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ABSTRACT 

The structure of p'lo' and T1 precipitates in AI-Li-Cu alloy has been 
investigated using the atomic resolution electron microscope and 
computer simulation. Thermal-mechanical processing was done in a 
program designed to define precipitate nucleation and growth conditions. 
The results show the P'/o' complexes are misoriented (10) L12 ordered 
particles. The 0' shell develops polygonal facets around P' core. The T1 
phase density is considerably increased by mechanical processing between 
aging treatments and the results are consistent with Increased 
heterogeneous nucleation, especially by Slir within 0' particles. The 
structure of T1 is proposed to be hexagona with different composition 
layers ABCDA, but which are. faulted during growth. 

1. INTRODUCTION 

In the past ten years much useful information on precipitation reaction in 
AI-Li-Cu alloys has been obtained/1-3/. However, very important details 
such as the nucleation and growth of coherent and semicoherent 
precipitates, substructure and morphology of complex precipitates, 
transformation interfaces, etc., have remained unclear, until recently 
when new electron microscopy facilities with improved high-resolution 
and probe- forming capabilities have been available. 

Since Hardy and Silcock/41 first identified the main precipitate phases in 
the AI-Li-Cu system, characterization of the ~hases that are responsible 
for strengthening, such as 0'(AI3Li) and T1 AI 2 CuLi), has received the 
attention of several research groups/5-9/, ut their results have often 
been controversial. Small additions of Zr to AI-Li base alloys serves to 
form a metastable cubic AI3Zr precipitate which retards recrystallisation 
and controls grain growtli. Additionally Zr improves toughness and 
corrosion resistance/1 0,11 1.lt has been claimed that 0'(AI3Li) precipitates 
on the P'(AI3Zr)/matrix interface form "spherical" shell around p'/12-14/. 
In electron microscopy imaging by dark field using the 0' reflection the P' 
is not illuminated/12,15/. Gayle and Vander Sande/151 suggested that this 
could be due to disordering of an P' core or that Li is incorporated into the 
Zr sublattice of B', which leads to an intensity reduction through the 
structure factor. (his is in disagreement with the results presented by 
Stimson et al. 112/. They found, in electron microscopy studies evidence 
that the "dark imaging" centers are merely P' particles of slightly 
different «1°) orientation to the 0' shell. The first part of this paper is 
concerned with the morphology and atomic substructure of these complex 
o'/P' precipitates. 

Another important strengthening precipitate, the T1 phase was first 
analysed by Noble and Thompson/51 and later in more detail by Huang and 
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Ardell/9/. In a very detailed diffraction and crystallographic study, they 
defined T1 in terms of a hexaQonal unit cell, as originally suggested by 
Noble and Thompson/5/, assuming perfect stoichiometry. In this paper the 
results of a high resolution transmission electron microscopy studies of 
nucleation and growth T1 semicoherent phase are also presented, in which 
atomic resolution imaging and computer simulation have been combined to 
better define the basis of the T1 structure. . 

2. EXPERIMENTAL PROCEDURE 

2.1. Material and Thermo-Mechanical Treatment 

The alloy AI-2.3SLi-2.49Cu-0.13Zr, provided by ALCOA has been heat 
treated as follows: a) solution annealing for 2h at 5506C and ice-brine 
quenching, b! pre-aged at 175 and 225°C for 1 h, c) deformation 10% cold 
rolling, and d re-aged at 17? and 225°C .tor 15h, to produce underaged and 
overaged a loys. Mechanical properties were measured after each 
processing route and unusual tensile to yield ratios have been found(2 to 
3.5) indicating excellent cold formability. However this paper will discuss 
only the metallographic aspects of the treatment. 

2.2. Specimen Preparation 

Discs of 3 and 2.3mm were punched from the slices cut by a slow-speed 
diamond saw. The specimens were electropolished at the temperature 
range between -25 and -350 C, in 30% nitric - 70% methanol electrolyte. 
The voltage was in the ranQe from 9 to 12V, and current from 10 to 20mA. 
The thin foils were rinsed In redistilled water and pure ethanol, dried and 
stored under vacuum and were examined on the same day in the electron 
microscope. 

2.3. High-Resolution Transmission Electron Microscopy 

Conventional transmission electron microscopy (TEM) has been done on a 
Philips 400 electron microscope oprerating at 120kV. High resolution 
transmission electron microscopy (HREM) images were taken on a the JEOL 
ARM electron microscope operating at BOO and 400kV. Specimen for HREM 
were tilted into exact zone axis <110> for the analyses of T1 and <001> for 
analyses of B'/~' precipitates, using a high precision goniometer. An 
objective aperture of radius 0.06nm was used to filter out high-order 
spatial frequencies and to improve image contrast. Through-focus series 
of images were taken automatically in Bnm increments, starting at the 
minimum contrast condition. The Sherzer focus value is -60nm with 
respect to the Gaussian image plane, and is the same at 400kV and BOOkV 
for used Atomic Resolution Microscope. 

2.4. Image Simulation 

In order to interpret atomic resolution images it is essential to carry out 
computations for image simulation. Simulated high resolution TEM images 
of T1 precipitate were calculated using the SHRLI multislice program 
described by O'Keefe/16/, with microscope parameters: defocus step 
6f=Bnm, spherical aberation Cs=2.Bmm, half-angle value a=0.6mrad, and 
spread of the focus 6=Bnm, using models based on published datal10/, but 
modified to correspond to the observed structures and intensities. 
Simulated HREM images of the composite B'/W precipitate were calculated 
using CEMPAS multislice program described by Kilaas/17/, with 
microscope parameters the same as in the SHRLI program except that 
spread of focus was 6 =1 Onm. Both calculation were done for foil 
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thickness ranges between 5 and 20nm, and for defocus ranges between -28 
and -92nm, with respect to the Gaussian image plane. 

2.5. Optical Diffraction 

In order to obtain diffraction information from extremely small volumes 
of investigated samples the laser optical diffraction procedure, developed 
for the study of aged alloys by Gronsky, Sinclair, and Thomas/18/, has 
been used. 

3. RESULTS AND DISCUSSION 

3.1. ~'/o' complex precipitate 

Figure 1 shows a typical ARM image of the ~'/o' complex. In agreement 
with previous results/12-151 these images confirm that 0' forms a 
complete shell around the (3' precipitate. However, Fig.1 shows also that 
the 0' shell is not spherical as has been previously reported/19/. Atomic 
resolution imaging revealed that the 0' shell is truncated with facets 
leading to polYQonal shapes. Fig.1 also shows that on aQing 0' particles do 
not increase In width symmetrically around ~' particles as reported 
previously if ~' particles are not in the vicinity of grain or subgrain 
bou ndaries/13/. 

Direct and accurate measurements on enlarged micrographs show that the 
superlattice fringes corresponding to {100} reflections of Wand 0' are 
slightly misoriented, with respect to each other. The misorientation is of 
the order of 10. This result thus confirms why W does not reverse contrast 
in the 0' dark field images using superlattice reflection. On the other hand 
it is obviouslly clear from the images that, "dark imaging" centers could 
not be due to disorderinQ of (3' region, which would yield a weak or zero 
superlattice (100) intensity. Sinclair and Thomas/201 showed that if the 
degree of order is less than about 0.5 the superlattice fringes are too 
weak to be resolved. In Fig. 1, the spherical ~ particle also have well 
defined superlattice structures, so ~' remains highly ordered. This result 
shows the immediate value of direct atomic resolution imaging. An 
increase in precipitate size with time seems to be due to both growth and 
coarsening rather than only coarsening as suggested by Makin and 
Ralf/13/. 

Although growth and coarsening reactions differ kineticalli' it can be seen 
in Fig.1 that their influences on the microstructure 0 coherent phase 
mixtures is mostly the same, and these two reactions are usually treated 
without distinction 121 I. Warlimont/211 also suggested that in the 
absence of significant misfit, coherent particles wilT grow as determined 
by their overlapping diffusion fields, but without any further interaction. 
If the particles are disordered they will coalesce when they impinge. When 
they are ordered and impinge, they will coalesce only if their sublattices 
are occupied in phase. Impinging particles whose lattices are antiphase 
will not merge because the ensuing formation of a common APB would 
require a higher energy than if a layer of disordered phase was left 
between them. The reason for that is the same as in the case of 
heterogeneous nucleation of a disordered phase at an APB, and it is 
satisfied when the energy condition is 2CPBy<APBy/21/, where y is the 
interfacial energy. 

Computer simulation (FiQ.2) on the bases of perfect ordered crystals of 
AI3Li (8') around AI3Lr(~') also shows that a dark transition region is 
present, as a result of destructive interference, even if there is no 
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misorientation. This prediction is in very good agreement with the 
experimental results (Fig.1). The atom positions in the simulated image 
are defined as white spots. The reason for this is that the value of the 
contrast transfer function(CTF) amplitude for the objective lens defocus 
value ... f -90nm, is positive with respect to the Scherzer focus of -60nm. 
Atom positions give rise to Qark contrast when the scattering vector value 
in both cases is around 5nm- , due to phase reversal. 

3.2. Heterogeneous nucleation and growth of T1 phase 

The main differences between the thermal-mechanically treated and 
nondeformed aged material is the much increased density of T1 
precipitates, and the complete dissolution of the 0' phase in the intense 
planar slip bands. The increase in the number of T1 nucleation sites in 
underaged alloy(175° C.1 h/1 0%/15h) (Fig.3) is almost certainly due to 
heteregeneous nucleation associated with dislocation cutting of 0' 
particles during the 10% cold rolling. Similar observation in AI-Li-Cu 
alloys have been reported by Rioja et al/22/. Evidence for this is obtained 
in the dark field image of a. 0' superlattice reflection which also includes 
one variant of T1 as shown in Flg.4. This figure shows evidence of T1 
formed at fresh interfaces on sheared particles. Other authors/14/ also 
found that 0' precipitates can be cut by T1 and no coarsening of the 0' 
occurs in the vicinity of T1 particles. Tosten et a1./14/ also reported that 
in the region containing a large number density of T1 precipitates a low 
number density of the small spherical 0' was present. However, our results 
show(Fig. 3,5) that it could be a characteristic of AI-Li-Cu alloys only in 
overaging condition, when T1 precipitates becominQ ttse dominant matrix 
phase at the expense of a' (AI2Cu) and 0',· as It t$is been reported 
previously(eg., ref. 14,19). Figs. 5, 6 clearly show only small volumes of 0' 
remaining next to the thickening T1 phase. 

T1 is present in two variants (111) and (111) (Fig. 6) with respect to the 
FCC matrix. This result is the same in the underaged(1750 C/1 h/1 0%/15h) 
and overaged alloy(225° C/1 h/1 0%/15h). It is clear that T1 nucleation 
sites appear preferentially in underaged alloys inside the ordered 0' phase 
(Fig. 3). This must caused by plastic flow due to glide on {111.}. Only those 
particles in the matrix {111} glide planes will be affected. Thus 
dislocation solute atom, or particle interaction for nucleation of T1 is 
emphasized. These data provide direct evidence for a model proposed by 
Noble and Thompson/5/ to describe growth of T1 from split unit 
dislocation. Fig. 7 shows that the 0' phase becomes partially disordered 
when a unit dislocation passes through. This is in excellent agreement 
with the theoretical prediction of Khachaturyan and Morris (University of 
California, Berkeley) for the interaction between glide dislocations and 
the ordered 0' phase in AI-Li alloys. It is clear therefore that T1 is 
primarily heterogeneously nucleated as a resut of an appropriate site 
created by dislocations. The unit translation vector in the FCC superlattice 
of the type AI3 Li (L 12 ), (which is the typical slip vector for the 
close-packed octahedral slip planes) is exactly twice that in the 
AI-matrix and the superlattice dislocations in 0' thus consist of pairs of 
al2<110> without or coupled together by an antiphase boundary (APB), Fig. 
8. Each unit dislocation is itself dissociated into a pair of Shockley 
partials coupled by a complex faultl23/. The equilibrium width of such a 
superlattice dislocation is determined primarily by a balance between the 
surface tension of the APB and the mutual repulsion experienced by the 
pair of al2<110> dislocation as at a stacking faultl24/. 

The structure and morphology of T1 is consistent with the well studied y' 
precipitate/25-28/observed in AI-Ag alloys. In order for hcp plates to 
form from a free matrix a nucleating fault must be created. In AI the 
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stacking fault energy is high, but the creation of a fault within ~' is the 
favored provides the necessary nucleating condition, that is analogous to 
AI-Ag alloys where the hcp y phase is on'ly heterogeneously nucleated by 
dissociation of dislocation effected by diffusion of silver atoms/25, 26/. 

Since the present observations have been made in a high voltage 
microscope it is possible that the defects seen (e.g. Fig. 3) could be 
radiation damaged induced. They are observed both at 400 and BOOkV. In AI 
the threshold knock-on energy is about 170kV but the value is not known 
for ~'. Experiments are continuing to establish whether or not 
displacement damage is a factor in these observations. However the fact 
that not all ~' particle shows faults or presence of a T1 nucleus suggests 
that the slip model for T1 nucleation Within ~' is probably correct. 

Some authors have suggested that the precipitation of T1 hexagonai Dhase 
with lattice parameters a=0.496nm and c=0.935nm is preceded by another 
metastable precipitate called T'/71, which could be orthorhombic with 
lattice parameters a=0.2B7nm, b=0.B6nm, and c=0.406nm/6/, or hexagonal 
with a=0.495nm and c=0.701 nm/BI. Laser optical microdiffraction 
experiments ( e.g. Fig. 9) have shown that none of those metastable 
precipitates is present and this is in agreement with the work of Huang 
and Ardell 19/. 

Computer simulation of T1 has been carried out starting with model of 
Huang and Ardell but modified to account for the observed fringe intensity. 
Figure 5 is particularly suggesting a planar sequence ABCDA .. in which the 
composition of planes Band D are not the same as they are presumed to be 
in the AI2 CuLi structure of ref.10 in which the layers go ABCBA ... The 
differences are illustrated schematically in Fig. 11. The simulated image 
of Fig. 12 is seen to be in good agreement with this observations. The 
composition of plane D corresponds to that for a lower structure factor 
than that of plane B. Thus the composition of the basic unit cell must be as 
in Fig. 11. 

However the development by growth of T1 does not preserve this ideal 
sequence. The ledges corresponding to growth every 2nd layer (every other 
{111} plane must be faulted to create a perfect ABAB ... hcp T1 phase) but 
there are mistakes in this as faulting can be clearly seen (Fig. 10).lt is 
likely that these growth mistakes can account for differing reports on T1, 
T1' etc., but the basic precipitate is still T1 hcp. 

4. SUMMARY 

The results of atomic resolution imaging have clarified that ~ '/8' 
complexes are polygonal shaped highly ordered AI3Li shell around AI3Zr 
core slightly misoriented with respect to each 'other. 

T1 is shown to nucleate at stacking faults predominantly in ~' after 
deformation and grows to be a faulted hexagonal structure of average 
composition AI2CuLi. 
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7. FIGURE CAPTIONS 

Fig. 1. Atomic resolution image of 0'/[3' particles; polygonal morphology of 
the 0' shell; overaged condition; zone axis [100]. 

Fig. 2. Simulated high-resolution TEM image of a o'/~' complex particle in 
AI matrix (a); white spots represent atom positions. Projected potential 
for same particle (b); black spots represent atom positions. 

Fig. 3. Atomic resolution image of deformed (arrow D) and non deformed 
(arrow N) 0' particles in the underaged condition; zone axis [110]. 

Fig. 4. CDF image of a 0' superlattice reflection which also includes one 
variant of T1 phase. 
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Fig. 5. Atomic resolution image of a 0' in a vicinity of a T1 phase; overaged 
alloy; zone axis [110]. 

Fig. 6. Atomic resolution image of the two variants T1 phase (111) and 
(111); overaged alloy; zone aXIs [110]. 

Fig. 7. Atomic resolution image of a partially disordered 0' after passing a 
dislocation; underaged alloy; zone axis [110]. 

Fig. 8. Atomic resolution image of an APB formation after passing a 
dislocation through 0' superlattice; underaged alloy; zone axis [110]. 

Fig. 9. Laser optical microdiffraction of a HREM image of a perfect T1 
phase. 

Fig. 10. Atomic resolution image of a faulted T1 phase; zone axis [110]. 

Fig. 11. Schematic illustration of a difference between UCB and UCLA/ref. 
9/ models of the T1 phase with stacking sequences ABCDA and ABCBA, 
respectivelly. 

Fig. 12. Simulated high resolution image of a T1 phase with stacking 
sequence: ABCDA (a); Projected potential for same particle (b); The inset 
shows the atomic resolution image of a perfect T1 phase. 
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Fig . 1 XBB 875- 3898 

Fig . 2 
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Fig. 3 XBB 875-7053 

Fig. 4 9 XBB 874-3199 



Fig. 5 XBB 874- 3174 

Fig. 6 
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Fig. 7 

XBB 874 - 3172 

Fig . 8 
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Fig . 9 

XBB 875- 7071 

Fig. 10 XBB 874- 31 75 
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T 1 (A 12 CuLl) 
UCB MODEL UCLA MODEL 

layer number of atoms layer number of atoms 

&JI I!J ©1Ul &JI I!J ©1Ul 

A 1.5 3 A 1.5 3 

B 6 3 B 4.5 4.5 

C 6 3 C 6 3 

P 3 6 B 4.5 4.5 

A 1.5 3 A 1.5 3 

Fig. 11 



Fig. 12 

XBB 874-3176A 
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