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Abstract: First-principles energetics calculations were performed over a group of 25 candidate elements, to investigate 
their partition energies and behaviors among major nano-phases (δʹ-Al3Li, θʹ-Al2Cu, T1-Al6Cu4Li3 and S-Al2CuMg) in 
most commercial Al−Cu−Li−Mg alloys. It was revealed that principal alloying element Li cannot directly affect θʹ and 
S, Cu cannot directly affect δʹ, Mg cannot directly affect θʹ and δʹ but can weakly partition into T1. As for micro-alloying 
elements, Si is the only element that can partition into all the four nano-phases. Au can partition into δʹ, θʹ and S. Cd can 
partition into δʹ, T1 and S. Zr can partition into δʹ and T1. Ni substitution can weakly partition into θʹ and S. Ti, V, Zn, Ag 
and Mo can partition into δʹ only. Cr, Mn, Fe and Co cannot directly affect any of the four nano-phases. Almost all 
RE-elements can strongly partition into T1, δʹ and S, but would be expelled by θʹ. Only Sc is somehow particular to S, 
showing no partition preference in S. The newly obtained fundamental results could constitute a simple prototype 
database in support for the accelerated design of Al−Li based alloys and other related Al alloys. 
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1 Introduction 
 

Al−Li based alloys have been widely used in 
weight-critical structural components in aircraft, 
aerospace and military applications, due to their 
excellent combination of low mass density, high 
specific stiffness and strength, and superior 
low-temperature toughness [1,2]. Binary Al−Li 
alloys can be efficiently strengthened by the high 
density precipitation of fully coherent L12-δʹ(Al3Li) 
along the habit {100} planes. However, due to the 
low interface strain and low interface energy, δʹ can 
be easily sheared by dislocations via planar slip, 
leading to severe strain localization and hence a 
poor ductility [2,3]. 

The addition of principal alloying element Cu 

can induce various Cu-rich nano-phases, such as GP- 
zone(Al2x+1Cu, x≥2), θʹʹ(GP-II or Al3Cu), θʹ(Al2Cu), 
θ(Al2Cu), T1(Al2CuLi), and/or T2(Al6CuLi3), 
depending on the atomic ratio of Cu/Li [4−6]. The 
co-precipitation of θʹʹ/θʹ/θ and T1 along different 
habit planes of {100} and {111} can favorably 
alleviate strain localizations under deformation, so 
as to achieve more uniform strengthening effects in 
Al−Cu−Li alloys. Among these Cu-rich nano- 
phases, stable T1 and metastable θʹ are dominant in 
number popularity in peak aging [7,8]. θʹ has a 
tetragonal structure (a=4.04 Å and c=5.80 Å) with a 
nominal composition of Al2Cu, which is also highly 
coherent with the Al matrix along the habit plane 
{100} [9]. There are still considerable controversies 
about the atomic composition and atomic structure 
of T1 [10−16]. Recently, KIM et al [13] examined 
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a group of five candidate structural models of T1 
that have been previously proposed using first- 
principles energetics calculations. Their results 
suggested that none of these T1 model structures 
could be possibly thermodynamically stable, but 
have a tendency to decompose into Al2Cu and Al3Li. 
By their calculations, they proposed a new 
structural model of T1 which can be more 
energy-favored. Only years later, the new structure 
model of T1 phase has been further optimized by  
the same group [14]. The new improved model  
has a stoichiometric composition of Al6Cu4Li3  
with a hexagonal symmetry, corresponding to an 
orthorhombic supercell with the lattice constants of 
a=4.941 Å, b=8.641 Å, and c=9.232 Å. 

Further co-alloying with Mg induces Sʹ and/or 
S (Al2CuMg) in Al−Cu−Li−Mg alloys, which can 
help reduce the detrimental precipitation-free zones 
(PFZs) at grain boundaries [17]. Historically, three 
different crystal structures have been proposed for S 
phase in the literature, namely the PW model [18], 
the Mondolfo model [19] and the RK model [20]. A 
high-angle annular dark-field scanning transmission 
electron microscopic (HAADF-STEM) study, in 
combined with first-principles calculations, 
suggested that only the PW model could be the 
possibly reasonable structure for describing S phase 
in Al−Cu−Mg alloys, and that the PW model has an 
orthorhombic structure of a=4.01 Å, b=9.29 Å, and 
c=7.14 Å [21]. 

Besides the principal alloying elements Cu and 
Mg, some micro-alloying elements have been often 
introduced into current generation commercial 
Al−Cu−Li−Mg alloys, showing profound influence 
on the formation and regulation of nano-phases and 
the microstructures. A dilute addition of Zr and/or 
Sc can favorably refine the grains and produce L12 
type nano-phases [22−24]. These phases often 
precipitate earlier at higher temperature and can 
interact with later-precipitated L12-Al3Li at lower 
temperatures in many ways, such as, by forming 
L12-Al(Li,Sc,Zr) nano-particles [25] and/or 
developing associated nano-complexes [26]. Ag 
micro-alloying can induce the formation of Mg−Ag 
atomic-clusters which can attract Cu and Li atoms 
to promote the nucleation of T1 [27]. Zn 
micro-alloying may also benefit to modulating the 
electric-chemical potential of T1 phase by 
substituting Cu in T1, in favor for the improved 

anti-corrosion performance of Al−Cu−Li−Mg 
alloys [28]. 

It is natural to deduce that there may exist 
many other elements with promises for uses as 
principal- and micro-alloying elements in Al−Cu− 
Li−Mg alloys. They may have different potentials 
for affecting various nano-phases existing in the 
alloys, either by dissolving into their bulk-phase 
lattices via substitution or by segregating to their 
interfaces [29,30]. Knowledge about solute interaction 
with various nano-phases is of fundamental 
importance to multi-element Al−Li-based alloy 
designs, which, however, is still missing. Herein, 
we performed an extensive first-principles density 
functional theory (DFT) study over a group of 25 
candidate elements, to investigate their partition 
preference among various nano-phases of Al−Cu− 
Li−Mg alloys from the energetics perspective. 
 
2 Computational method 
 

All the structural relaxation and energetics 
calculations were performed using the plane-wave 
DFT code − VASP (Vienna Ab initio Simulation 
Package) with periodic boundary conditions [31]. 
The ion-electron interaction was described by the 
Blöchl projector augmented wave method (PAW) 
within the frozen-core approximation as implemented 
in VASP [32]. The pseudopotential generated within 
the generalized gradient approximation (GGA) of 
Perdew–Burke–Ernzerhof (PBE) was used for   
the exchange–correlation functionals [33]. A 
sufficiently high energy cutoff of 400 eV was used 
for the plane-wave basis set expansion. For each 
bulk phase, the Monkhorst-Pack K-mesh for 
Brillouin-zone integrations was determined by 
achieving the total energy convergence of within 
1 meV/atom. The ground-state atomic structures 
were optimized by minimizing the Hellmann- 
Feynman forces until the total forces on each ion 
were converged to within 0.01 eV/Å. 
 
3 Results and discussion 
 
3.1 Bulk properties of nano-phases 

We first calculated the ground-state bulk 
structures and formation energies of δʹ-Al3Li, 
θʹ-Al2Cu, T1-Al6Cu4Li3 and S-Al2CuMg phases   
in most commercial Al−Cu−Li−Mg alloys. T1 and  
S structures were modeled as proposed by NA    
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et al [14] and PERLITZ et al [18], respectively. 
Figure 1 schematically shows the unit cells of δʹ,  
θʹ, T1 and S phases for our calculations. The lattice 
constants and bulk moduli were optimized by  
fitting the total energy vs volume data to the 
universal binding-energy relation [34], and are 
compared with available experimental measure- 
ments [13,21,35−38] in Table 1. The maximum 
deviations of lattice constants and bulk moduli from 
the experiments are found within ~1% and 10%, 
suggesting a favorable agreement with experiments. 

The formation energy can be calculated as 
 

A B C

1
+ +

E
N N N

∆ = (Etot−NAμA−NBμB−NCμC)    (1) 

 
where Etot is the total energy of a fully relaxed unit 
cell, NA, NB and NC are the atom numbers of 
elements A, B and C in the unit cell, and μA, μB and 
μC are the chemical potentials of elements A, B and 
C in their pure bulk phase, respectively. The 
calculated formation energies are also tabulated in 
Table 1. No experimental results of formation energies 
are available for a direct comparison. It is shown  

 that the formation energies (ΔE) of these phases 
are all negative, with an energy driving force to 
form, but the formation preference decreases in the  
order of T1 > S > θʹ > δʹ. It is noted that the 
formation energies are evaluated with respect to the 
solutes in their pure bulk states, and hence the 
preference order just reflects their formation in their 
free-standing bulk phases. In next section, we will 
re-evaluate their formation energies and preference 
with respect to the solutes in their dissolution states 
inside the Al matrix. 
 
3.2 Solute partition of solute elements in 

strengthening phases 
A total of 25 candidate solute elements were 

chosen to evaluate their possible partition among 
various nano-phases in Al−Cu−Li−Mg alloys. 
These elements include 4 main-group elements, 14 
transition elements and 7 rare-earth elements. 
Among which, Li, Cu and Mg are the principal 
alloying elements of Al−Cu−Li−Mg alloys, Mn,  
Zn, Zr, Ag and Sc are already proposed as micro- 
alloying elements in some Al−Cu−Li−Mg alloys, 

 

 
Fig. 1 Unit cell structures of δʹ-Al3Li, θʹ-Al2Cu, T1-Al6Cu4Li3 and S-Al2CuMg phases (The possible substitutional sites 
are marked) 
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Table 1 Calculated bulk phase lattice constants, bulk moduli (B0), and formation energies (∆E) of Al and various 
nano-phases 

Parameter 
Al  Al3Li (δʹ)  Al2Cu (θʹ) 

This work Others  This work Others  This work Others 

a/Å 4.040 4.040 [37]  4.026 4.028 [35]  4.092 4.08 [38] 

c/Å − −  − −  5.787 5.78 [38] 

B0/GPa 77.6 77.9 [37]  64.0 63.9 [35]  94.4 92.6 [39] 

∆E/(eV∙atom−1) − −  −0.097 −0.097 [13]  −0.175 −0.175 [13] 

Parameter 
Al6Cu4Li3 (T1)  Al2CuMg (S)    

This work Others  This work Others    

a/Å 4.948 4.941 [13]  4.004 4.01 [21]    

b/Å 8.640 8.641 [13]  9.273 9.29 [21]    

c/Å 9.233 9.232 [13]  7.144 7.14 [21]    

B0/GPa 79.6 −  74.9 75.2 [40]    

∆E/(eV∙atom−1) −0.240 −0.239 [13]  −0.183 −0.183 [36]    

 
and Cd, Si and Au for some Al−Cu alloys. Some 
basic information of the 25 candidate solute 
elements is summarized in Table 2. It can be seen 
that the atom sizes of all the solute elements are 
fairly comparable to Al, and substitutional sites can 
be more favored than interstitial sites for solutes. 
Thus, for all these elements, only the substitutional 
sites will be considered in our subsequent calculations. 

To calculate the partition energy of each 
element in one specific phase w.r.t in Al matrix, we 
constructed the sufficient large supercell for each 
phase based on the optimized lattice constant. The 
associated K-mesh setting for Brillouin-zone 
integrations was also optimized by total energy 
convergence tests. Eventually, we chose a 3×3×3 
supercell of 108 atoms with a 4×4×4 K-mesh for 
pure Al and δʹ-Al3Li, a 3×3×2 supercell of 108 
atoms with a 4×4×4 K-mesh for θʹ-Al2Cu, a 2×2×1 
supercell of 52 atoms with a 5×6×5 K-mesh for 
T1-Al6Cu4Li3 and a 2×1×2 supercell of 64 atoms 
with a 5×5×3 K-mesh for S-Al2CuMg, respectively. 
The solute partition energy (ΔEpart) of element X 
into a given phase is calculated as  

X perf X perf
part phase Al Al phase=( + ) ( + )E E E E E−            (2) 

 
where perf

phaseE  and X
phaseE are the total energies of 

the phase’s supercell before and after solute 
substitution in the phase, and perf

AlE  and X
AlE  are 

the total energies of the fcc-Al supercell before  
and after solute substitution in the Al matrix, 
respectively. 

Figure 2 compares the calculated partition 
energies of all the possible solute elements in 
δʹ-Al3Li versus in the Al matrix. According to 
Eq. (2), only a negative ΔEpart predicts an 
energy-favored solute partition from the matrix into 
δʹ. It is revealed in Fig. 2 that all the rare-earth 
elements can dissolve into δʹ-Al3Li by substituting 
the Li sites only, in attempt to retain the L12 
structure in the form of L12-Al3(Li, RE). This is in 
good accordance with the strong formation 
tendency of L12-Al3RE and even various 
core-shelled nano-complexes in Al [37,41−43]. 
Most other elements can only substitute at either the 
Al or the Li sites (but not both). Especially, solutes 
Si, Zn, Ag, Cd and Au can dissolve into δʹ-Al3Li by 
substituting the Al sites only. Ti, V, Zr and Mo, like 
all the rare-earth elements, can dissolve into 
δʹ-Al3Li by substituting the Li sites only. Solutes 
Mn, Fe, Co and Ni are, however, unlikely to 
partition into δʹ-Al3Li but prefer to stay in      
the Al matrix. Interestingly, the principal alloying 
elements Cu and Mg, as well as Cr, show no 
obvious partition preference between δʹ-Al3Li and 
the Al matrix. It can be inferred that Cu, Mg and Cr, 
altogether with the indissoluble elements Mn, Fe, 
Co and Ni, can hardly influence the nucleation and 
growth of δʹ-Al3Li in Al alloys. 

Using the same method, the partition energies 
of all the possible solute elements in θʹ-Al2Cu 
versus in the Al matrix are calculated in Fig. 3. It is 
found that, in contrast to δʹ-Al3Li, almost all the 
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Table 2 Information of 25 candidate solute elements being considered 
Element 

group Element Group 
 number 

Atomic 
 number 

Crystal  
structure 

Atomic  
radius/Å 

Valence  
configuration 

Main-group 
element 

Li IA 3 bcc 1.57 2s1 
Mg IIA 12 hcp 1.60 3s2 
Al IIIA 13 fcc 1.43 3s23p1 
Si IVA 14 diamond 1.18 3s23p2 

Transition 
element 

Ti IVB 22 hcp 1.47 3d24s2 
V VB 23 bcc 1.35 3d34s2 
Cr VIB 24 bcc 1.29 3d54s1 
Mn VIIB 25 bcc 1.37 3d54s2 
Fe VIIIB 26 bcc 1.26 3d64s2 
Co VIIIB 27 hcp 1.25 3d74s2 
Ni VIIIB 28 fcc 1.25 3d84s2 
Cu IB 29 fcc 1.28 3d104s1 
Zn IIB 30 hcp 1.37 3d104s2 
Zr IIIB 40 hcp 1.60 4d25s2 
Mo VIB 42 bcc 1.40 4d55s1 
Ag IB 47 fcc 1.44 4d105s1 
Cd IIB 48 hcp 1.52 4d105s2 
Au IB 79 fcc 1.44 5d106s1 

Rare earth 
element 

Sc IIIB 21 hcp 1.64 3d14s2 
Y IIIB 39 hcp 1.82 4d15s2 
La IIIB 57 d-hcp 1.88 5d16s2 
Ce IIIB 58 fcc 1.82 4f15d16s2 
Pr IIIB 59 d-hcp 1.82 4f26s2 
Er IIIB 68 hcp 1.75 4f126s2 
Yb IIIB 90 fcc 1.94 4f146s2 

 

 

Fig. 2 Calculated partition energies of all solute elements in δʹ-Al3Li versus in Al matrix 
 
solute elements have a positive partition energy in 
θʹ(Al2Cu). Thus, they would stay in the Al matrix in 
preference to enter θʹ phase, with no ways to get 
involved directly into the nucleation and growth of 

θʹ. Only a few elements (i.e. Si, Ni and Au) have 
been predicted with a very low (but non-zero) 
tendency of substituting Cu in θʹ. There exist some 
previous experimental findings that favorably 
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support our calculations results. It has been reported 
that a trace addition of Au could influence the 
nucleation and growth of θʹ by promoting a finer 
and more uniform distribution of θʹ phases in an 
Al−Cu−Au alloy [44]. Si addition also resulted in 
finer lamellar eutectics of Al2Cu+Si in an Al−Cu−Si 
alloy [45]. It is natural to deduce that Ni may also 
have some similar effects in the nucleation and 
growth of θʹ in Al alloys. 

Figure 4 compares the partition energies of all 
the possible solute elements in S-Al2CuMg versus 
in the Al matrix. Most solute elements are unlikely 
to partition into S and thus can hardly affect its 
nucleation and growth in Al. All the rare-earth 
elements (only except Sc) can be strongly preferred 
to substitute Mg in S-Al2CuMg. Solutes Si, Ni and 
Au, as well as Cd, are predicted with a very low 
(but non-zero) partition tendency to S-Al2CuMg. 
Among which, Si and Cd have a very weak 
tendency to substitute Al, and Ni and Au have  
weak tendency to substitute Cu in S-Al2CuMg. 
Experimental studies about the interaction of 
solutes and S-phase still lack, and are worth to be 
explored in future. 

The partition energies of all the possible solute 
elements in T1-Al2CuLi phase are calculated in 
Fig. 5. The improved Kim’s model has three 
non-equivalent Al sites (Al1, Al2, Al3), two non- 
equivalent Cu sites (Cu1, Cu2) and two non- 
equivalent Li sites (Li1, Li2). The calculated ΔEpart 
are found to be very similar for all the solute 
elements substitution at the two Cu sites. They are 
predicted to be positive values or nearly zero, 
suggesting Cu sites are not preferred by any solute 
elements being considered here. The same trend is 
also revealed for almost all these elements at the 
three Al sites, except Si and Cd. In particular, Si can 
substitute all the Al sites while Cd tends to 
substitute the Al2 sites only. All the rare-earth 
elements can strongly partition into T1-Al2CuLi 
phase, to substitute Li2 sites more favorably than 
Li1 sites. Mg, Zr and Cd can weakly partition into 
T1. Mg prefer almost equally at Li1 and Li2 sites, Zr 
and Cr prefers Li2 sites only. For a given element, 
by carefully comparing the ΔEpart values among 
different substitution sites, we can deduce a 
partition preference ordering of RE at Li > Si at Al > 
Zr at Li2 ≈ Cd@Al2/Li2 > Mg@Li in T1. 

 

 
Fig. 3 Calculated partition energies of all solute elements in θʹ-Al2Cu versus in Al matrix 
 

 
Fig. 4 Calculated partition energies of all solute elements in S-Al2CuMg versus in Al matrix 



Zheng-qing LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1734−1744 1740 

 

 
Fig. 5 Calculated partition energies of all solute elements in T1-Al6Cu4Li3 versus in Al matrix 
 

So far, the partition preference of all the solute 
elements has been predicted for each individual 
nano-phase in commercial Al−Cu−Li−Mg alloys. 
Considering that all the partition energies are 
calculated using the same modeling and numerical 
methods, these energies can be directly used     
for predicting the solute partition behaviors and 
effects in multi-element Al−Cu−Li−Mg alloys. The 
following findings can be thus suggested: (1) Cu is 
a necessary element to form θʹ-Al2Cu, S-Al2CuMg 
and T1-Al2CuLi, and excess Cu has no partition 
tendency to δʹ-Al3Li. Li is a necessary element to 
form δʹ and T1, but excess Li has no effects on 
nucleation of θʹ and S. Mg is a necessary element to 
form S, and excess Mg may promote T1 (by 
substituting Li sites); (2) Transition metal elements 
Ti, V, Mo, Ag, and Zn can only affect δʹ by 

substituting Li sites. Zr can affect δʹ and T1 phases, 
with δʹ being more preferred. Ni can equally weakly 
partition into θʹ and S (by substituting Cu sites). Au 
can affect δʹ, θʹ and S. Cd can partition into δʹ, S and 
T1 with δʹ being most preferred. Cr, Mn, Fe and Co 
can hardly partition into any of these phases; (3) All 
the RE elements can partition into δʹ, S and T1 

except Sc (Sc shows no partition preference to S), 
with T1 being most preferred; (4) Si can affect all 
four type phases with δʹ and T1 being equally more 
favored. 

For a better clarity, a four-set Venn’s diagram 
is plotted in Fig. 6 to manifest our newly gained 
knowledge about the interaction between solutes 
and nano-phases. Each intersecting area indicates a 
group of solute elements that can partition into 
more than one nano-phase in Al−Cu−Li−Mg alloys. 
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The Venn’s diagram in Fig. 6 accompanied with the 
calculated partition energies in Figs. 2−5 constitute 
a simple prototype database that can help in guiding 
the alloying design. For instance, for principal- 
alloying element design, a high Cu/Li ratio is 
favorable to increase the precipitation fractions of 
θʹ-Al2Cu, S-Al2CuMg and T1-Al2CuLi with a 
minimal amount of δʹ-Al3Li. A high Mg/Li ratio is 
favorable to promote the nucleation of S and T1 with 
a minimal amount of δʹ. A sufficient Li content with 
low Cu and Mg contents would certainly favor δʹ 
versus T1, θʹ and S, but for the sake of uniform 
strengthening, a careful micro-alloying design is 
critically demanded. Many δʹ-only preferred elements, 
such as Ti, V, Zn, Ag and Mo, would better be 
excluded. Further to favor T1 versus θʹ and S, a 
sufficient Li content with Zr and Sc micro-alloying 
will be encouraged. Micro-alloying with Cd and 
other RE elements can favor T1, but can promote θʹ. 
 

 
Fig. 6 Four-set Venn’s diagram showing newly-gained 
knowledge about interaction between solutes and 
nano-phases in Al−Cu−Li−Mg alloys 
 

To look back into the current-generation 
commercial Al−Cu−Li−Mg alloys, Zr, Zn, Ag and 
various RE elements have been often introduced as 
micro-alloying elements. Grain refinement effects 
induced by trace amounts of Zr and/or RE elements 
have been widely manifested in many experiments, 
which have been generally attributed to the earlier 
precipitated primary L12 phases (i.e. βʹ-Al3Zr and/or 
various Al3RE) at higher temperatures [46,47]. Our 
results further suggested that Zr may also promote 

the nucleation of T1 but not θʹ and S, and RE 
elements promote T1, δ ʹ and S but not θʹ. As for Ag 
and Zn micro-alloying elements, they may promote 
δʹ but cannot directly influence the nucleation of 
other phases. Nevertheless, we must note that, 
besides these bulk partition effects, all these solutes 
may possibly segregate to the interfaces of these 
phases which requires future investigation. A full 
clarification on micro-alloying mechanisms in 
Al−Cu−Mg−Li alloys also demands comprehensive 
grain boundary calculations, which have been 
largely dealt with in our previous study [48]. 
Furthermore, the possible roles of these elements on 
nano-phase interfaces will be our future major focus, 
to finally develop a full fundamental understanding 
of micro-alloying mechanisms in Al−Cu−Li−Mg 
alloys and other related Al alloys. 
 
4 Conclusions 
 

(1) Excess principal-alloying element Li 
cannot directly affect θʹ and S, Cu cannot directly 
affect δʹ, Mg cannot directly affect θʹ and δʹ but can 
weakly partition into T1. 

(2) Although rather weakly, micro-alloying 
element Si is the only element that can partition into 
all the four nano-phases of θʹ, δʹ, S and T1. 

(3) For micro-alloying transition-metal 
elements, Au substitution is more favored in δʹ than 
in θʹ and S, but with no preference in T1. Ni 
substitution can be weakly favored only in θʹ and S. 
Cd substitution is more favored in δʹ than in T1 and 
S, but is forbidden in θʹ. Zr substitution is more 
favored in δʹ than in T1, but is forbidden in θʹ and S. 

(4) For other micro-alloying transition-metal 
elements, Ti, V, Zn, Ag, and Mo can partition into δʹ 
only. Cr, Mn, Fe and Co cannot directly affect any 
of the four nano-phases. 

(5) All micro-alloying RE-elements can 
strongly partition into T1, following by δʹ and S, but 
would be expelled by θʹ. Only Sc is somehow 
particular to S, showing no partition preference in S. 
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摘  要：采用一性原理计算考察 25 种合金化元素在大多数商业牌号 Al−Cu−Li−Mg 合金中主要纳米相(δʹ-Al3Li、

θʹ-Al2Cu、T1-Al6Cu4Li3 和 S-Al2CuMg)之间的溶质配分能和配分行为。计算结果表明，主合金化元素 Li 不能直接

影响 θʹ和 S 相，Cu 不能直接影响 δʹ相，Mg 不能直接影响 θʹ和 δʹ相，但可以较弱地固溶于 T1 相。对于微合金化元

素，Si 是唯一一种可以固溶于 4 种纳米相的元素。Au 能固溶于 δʹ、θʹ和 S 相，Cd 能固溶于 δʹ、T1 和 S 相，Zr 能

固溶于 δʹ和 T1 相，Ni 仅有微弱的趋势固溶于 θʹ和 S 相。Ti、V、Zn、Ag 和 Mo 只能固溶于 δʹ相，而 Cr、Mn、Fe

和 Co 对这 4 种纳米相均没有直接影响。几乎所有的稀土元素均能强烈固溶于 T1、δʹ和 S 相，但无法固溶于 θʹ相。

仅 Sc 略显特殊，对 S 相没有明显的固溶趋势。计算预测的溶质配分能构成了一个原型数据库，有利于指导和加

速 Al−Li 合金及其他相关 Al 合金的设计。 

关键词：Al−Cu−Li−Mg 合金；纳米相；微合金化；溶质配分；第一性原理 
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