








formed �/ �•/���•composites precipitations (Fig.4 (a)). Spherical �/ �•phase and fine T1 plates can also be 
seen in alloy 2 and alloy 3, while the density of Tl plates of alloy 2 is lower than that of alloy 1.

4. Discussion

The precipitation sequence and strengthening phases of Al-Cu-Li series alloys are strongly
depended on Cu/Li ratios and micro-alloying elements. At high Cu/Mg ratios alloy it is easy that 
numerous Cu-Mg-vacancy co-clusters and Cu-Mg atom-pairs formed after solution treatment as a
result of the strong interaction between Mg, Cu atoms and vacancies [5]. At the early aging stage, the 
co-clusters and atom-pairs lead to strong segregations of solute atoms, which is favoured to the 
formation for G.P Zone [6]. As seen from Fig.2, alloy 1 and alloy 2 containing Mg precipitated fine 
uniform G.P Zone at the early stage, and then gradual�O�\���W�U�D�Q�V�I�R�U�P�H�G���L�Q�W�R�����Ž�����•phases at peak aged 
stage (Fig.3). Hence, it may come to this conclusion that the trace amount addition of Mg will 
stimulate the precipitation of G.P Zone and �� �•phase. In alloy 3 (free Mg) no �� �•phases were 
observed. This means that Mg additions may be essential for the formation of G. P. Zone/���•phases.
Figure 3 also shows that there are more T1 phases in alloy 1 and alloy 3 containing Zn than in alloy
2 ( Zn free), indicating that the addition of Zn, especially, combined addition of Zn and Mg had a
positive effect on the formation of T1 phase[7]. However, the mechanism of Zn additions for the T1
precipatation in the Li containing alloy is not clear. The role of Zn additions may be similar to that 
of Ag. It has been suggested that a combined addition of Ag and Mg to Al-Cu-Li alloys promoted
the uniform dispersion of the T1 phase. The 3DAP analysis results have clearly conformed that T1
phase is associated to Ag and Mg atoms which were segregated at the �7�O���.���L�Q�W�H�U�I�D�F�H�V. It is possible
that apart from decreasing the stacking fault energy of Al-matrix as the result of Zn atoms
segregated at <111> plane, Zn atoms formed a great deal of Zn-Mg atom-pairs and Zn-Mg-vacancy
co-clusters at the early stage, which provided the priority nucleation sites for T1 phase[8~10].

While in T8 condition, the pre-stretching increased the number of matrix dislocations, which 
provided massive heterogeneous nucleation sites, thereby facilitating the formation of T1 phase
[11~12]. Moreover, it also accelerated the nucleation kinetics and restrained the growth of T1 phase. 
T1 phase nucleated and grew at the cost of �/ �•phase and �� �•phase [13]. Therefore, it exhibited a 
competitive precipitation relationship between �� �•phase and T1 phase. The dislocations induced by 
pre-stretching leaded to the annihilations of vacancy. It was harder for Mg and Zn to form the 
co-clusters with vacancy, and hence weaken the influence of Mg and Zn additions to the
precipitation of the alloys in a certain extent.

5. Conclusion

1) The major precipitates of 2099 alloy in T6 and T8 condition are �/ �•and T1 phase with a small 
quantity of �� �•phase

2) In T6 condition, the Mg additions, in experimental alloy promoted the formation of G.P Zones
at early stage, and then gradually transformed int�R�����Ž�����•phase at peak aged stage. The Zn additions
facilitated the precipitating of T1 phase and restrained its coarsen. The combination role of Mg and 
Zn stimulated the precipitation of T1 and ���• phase and lead to fine and uniform dispersal 
precipitations.

3) In T8 condition, the pre-stretching prior to aging significantly promoted the precipitation of 
T1 phase due to the dislocation being as heterogeneous nucleation sites preferentially, and reduced 

Figure 3 presents the TEM images of the three alloys at peak-aged stage in T6 condition. It can be 
seen from Figure 3 that T1 plates are the prominent precipitate in alloy 1 with a large quantity of
fine δ′ phase and a small number of θ′ phase. The T1 phase in alloy 2 (Zn free) is obviously 
decreased compared with alloy 1, a small quantity of θ′ phase was also observed. Thus it can be 
concluded that minor addition of Zn together with Mg is favored to the precipitation of T1 phase. A 
large quantity of T1 can also be seen in alloy 3(Mg free), but θ′ phase was not observed, indicating
that the addition of Mg had positive effect on θ′ phase precipitation [4]. The precipitates observed in 
under-aged and peak-aged stages of the experimental alloys at T6 condition are concluded in Table 
2.

Table 2 The precipitates of experimental alloys under-aged and peak-aged inT6 condition

Alloy No Under-aged Peak-aged

1#（2099） fine δ′ phase, GP zone δ′, T1 phase, a small quantity of θ′ 

2#（Zn-free） δ′ phase, GP zone δ′, a small quantity of θ′ and T1 phase

3#（Mg-free） δ′ phase δ′ phase, more T1 phase

3.2.2 Microstructure at T8 condition

Fig. 4 TEM images of 1#, 2#, 3# alloys peak-aged in T8 condition

(a), (b) 1# alloy; (c), (d) 2# alloy; (e), (f) 3# alloy

(a), (c), (e): b=<001>α; (b), (d), (f):b=<112> α

The microstructure and precipitation of the three alloys at T8 condition are presented in Figure 4.
The δ′ phases and T1 phases of the three alloys in T8 condition are much smaller and more 
dispersal compared with those in T6 condition. It can be concluded that the pre-stretching prior to
ageing stimulated the precipitation of T1 phase and slowed down the coarsening process of 
secondary phases. A large number of δ′ phases and fine dispersal T1 phases as well as a few θ′ 
phases were observed in alloy 1. Heterogeneous nucleation of δ′ phases enveloped on θ′ phases and 

(b)

(d) (f)(e)

(c)(a)
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the influence of Mg and Zn on the precipitation, and thus decreased the difference of the strengt
between the three alloy at peak aged stage.
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