1 – 6) was consistent 

with a Type I grain boundary with one large T1 particle growing along the boundary, 
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Table 4.4.   Summary of observed results. 

while another (grains 1 – 8) was consistent with a Type II boundary showing a PFZ 

of approximately 26nm and a heavy decoration of fine T1 precipitates. EDX analysis 

of the Type I boundary revealed no copper depletion when line scans were taken 

away from the large particle but some copper depletion was apparent when the line 

scans were taken directly across the large particle. EDX line scans across the Type II 

grain boundary showed copper depletion in the range of 18 – 25nm, which is 

consistent with the PFZ observed.  

 

 From area 3 of the UA4 temper one boundary (grains 1 – 5) was consistent 

with a type II boundary in angle of misorientation and T1 precipitate density, with a 

PFZ of approximately 26nm. A second boundary was identified as a Type I grain 

boundary in angle of misorientation but not in respect of T1 precipitate density. EDX 

line scans of the Type II boundary showed copper depletion in the range of 19 – 

26nm while the Type I boundary showed no signs of copper solute depletion.  

  

From the UA12 temper dark field analysis of four grain boundaries ranging 

from 0.85º to 7.15º showed no PFZs. EDX analysis of a very low-angle boundary 

showed no sign of copper solute depletion.  

 

 

 Copper Depletion T1 PFZ Precipitates Phases Present 

Grain Boundary Misorientation Low-Angle High-Angle Low-Angle High-Angle   

UA4 Yes No Yes No β’, δ’, T1 and faint S’ 

UA12  na na No No β’, δ’, T1, S’, Ω and faint θ’ 
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Figure 4.1.   TEM Study: AA2096 UA4 Temper. Area 1. Bright Field Grain Map. 

Grain 1 was taken as the reference grain and tilted to a [112] zone axis. From this grain, 

convergent beam electron diffraction (CBED) was used to measure the degree of 

misorientation of the adjacent grains from the reference.  Dark field images were used to 

highlight T1 precipitates within the reference grain.  

 



 - 44 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.   TEM Study: AA2096 UA4 Temper. Area 1. Diffraction Pattern.  
Selected area diffraction pattern of a [112] zone axis. Bright spots and streaks 

associated with the β’, δ’ and T1 phases are clearly visible. Faint streaks associated 

with S’ phase can also be seen.  
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a) 

b) 

4.1º 

3º 

Figure 4.3.   TEM Study: AA2096 UA4 Temper. Area 1. CBED. 

Convergent beam electron diffraction (CBED) patterns of the following grains from 

Figure 1: a) Grain 2, b) Grain 3. The degree of misorientation from the reference grain 

is illustrated for each CBED pattern. 
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3.4º 

Figure 4.4.   TEM Study: AA2096 UA4 Temper. Area 1. CBED. 

Convergent beam electron diffraction (CBED) patterns of the following grains from 

Figure 2: a) Grain 4, b) Grain 5. The degree of misorientation from the reference grain 

is illustrated for grain 4 whereas grain 5 lies on [110] zone axis and is therefore 

designated  as a high-angle grain boundary (Type I). 

 

a) 

b) 
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Figure 4.5.   TEM Study: AA2096 UA4 Temper. Area 1. Bright Field Grain Map. 

 

Bright field grain map from Figure 1, illustrating angles of misorientation for the grain 

boundaries of interest.  
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a) 

b) 

Figure 4.6.   TEM Study: AA2096 UA4 Temper. Area 1. Dark Field Images. 

a) Dark field TEM image highlighting one variant of the T1 precipitate throughout the matrix 

and along the boundary of grains 1 and 2. b) Dark field TEM image highlighting one variant of 

the T1 precipitate throughout the matrix and along the boundary of grains 1 and 3.  
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Figure 4.7.   TEM Study: AA2096 UA4 Temper. Area 1. Dark Field Images. 

a) Dark field TEM image highlighting one variant of the T1 precipitate throughout the matrix and 

along the boundary of grains 1 and 5. b) Dark field TEM image highlighting one variant of the 

T1 precipitate throughout the matrix and near to the triple point of grains 1, 2 and 3.  

 

a) 

b) 
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Figure 4.8.   TEM Study: AA2096 UA4 Temper. Area 2. Bright Field Grain Map. 

Grain 1 was taken as the reference grain and tilted to a [112] zone axis. From this grain, 

convergent beam electron diffraction (CBED) was used to measure the degree of 

misorientation of the adjacent grains of interest from the reference.  Dark field images were 

used to highlight T1 precipitates within the reference grain.  
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Figure 4.9.   TEM Study: AA2096 UA4 Temper. Area 2. Diffraction Pattern. 
Selected area diffraction pattern of a [112] zone axis. Bright spots and streaks associated 

with the β’, δ’ and T1 phases are clearly visible. Faint streaks associated with S’ phase can 

also be seen.  
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Figure 4.10.   TEM Study: AA2096 UA4 Temper. Area 2. CBED. 

Convergent beam electron diffraction (CBED) patterns of the following grains from 

Figure 7: a) Grain 6, b) Grain 8. The degree of misorientation from the reference grain 

is illustrated for grain 8 whereas grain 6 lies on [110] zone axis and is therefore 

designated as a high-angle grain boundary (Type I). 

 

3.8º 

b) 
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Figure 4.11.   TEM Study: AA2096 UA4 Temper. Area 2. Bright Field Grain Map. 

 
Bright field grain map from Figure 8, illustrating angles of misorientation for the grain 

boundaries of interest (grains 6 and 8).  
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Figure 4.12.   TEM Study: AA2096 UA4 Temper. Area 2. Dark Field Image. 

a) Dark field TEM image highlighting one variant of the T1 precipitate throughout the matrix 

of grain 1 and along the adjacent boundaries of interest (grains 6 and 8). 
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Figure 4.13.   TEM Study: AA2096 UA4 Temper. Area 2. Bright and Dark Field Images. 

a) Bright field TEM image of the boundary between grains 1 and 6. b) Corresponding dark 

field TEM image highlighting one variant of the T1 precipitate throughout the matrix of grains 

1 and 6 as well as along the grain boundary.   

Note: Line scans were taken across the large particle in the centre of the image and compared 

to line scans close to the particle and some distance from the particle. See Figures 4.16 - 4.18 
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Figure 4.14.   TEM Study: AA2096 UA4 Temper. Area 2. Typical EDX Spectra. 

Typical energy dispersive X-ray (EDX) spectra obtained at 200 kV close to a grain boundary. 

Characteristic peaks for aluminium and copper are identified. The area beneath the primary Kα 

peaks was used to calculate the Al:Cu chemical composition ratio for a given distance fron the 

grain boundary. This technique was used to estimate the at.wt% of copper along the following 

line scans. 
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Figure 4.16.   TEM Study: AA2096 UA4 Temper. Area 2. EDX Line Scans. 

 

The markers show the approximate location, length and direction of the EDX line scans taken 

across the boundary between grains 1 and 8. The lines are numbered to correspond with the 

line scan results illustrated in Figures 17a to 19b.   

 

Figure 4.15.   TEM Study: AA2096 UA4 Temper. Area 2. EDX Line Scans. 

 

The markers show the approximate location, length and direction of the EDX line scans taken 

across the boundary between grains 1 and 6. The lines are numbered to correspond with the 

line scan results illustrated in Figures 4.16 - 4.18 
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Figure 4.16.    TEM Study: AA2096 UA4 Temper. Area 2. EDX Line scans across a high-

angle grain boundary. 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 6: 

a) Line scan 1. b) Line scan 2. Refer to Figure 4.15. 

Note: Line scans taken away from the large particle. 
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Figure 4.17.    TEM Study: AA2096 UA4 Temper. Area 2. EDX Line scans across a high-

angle grain boundary. 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 6: 

a) Line scan 3. b) Line scan 4. Refer to Figure 4.15. Approximate width of possible Cu 

depleted zones is indicated. 

Note: Line scans taken across the large particle. 
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Figure 4.18.    TEM Study: AA2096 UA4 Temper. Area 2. EDX Line scans across a high-

angle grain boundary. 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 6: 

a) Line scan 5. b) Line scan 6. Refer to Figure 4.15. The width of possible Cu depleted zones 

is indicated. 

Note: Line scans taken in close proximity to the large particle. 

 

UA4 Area 2, Grain 1 - Grain 6, Linescan 5

0

2

4

6

8

10

12

14

16

18

20

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101 105 109 113 117 121 125

Linescan Distance (nm)

C
u
 A
t.
W
t%

UA4 Area 2, Grain 1 - Grain 6, Linescan 6

0

1

2

3

4

5

6

7

8

9

10

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101 105 109 113 117 121 125

Linescan Distance (nm)

C
u
 A
t.
W
t%

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

a) 

19nm 



 - 61 - 

Figure 4.19.   TEM Study: AA2096 UA4 Temper. Area 2. Bright and Dark Field Images. 

a) Bright field TEM image of the boundary between grains 1 and 8. b) Corresponding dark 

field TEM image highlighting one variant of the T1 precipitate throughout the matrix of grain 1 

and along the boundary of grains 1 and 8. An apparent precipitate free zone (PFZ) is apparent 

on the grain 1 side of the boundary. 

Note: Line scans were taken at various points along the boundary. See Figures 

4.21 – 4.23. 
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Figure 4.20.   TEM Study: AA2096 UA4 Temper. Area 2. EDX Line Scans. 

 

The markers show the approximate location, length and direction of the EDX line scans taken 

across the boundary between grains 1 and 8. The lines are numbered to correspond with the 

line scan results illustrated in Figures 17a to 19b.   
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Figure 4.21.    TEM Study: AA2096 UA4 Temper. Area 2. EDX Line scans across a low-

angle grain boundary. 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 8: 

a) Line scan 1. b) Line scan 2. Refer to Figure 4.20. Approximate width of Cu depleted zones 

is indicated.  
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Figure 4.22.    TEM Study: AA2096 UA4 Temper. Area 2. EDX Line scans across a low-

angle grain boundary. 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 8: 

a) Line scan 3. b) Line scan 4. Refer to Figure 4.20. Approximate width of Cu depleted zones 

is indicated.  
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Figure 4.23.    TEM Study: AA2096 UA4 Temper. Area 2. EDX Line scans across a low-

angle grain boundary. 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 8: 

a) Line scan 5. b) Line scan 6. Refer to Figure 4.20. Approximate width of Cu depleted zone is 

indicated.  
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Figure 4.24.   TEM Study: AA2096 UA4 Temper. Area 3. Bright Field Grain Map. 

 

Grain 1 was taken as the reference grain and tilted to a [112] zone axis. From this grain, 

convergent beam electron diffraction (CBED) was used to measure the degree of 

misorientation of the adjacent grains of interest from the reference.  Dark field images were 

used to highlight T1 precipitation within the reference grain.  
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Figure 4.25.   TEM Study: AA2096 UA4 Temper. Area 3. Diffraction Pattern. 

 

Selected area diffraction pattern of a [112] zone axis. Bright spots and streaks associated 

with the β’, δ’ and T1 phases are clearly visible. Faint streaks associated with S’ phase 

can also be seen.  
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Figure 4.26.   TEM Study: AA2096 UA4 Temper. Area 3. CBED. 

Convergent beam electron diffraction (CBED) patterns of the following grains from 

Figure 2: a) Grain 5, b) Grain 2. The degree of misorientation from the reference grain 

is illustrated for grain 2 whereas grain 5 lies on [100] zone axis and is therefore 

designated as a high-angle grain boundary (Type I). 
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Figure 4.27.   TEM Study: AA2096 UA4 Temper. Area 3. Bright Field Grain Map. 

 
Bright field grain map from Figure 24, illustrating angles of misorientation for the grain 

boundaries of interest (Grains 2 and 5).  
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Figure 4.28.   TEM Study: AA2096 UA4 Temper. Area 3. Dark Field Images. 

a) Dark field image highlighting T1 within the matrix of grain 1 and along the adjacent 

boundaries. b) Dark field TEM image highlighting one variant of the T1 precipitate throughout 

the matrix of grain 1 and along the boundary between grains 1 and 2. An apparent PFZ is 

visible, particularly on the Grain 1 side of the boundary. 

Note: Line scans were taken at various points along the boundaries of grains 2 (low-angle) 

and 5 (High-angle).  
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Figure 4.29.   TEM Study: AA2096 UA4 Temper. Area 3. EDX Line Scans. 

 

The markers show the approximate location, length and direction of the EDX line scans taken 

across the boundary between grains 1 and 2. The lines are numbered to correspond with the 

line scan results illustrated in Figures 4.30 – 4.31.   
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Figure 4.30.    TEM Study: AA2096 UA4 Temper. Area 3. EDX Line scans across a low-

angle grain boundary (3.51º). 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 2: 

a) Line scan 1. b) Line scan 2. Refer to Figure 4.29. Approximate width of Cu depleted zone is 

indicated 
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Figure 4.31.    TEM Study: AA2096 UA4 Temper. Area 3. EDX Line Scan across a low 

angle grain boundary (3.51º). 

 

Energy dispersive X-ray (EDX) line scan analysis across the boundary between grain 1 and 

grain 2 (low-angle), line scan 3. Refer to Figure 4.29. Approximate width of Cu depleted zone 

is indicated.  

 

UA4 Area 3, Grain 1 - Grain 2, Linescan 3

0

1

2

3

4

5

6

7

8

9

10

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101 105 109 113 117 121 125

Linescan Distance (nm)

C
u
 A
t.
W
t%

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

22nm 26nm 



 - 74 - 

1 

2 

3 

Figure 4.32.   TEM Study: AA2096 UA4 Temper. Area 3. EDX Line Scans. 

 

The markers show the approximate location, length and direction of the EDX line scans taken 

across the boundary between grains 1 and 5. The lines are numbered to correspond with the 

line scan results illustrated in Figures 4.33 - 4.34.   
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Figure 4.33.    TEM Study: AA2096 UA4 Temper. Area 3. EDX Line Scan across a high 

angle grain boundary (69.07º). 

 

Energy dispersive X-ray (EDX) line scan analysis across the boundary between grain 1 and 

grain 5 (high-angle), line scan 1. Refer to Figure 4.32. 
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Figure 4.34.    TEM Study: AA2096 UA4 Temper. Area 3. EDX Line scans across a high-

angle grain boundary (69.07º). 

Energy dispersive X-ray (EDX) line scan analysis across the boundary of grain 1 and grain 5: 

a) Line scan 2. b) Line scan 3. Refer to Figure 4.32. 
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Figure 4.35.   TEM Study: AA2096 UA12 Temper.  Bright Field Grain Map. 

Grain 1 was taken as the reference grain and tilted to a [112] zone axis. From this grain, 

convergent beam electron diffraction (CBED) was used to measure the degree of 

misorientation of the adjacent grains of interest from the reference.  Dark field images were 

used to highlight T1 precipitation within the reference grain.  
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Figure 4.36.   TEM Study: AA2096 UA12 Temper. Diffraction Pattern. 
Selected area diffraction pattern of a [112] zone axis. Bright spots and streaks 

associated with the β’, δ’, T1, S’ and Ω phases are clearly visible. Faint streaks 

associated with the θ’ phase can also be seen.  
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Figure 4.37.   TEM Study: AA2096 UA12 Temper. CBED. 

Convergent beam electron diffraction (CBED) patterns of the following grains from 

Figure 35: a) Grain 2, b) Grain 3. The degree of misorientation from the reference grain 

is illustrated for each CBED pattern. 
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Figure 4.38.   TEM Study: AA2096 UA12 Temper. CBED. 

Convergent beam electron diffraction (CBED) patterns of the following grains from 

Figure 35: a) Grain 4, b) Grain 6. The degree of misorientation from the reference grain 

is illustrated for each CBED pattern. 
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Figure 4.39.   TEM Study: AA2096 UA12 Temper. Bright Field Grain Map. 

 
Bright field grain map from Figure 35, illustrating angles of misorientation for the grain 

boundaries of interest.  
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Figure 4.40.   TEM Study: AA2096 UA12 Temper. Dark Field Image of Grain Map. 

 

Corresponding dark field image to Figure 39, highlighting T1 within the matrix of grain 1 and 

along adjacent grain boundaries. 
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Figure 4.41.   TEM Study: AA2096 UA12 Temper. Dark Field Images. 

a) Dark field TEM image highlighting one variant of the T1 precipitate throughout the matrix 

and along the boundary between grains 1 and 2. b) Dark field TEM image highlighting one 

variant of the T1 precipitate throughout the matrix and along the boundary of grains 1and 3.  
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Figure 4.42.   TEM Study: AA2096 UA12 Temper. Dark Field Images. 

a) Dark field TEM image highlighting one variant of the T1 precipitate throughout the matrix 

and along the boundary between grains 1 and 4. b) Dark field TEM image highlighting one 

variant of the T1 precipitate throughout the matrix and along the boundary of grains 1and 6.  
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Figure 4.43.   TEM Study: AA2096 UA12 Temper. EDX Line Scans. 

 

The markers show the approximate location, length and direction of the EDX line scans taken 

across the boundary between grains 1 and 4. The lines are numbered to correspond with the 

line scan results illustrated in Figures 4.44 – 4.45.  
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Figure 4.44.    TEM Study: AA2096 UA12 Temper. EDX Line scans across a very low-

angle grain boundary (0.85º). 

Energy dispersive X-ray (EDX) line scan analysis across the boundary between grain 1 and 

grain 4: a) Line scan 2. b) Line scan 3. Refer to Figure 4.43. 
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Figure 4.45.    TEM Study: AA2096 UA12 Temper. EDX Line scans across a very low-

angle grain boundary (0.85º). 

 

Energy dispersive X-ray (EDX) line scan analysis across the boundary between grain 1 and 

grain 4: Line scan 2. Refer to Figure 4.43. 
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5. Discussion 

 

Previous studies 
[19, 20, 55]

 have indicated that two distinct windows of SCC 

susceptibility exist for Al-Li-Cu-Ag alloy AA2096 as a function of isothermal aging 

time at 160ºC. The severely under-aged and over-aged tempers exhibit high 

susceptibility to IGC/SCC (refer to Figure 1.3). This current study has investigated 

possible microstructural/electrochemical culprits primarily in the severely under-aged 

temper (UA4).  

 

It has been discussed in Chapter 1 that for IGC/SCC to occur an 

electrochemically active path must exist leading to preferential dissolution at or near 

to grain boundaries. The most popular models for the formation of this 

electrochemically active path are a solute-depleted zone neighbouring the grain 

boundary and/or the presence of continuous electrochemically active precipitates on 

the grain boundary. Whether the dominating factor is an actively corroding 

precipitate, a solute-depleted zone or a combination of the two remains unresolved.  

 

From Connolly’s previous work 
[20]

 orientation imaging microscopy (OIM) 

was used to investigate the occurrence of SCC in the UA4 temper of AA2096 in a 

alternate immersion (AI) 0.6 M NaCl environment as a function of grain 

misorientation. It is clear from the study that the occurrence of intergranular stress 

corrosion cracking is affected by the grain misorientation angle. Cracking was 

observed predominately on low-angle grain boundaries (3 – 9º).  
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The precipitate phase of most interest in this study is the copper-rich T1 phase. 

The precipitation of the T1 phase draws copper from the surrounding area leading to a 

solute-depleted zone neighbouring the particle. Depending on the nature and 

distribution of the T1 phase an electrochemical framework for the preferential 

dissolution in the vicinity of grain boundaries can be established. Two distinctly 

different forms of T1 precipitation has been observed as a function of grain 

misorientation. On high angle boundaries (≥ 9º), in the UA4 temper, large isolated T1 

particles were observed while on the low angle (3 – 9º) boundaries a near continuous 

decoration of fine T1 precipitates was observed.  It stands to reason that two different 

precipitate nucleation mechanisms exist for grain boundaries of different 

misorientations. The fine precipitation along low-angle grain boundaries would 

suggest a volume (Zener) diffusion growth mechanism. At high angles of 

misorientation, the large isolated T1 particles observed would suggest a collector plate 

growth mechanism as grain boundary transport of copper becomes a dominating 

factor. Conventional metallurgical thinking would suggest that SCC susceptibility 

would vary according to the nature of the grain misorientation and the form of 

resultant grain boundary precipitation.  

 

There are two possible mechanisms for preferential anodic dissolution along a 

grain boundary: 1) dissolution of a near continuous path of anodic precipitates and 2) 

dissolution of an anodically active solute-depleted zone due to precipitation. On low 

angle grain boundaries in the UA4 temper the fine, near continuous precipitation of 

the copper-rich T1 phase can lead to depletion of copper from the adjacent area and 

results in the formation of a path for preferential anodic dissolution at the grain 
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boundary-matrix interface. Referring to Figure 1.4 it can be seen that in Al-Cu binary 

alloys the corrosion/pit repassivation potential decreases as the copper content is 

decreased from the solid solution. This difference in electrochemical potential 

provides the electrochemical mechanism for an active path adjacent to the grain 

boundaries in the UA4 temper leaving the copper depletion mechanism as a viable 

culprit for the high SCC susceptibility observed on low-angle grain boundaries of the 

UA4 temper. The EDX study of low-angle grain boundaries in this temper certainly 

corroborates the hypothesis. Copper depletion was observed on all of the investigated 

low-angle grain boundaries of the UA4 temper with a corresponding T1 PFZ of a 

similar width.  The question now must be addressed as to the viability of the 

mechanism where the electrochemically active path along a grain boundary is 

provided by a near-continuous precipitation of an anodically-active phase.  From this 

work it is has been shown (see Figures 4.29 and 4.43 for UA4 and UA12, 

respectively) that for both the SCC susceptible UA4 temper and the non-SCC 

susceptible UA12 temper a near continuous decoration of T1 particles is observed on 

low angle boundaries.  It is therefore reasonable to conclude that T1 dissolution is not 

the controlling feature for preferential anodic dissolution and resultant SCC 

susceptibility; the increased aging treatment from 4 to 12 hours at 160ºC is unlikely to 

result in dramatic differences in T1 chemistry and resultant electrochemical character.  

Though it has been shown (Figure 1.5) that there appears to be a electrochemical 

framework where T1 is more active than the 2096 matrix (i.e., T1 has lower pitting 

potentials compared to the 2096 matrix) the evidence in these former studies may be 

questioned as the electrochemistry was performed on synthesised bulk T1 and may not 

be representative of the anodic activity of actual precipitates.      
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For high angle boundaries in the UA4 temper (≥ 9º), one or two large T1 phase 

precipitates can often be observed growing along the grain boundary. Figures 4.15 – 

4.18 show the results of an EDX study to compare the variation in copper solute 

depletion as a function of distance from a large T1 type precipitate on a high-angle 

boundary. Solute transport along the grain boundary (collector plate mechanism) will 

play a major role in the growth of a precipitate of this size and nature. It is interesting 

to note from the results that a distinct difference in copper depletion existed in the 

EDX measurements taken away from the large precipitate and the measurements 

taken close to or directly across the precipitate. Copper depletion was observed in the 

area adjacent to the large precipitate while no depletion was observed in 

measurements taken away from the precipitate. Although there is evidence of copper 

depletion adjacent to the large T1 type precipitates on the high angle grain boundaries 

of the UA4 temper, the particles are few and far between, meaning that there is a large 

amount of bulk material between the zones susceptible to preferential dissolution. On 

the low-angle grain boundaries, the copper-depleted zone runs the whole length of the 

boundary due to the near continuous decoration of T1 precipitates. In this case the 

whole of the adjacent area is more susceptible to preferential dissolution due to solute 

depletion. It is reasonable to suggest that this variation in preferential dissolution 

susceptibility as a function of grain misorientation affects the likelihood of 

intergranular cracking in the UA4 temper. This variation must be considered as a 

factor when referring to the previous OIM results 
[20]

.  

 

The window of SCC susceptibility in the under-aged tempers ranges from the 

UA4 temper to the UA8 temper (see Figure 1.3).  For the UA10 temper through to the 
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peak-aged (30 hours at 160ºC) temper no SCC susceptibility was observed. 

Connolly’s work 
[20]

 employed several techniques to investigate the variation in SCC 

susceptibility as a function of isothermal aging time at 160ºC (discussed in section 

1.2.3.). The results of electrochemical, XRD and electrical conductivity tests 
[20]

 

correlated well with the window of SCC recorded for the under-aged tempers of 

AA2096. A levelling of the interplanar spacing and the electrical conductivity were 

observed at approximately 6 – 10 hours of isothermal aging at 160ºC. This is the same 

time frame over which the extremely SCC susceptible under-aged tempers cease to 

exhibit IGSCC. The study suggests that as further precipitation of copper-rich phases 

occurs within the matrix upon further aging a draining/levelling of the solid solution 

copper from the matrix eliminates the path for preferential dissolution. The 

elimination of a preferential path could be a driving mechanism to explain the 

resistive nature of the intermediate to peak-aged tempers to SCC.  

 

The brief work carried out with the UA12 temper of AA2096 in the current 

study shows some signs to support the levelling of copper in the grain matrix. Figure 

4.40. shows a dark field image of a grain group in the UA12 temper. Two low-angle 

grain boundaries (grains 3 and 6) show no sign of a T1 PFZ. The low-angle grain 

boundaries of the UA4 temper exhibited distinct T1 PFZs that correlated with the 

measured copper depleted zones. In addition a much higher volume fraction of T1 

precipitates can be observed within the grain matrix when compared to the UA4 

temper. The matrix T1 precipitates are also much larger than the T1 precipitates in the 

UA4 temper. It is reasonable to suggest that the lack of a T1 PFZ combined with a 

higher density of large T1 matrix precipitates in the UA12 temper would indicate a 
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levelling of the available solid solution copper at the grain boundary-matrix interface. 

Therefore a reduction/elimination of the copper-depleted zone adjacent to the grain 

boundary would be expected.  
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6. Conclusions 

 

1.) T1 precipitation exists on both low-angle (3 – 9º) and high-angle (≥ 9º) 

grain boundaries in the UA4 temper of AA2096.  

2.) Low-angle grain boundaries of the UA4 temper exhibit a dense, near 

continuous decoration of T1 precipitates suggesting a Zener bulk diffusion 

growth mechanism. High-angle boundaries of the UA4 temper exhibit one 

or two large T1 type precipitates that grow along the grain boundary, 

suggesting a collector plate growth mechanism.  

3.) A T1 PFZ can be observed on low-angle grain boundaries of the UA4 

temper. No such T1 PFZ exists on high-angle grain boundaries.  

4.) EDX line scans show distinct bands of copper-depletion adjacent to low-

angle grain boundaries of the UA4 temper. The measured copper-depleted 

bands correlate well with the width of the T1 PFZ.  

5.) EDX line scans across high-angle grain boundaries of the UA4 temper 

show no copper depleted zone adjacent to the boundary when measured 

away from any large T1 type precipitates. However a small amount of 

copper-depletion was observed when an EDX line scan was taken directly 

across a large T1 type precipitate on a high-angle grain boundary.  

6.) The EDX results of this study corroborate the suggestion of Connolly’s 

work 
[19, 20, 55]

 that the copper-depletion mechanism is a controlling feature 

for the preferential anodic dissolution along grain boundaries of the UA4 

temper of AA2096.   
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7.) No T1 PFZ was observed along low-angle grain boundaries of the UA12 

temper. This factor combined with a higher volume fraction of large T1 

matrix precipitates than that observed in the UA4 temper would suggest a 

levelling of the available solid solution copper in the matrix thereby 

reducing/eliminating copper depletion at the grain boundary-matrix 

interface.  
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7. Future Work 

 

 It was originally intended to carry out a full microstructural TEM and EDX 

investigation into the UA4 and UA12 tempers of AA2096. The SCC susceptibility 

window observed in Connolly’s work 
[19, 20, 55]

 suggested a significant change in the 

electrochemical behaviour of AA2096 from the severely under-aged tempers to the 

near peak-aged tempers. There is strong evidence to suggest that the observed copper 

depleted zones in the UA4 temper are reduced/eliminated with further isothermal 

aging. To confirm this, a thorough analysis of a near peak-age temper (i.e., UA12) is 

required. Unfortunately, due to equipment failure during the later stages of this 

project, further analysis of the UA12 temper was prevented.  

 

 To complete this study, further grain boundaries of the UA12 temper should 

be analysed. In particular EDX line scan analysis of grain boundaries in the range of 3 

– 12º misorientation should be carried out to investigate the possibility of copper 

depletion. The results of such a study would help to explain the change in 

electrochemical behaviour observed between the under-aged and near peak-aged 

tempers of AA2096.  
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Figure A.1. Diagram of diffraction streaks and spots associated with a [112] 

zone axis used to identify possibly precipitate phases in AA2096 
(20)
.  


