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a b s t r a c t 

We recently proposed a new, low-energy atomic structure of the Al 2 CuLi (T 1 ) phase using first-principles 

calculations based on density functional theory [ Acta Mater. 145 (2018) 337-346 ]. Here, we refine the 

Li positions in the proposed T 1 structure and find that the T 1 phase has a tie-line with Al at finite- 

temperature by vibrational entropic stabilization on the Gibbs triangle of the ternary Al-Cu-Li system. 

We also derive a low-energy T 1 /Al coherent interfacial structure and find that Ag and Mg solutes are 

predicted to segregate to the coherent interface, which is in agreement with recent experimental obser- 

vations by atom probe tomography. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Precipitation-strengthened alloys such as those based on alu- 

inum are widely used in transportation. Aluminum-lithium (Al- 

i) alloys are of great interest in aerospace applications where 

uperior specific strength (high strength/low density) is required 

 1 , 2 ]. This is because lithium additions reduce density (~3% de- 

rease per every weight percent) and increase elastic modulus (~6% 

ncrease per every weight percent) [3] . Cu additions further in- 

rease the strength of aluminum alloys in the Al-Cu-Li system 

n the limit of Li content (lower than 2 wt.%) due to the long- 

erm embrittlement [3] . In the ternary Al-Cu-Li system, the main 

trengthening precipitate is a hexagonal Al 2 CuLi (T 1 ), which forms 

anometer-sized thin plates on the {111} Al planes when embedded 

n Al matrix [4] . 

The crystal structure of the T 1 phase has been studied exten- 

ively by various experimental groups [5–9] . However, these stud- 

es contain several distinct proposals for the crystal structure of T 1 . 

n order to reconcile the discrepancies in these reports, and to de- 

ermine the thermodynamically stable crystal structure of the T 1 
hase, we previously performed first-principles calculations based 

n Density Functional Theory (DFT) using crystal structure infor- 

ation in experiments [10] . According to the experimental infor- 

ation, there are two compositional degrees of freedom in the T 1 
tructure: 1) Li partial occupancy in its position; 2) Al-Cu mix- 

ng in two-dimensional configurations. In the previous study, we 
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rst investigated various configurations of the half-occupied Li lay- 

rs under an assumption of fully occupied Al or Cu in the Al-Cu 

ixed layer. We then derived a lowest-energy ordered configura- 

ion of Al-Cu using cluster expansion methods. Based on our com- 

utations, we proposed a new structure of the T 1 phase, which has 

FT energy lower than all of the experimentally proposed crys- 

al structures. And, we found the DFT energy of the new proposed 

tructural model places it on the convex hull, and hence this com- 

ound is stable (at T = 0K) in the Al-Cu-Li ternary system. However, 

here are still some unanswered questions about the structure and 

hase stability of the T 1 phase: There is a discrepancy of the Li 

osition between experiment [7] and computation [10] . In addi- 

ion, the DFT-energy of the predicted T 1 phase structure does not 

ave a tie-line with the Al matrix at 0K in ternary Al-Cu-Li system, 

hich is seemingly inconsistent with the experimental observation 

f two-phase Al + T 1 microstructure. 

The precipitate/matrix interfacial structure and energy are im- 

ortant thermodynamic parameters in designing high strengthened 

lloys. For example, the interfacial energy determines the height 

f energy barrier for nucleation, number density, morphology, and 

he size distribution of the precipitates [11] . The solute-interface 

nteraction is also very important in optimizing the microstruc- 

ure of T 1 precipitates. This is because coarsening of the precip- 

tates can be controlled by solute segregations at interface. Gault 

t al. [12] found that Ag and Mg solutes do not segregate at the 

nterface, but instead are partitioned inside the T 1 phase, as iden- 

ified through Atom Probe Tomography (APT). Using the same APT 

https://doi.org/10.1016/j.scriptamat.2021.114009
http://www.ScienceDirect.com
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ethod, however, Ag and Mg have been observed to segregate to 

he T 1 /Al interface by Araullo-Peters et al. [13] and Kang et al. [14] .

raullo-Peters et al. argued that the interfacial segregation cannot 

e observed when the atom probe probing direction is not perpen- 

icular to the T 1 precipitates [13] . 

Here, we use first-principles calculations to determine the an- 

wers to some of the outstanding questions described above. We 

xplore the detailed Li position in the stable T 1 structure. And 

e investigated finite-temperature effects (i.e., vibrational entropic 

ontributions) to the thermodynamic stability of the T 1 phase to 

esolve the discrepancy between experiment and computation re- 

arding the stability of two-phase Al + T 1 . We also derived the low-

nergy interfacial structure of the coherent T 1 /Al interface and 

redicted solute segregation behavior to resolve the contradictory 

f interface-related observations in the literature. The interfacial 

tructure and energy determined here will be useful thermody- 

amic parameters to future phase-field modeling of microstructure 

volution. 

We performed first-principles calculations using the Vienna Ab 

nitio Simulation Package (VASP) [15] and projector-augmented 

ave potentials [16] . We utilized the PBE parameterization of the 

eneralized gradient approximation (GGA-PBE) [17] for all calcula- 

ions. We relaxed all the cell-internal and cell-external degrees of 

reedom at an energy cutoff of 520 eV. Gamma-centered k-point 

eshes were constructed to achieve at least 9,0 0 0 k-points per re- 

iprocal atom, giving the convergence of formation energy within 

meV/atom. The interfacial energy and solute segregation energy 

ere converged within 10% and 10meV/solute atom with respect 

o the supercell sizes used. 

Calculations of bulk energetics, interfacial stability, and solute 

egregation energy at the coherent T 1 /Al interface were performed. 

irst of all, we computed formation energy of compounds in Al- 

u-Li ternary system when in equilibrium with the Al matrix to 

ompare the relative thermodynamic bulk stability at 0K. The key 

uantity for this calculation is the formation energy per solute atom 

10] 

H 

eq ( A l a C u b L i c ) = 

E ( A l a C u b L i c ) − [ x A E 
eq ( Al ) + x B E 

eq ( Cu ) + x C E 
eq ( Li ) ] 

x B + x C 

(1) 

here �H 

eq ( A l a C u b L i c ) is the equilibrium formation energy 

eV/solute) of a compound relative to the pure components, 

l, Cu, and Li. E( A l a C u b L i c ) is the energy of the compound. 

 

eq ( Al ) , E eq ( Cu ) and E eq ( Li ) are the energies of the pure com-

onents from first-principles calculations. We also computed the 

ibrational entropies of two previously proposed T 1 structures 

Al 6 Cu 4 Li 3 , Al 13 Cu 7 Li 6 ) and other phases in the Al-Cu-Li system in

rder to include the vibrational contribution to the free energy. We 

se the Phonopy [18] for phonon calculations, which is based on 

he harmonic approximation. The thermodynamic stability of the 

 1 /Al interfaces was investigated based on interfacial energy cal- 

ulations at 0K. We recently described how to compute interfacial 

nergy based on the chemical potentials of pure elements in multi- 

omponent systems where the periodic boundary condition varies 

ith the supercell size in DFT calculations [19] . The interfacial en- 

rgy determined from a supercell containing the interface and a 

ecomposition of the supercell formation energy into strain and 

nterfacial contributions [ 20 , 21 ] 

E f = δE cs ( Al, T 1 ) + 

2 σA 

N 

(2) 

here �E f = [ ( x A μAl + x A μCu + x A μLi ) /N ] is the formation energy 

er atom relative to the chemical potentials ( μAl , μCu , μLi ) of Al, 

u, Li. δE cs ( α,θ ′ ) is the coherency strain per atom caused by the 

attice mismatch between T 1 and Al. N is the total number of 

toms in the super cell, and σ and A are the interfacial energy and 
2 
rea, respectively. We can obtain the interfacial energy by comput- 

ng the energies of supercells of various sizes and extracting the 

lope of �E f vs. 1/ N in Eq. (2) . For the chemical potentials of Al, 

u, and Li, we solved the following equations based on three ref- 

rence (i.e., stable) phases, Al, Al 2 Cu ( θ ’), and T 1 on the calculated 

onvex hull [10] and in experiment [13] 

Al = E FCC Al 

 μAl + μCu = E θ ′ ( A l 2 Cu ) 

 μAl + 4 μCu + 3 μLi = E T 1 

(3) 

The interfacial energy difference is within 20mJ/m 

2 depend- 

ng on reference phases (e.g., Al + Al 3 Li( δ’ ) + T 1 vs. Al + AlLi( δ) + T 1 ).

olute-interface interactions were analyzed by solute segregation 

nergy (eV/solute atom). The segregation energy is defined as 

he total energy difference as a function of solute atom positions 

ith respect to the interface in a cell. The following formula, 

or example, is how to compute Ag solute segregation energy at 

nterface. 

E seg = E ( Ag → X ) − E ( Ag → A l b ) + μX − μAl (4) 

Here, E( Ag → X ) − E( Ag → A l b ) represents the total energy dif- 

erence as a function of Ag solute position across an interface. 

he X indicates the sublattice sites near interface. For example, A l i 
efers the Al plane adjacent to the interface; T 1 

Al 
i , T 1 

Li 
i , and T 1 

Cu 
i −1 

epresent the lattice planes within the precipitate near interface; 

nd A l b refers to a bulk-like plane in the Al matrix. When a solute 

s located in Cu or Li sublattice sites of T 1 precipitate, the chem- 

cal potentials, μX − μAl in Eq. (4) , can compensate for a differ- 

nt number of atoms between the two supercells (first and second 

erms on the right side in Eq. (4) ). We adopt a sign convention

uch that sites having �E seg < 0 in Eq. (4) are energetically favor- 

ble for solute segregation at interface relative to solid solutions in 

l matrix. 

Recently, we proposed [10] the new low-energy structures 

Al 6 Cu 4 Li 3 , Al 13 Cu 7 Li 6 ) of the T 1 phase using first-principles den-

ity functional theory calculations combined with cluster expan- 

ion methods. The proposed T 1 (Al 6 Cu 4 Li 3 ) phase is energetically 

table on the calculated convex hull of the Al-Cu-Li system at 0K. 

reviously, we investigated various configurations of the Li layers 

n a T 1 bulk structure under an assumption of fully occupied Al or 

u in the mixed layer. We first defined these Li orderings, and sub- 

equently explored Al-Cu configurations using first-principles cal- 

ulations with cluster expansion methods. We found that the Li 

toms are energetically favorable when located on the flat plane 

long the z-fractional coordinate, (111) Al , in the T 1 bulk structure 

10] . Since the Li position in the bulk T 1 structure deviates the flat 

lane experimentally [7] , we further investigated ordering of Al- 

i positions in a DFT-predicted T 1 (Al 6 Cu 4 Li 3 ) structure to ascertain 

ow the ordered Al/Cu layers impact on the Al-Li configurations. 

Fig. 1 (a) represents the crystal structure of the T 1 phase 

Al 6 Cu 4 Li 3 ) including the lowest-energy ordering found for the Al- 

u layers. A search was done for the lowest configurations of Al- 

i layers in the structure depicted in in Fig. 1 (b). We confirmed 

hat the new Li position induces a lowering of energy by 0.16 

eV/atom, and the corrected Li positions along the z-fractional co- 

rdinate, (111) Al , are 0.956 and 0.044 of Li (2) instead of 0 in Table

 of our previous study [10] . 

The DFT-predicted T 1 phase is stable on the calculated con- 

ex hull of the Al-Cu-Li system [10] , however, it does not have 

 tie-line with Al, inconsistent with the experimental phase di- 

gram [10] as shown in Fig. 2 (a). To resolve this problem, we 

erformed finite-temperature stability analysis of T 1 in this work. 

he configurational entropic stabilization due to the mixing of 

l-Cu layers is not large enough to make a tie-line between T 1 
nd Al [10] . Thus, we investigated vibrational entropic contribu- 
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Fig. 1. (a) (Left) The DFT-predicted structure of the T 1 phase, Al 6 Cu 4 Li 3 , stable on the calculated convex hull in ternary Al-Cu-Li [10] (Right) The Li position is corrected 

with a displacement of 0.28 Å along the interfacial normal direction, (111) Al , in this work (b) Total energy variation as a function of displacement of Li along the (111) Al . The 

calculation represents that the displacement of 0.28 Å is a lowest-energy state. 

Fig. 2. Calculated formation free energies (eV/solute atom) from Eq. (1) as a function of fraction of Cu and Li at (a) 0K and (b) 600K. These energies represent the thermo- 

dynamic stability of various compounds when in equilibrium with Al matrix in the ternary Al-Cu-Li system. Blue circles indicated the previously-proposed DFT T 1 phases 

(Al 6 Cu 4 Li 3 , Al 13 Cu 7 Li 6 ) [10] . At T = 600K, the vibrational entropy stabilizes the two T 1 phases, resulting a break of the convex hull between Al 3 Li ( δ’ ) and Al 2 Cu ( θ ) at 600K. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ions to phase stability of T 1 phase in the ternary Al-Cu-Li sys- 

em. The detailed information (e.g., the formation enthalpies and 

ntropies) is in Supplementary material. The formation free ener- 

ies of Al-based compounds were computed using Eq. (1) , which 

llows us to determine the stable phases in equilibrium with the 

l matrix at 0 and 600K. In Fig. 2 (b), we found that the vibra-

ional entropy contributes stabilization of the two DFT-predicted 

 1 phases at finite-temperature of 600K. The entropically stabilized 

 1 phase breaks the convex hull (dotted in red), which is consis- 

ent with the experimental phase diagram. The equilibrium phase 

f the tetragonal (C16) structure of Al 2 Cu ( θ ) is not the stable

hase in T = 0K DFT calculations as shown in Fig. 2 (a). This was ex-

lained by the role of the vibrational entropies of θ and θ ’ , which 

ere found to be unexpectedly important for the Al 2 Cu phase as 

roposed by Wolverton and Ozoli ̧n š [22] . In the ternary Al-Cu-Li 

ystem at 0K, Al Cu Li is more stable than Al Cu Li , however,
6 4 3 13 7 6 

3 
t a temperature of 600K, Al 13 Cu 7 Li 6 has slightly more favorable 

nergetics. 

The multi-scale modeling from atomistic to mesoscale is a 

ell-known design strategy in the ICME paradigms [23] . And the 

recipitate-matrix interfacial structure and energy are key pieces 

f atomistic information that can be used for mesoscale phase- 

eld modeling of microstructural evolution. For example, the in- 

erfacial energy is an important input parameter for determining 

he gradient energy coefficient of the diffuse-interface approach in 

he phase-field method [24] . Hence, we next turn to the interfa- 

ial energy, and the concomitant requirement of determining the 

nterfacial structure between T 1 and Al. 

In order to construct an atomistic model of the T 1/ Al inter- 

ace, one must know the orientation relations between the pre- 

ipitate and matrix crystal structures, as well as the energetically 

referred termination of the precipitate phase at the interface. The 
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Fig. 3. (a) Relaxed atomic models for the (0 0 01) T1 /(111) Al interfaces with different interfacial terminations (Left: Al-Li, Right: Al-Cu). (b) First-principles formation energies 

of N-atom super cells as a function of 1/N for the interface. The interfacial energies ( σ ) were extracted from the slopes by Eq. (2) . The interface with Al-Cu termination has 

a higher slope, as such, extracted interfacial energy is higher than the interface with Al-Li termination. 

T

h

e

t

b

T

e

n

t

t

c

l

E

f

c

t

t

T

D

t

i

p

L

t  

m

e

f

e

a

i

[  

l

G

r

s

g

f

g

F

i

l

T

s

t

s  

t

a

e  

a

T

t

c

t

i

t

t

a

i

T

p

t

t

p

c

A

f

s

l

a

l

b

W

C

 1 precipitate forms on the {111} planes of the fcc Al matrix and 

ave hexagonal platelet shapes [4] . According to the previous lit- 

ratures, Donnadieu et al. [8] observed that the Al-Cu layers of 

he T 1 structure are the terminating planes of the precipitates 

y aberration-corrected High-Angle Annular Dark-Field Scanning 

ransmission Electron Microscopy (HAADF-STEM). However, Dwyer 

t al. [9] identified at around the same time using the same tech- 

ique that the terminating precipitate layer of the interfacial struc- 

ure with an Al matrix is the Al-Li corrugated layer. Based on the 

wo experimental observations, we performed interfacial energy 

alculations for the two different interfacial structures to derive a 

ow-energy structure and compute the corresponding energies by 

qs. (2) and (3) . 

Fig. 3 (a) represents the T 1 /Al interface supercells with two dif- 

erent terminations, Al-Cu and Al-Li layers, respectively. Our cal- 

ulations found a compound interfacial energy of 81 mJ/m 

2 when 

he nearest atoms to the interface are Al and Li. And we found 

hat the corrugated Li layers shifted toward the Al matrix in the 

 1 /Al interfacial structure due to interactions with Al matrix after 

FT relaxation in Fig. 3 (a) (Left), consistent with two experimen- 

al observations during precipitation [ 9 , 14 ]. The Al-Cu terminated 

nterface has a much higher interfacial energy of 407 mJ/m 

2 . The 

reference of Al-Li termination can be understood because the Al- 

i layers are more closed-packed in two dimensions compared to 

he Al-Cu layers as shown in Fig. 3 (b). Our finding here of Al-Li ter-

ination of the precipitate at the interface is consistent with the 

xperimental work by Dwyer et al. [9] . 

Aluminum alloys are complex multi-component systems, and 

or example, minor solutes such as Ag and Mg are common el- 

ments in designing Al-Cu-Li alloys. The Ag and Mg solutes play 

n important role in stabilizing the {111} habit plane and promot- 

ng nucleation for the hexagonal structure of � and T 1 precipitates 

 25 , 26 ]. Recent experiments [ 13 , 14 ] show that the Ag and Mg so-

utes segregate to the T 1 /Al interfaces, which is in contrast with 

ault’s finding [12] by the same experimental atom-probe tomog- 

aphy technique. To address this controversy and determine the 

olute segregation behavior at the interface, we calculated segre- 

ation energies of Ag and Mg solutes across the T 1 coherent inter- 

ace. 
i

4 
Fig. 4 (a) depicts the relaxed atomic models for solute segre- 

ation energy calculations for the T 1 /Al interface determined in 

ig. 3 (a). The solute position with respect to the lattice plane is 

ndicated based on the T 1 /Al interface. For example, we indicate 

attice planes near the interface as A l i toward the Al matrix and 

 1 i toward the precipitate, respectively. Fig. 4 (b) shows computed 

egregation energies of Ag and Mg solutes. A layer with a nega- 

ive energy means that the solute is energetically favorable in the 

ite compared to the Al bulk-like layer indicated as A l b . It is shown

hat minor additions of Ag and Mg are thermodynamically favor- 

ble for interfacial segregations in agreement with Araullo-Peters 

t al. [13] and Kang et al. [14] . For example, Ag solute is favor-

bly located on Al or Cu sites at the interface (-0.31eV/atom on 

 1 
Al 
i , and -0.18eV/atom on T 1 

Cu 
i −1 , respectively). Mg solutes prefer 

o locate on Li sites at interface (-0.11eV/atom on T 1 
Li 
i ). Thus, we 

onclude that Ag and Mg solutes segregate at the interface due to 

hermodynamic driving forces. 

We have studied the thermodynamic stability of the bulk and 

nterfacial structure of the T 1 precipitate in Al alloys. We refined 

he Li positions in the recently proposed T 1 structure. We found 

hat the Li layers in the T 1 precipitates show a small instability 

nd can relax away from high-symmetry positions, slightly lower- 

ng the bulk energetics. To clarify the two-phase tie line between 

 1 and the Al matrix on the convex hull of Al-Cu-Li systems, we 

erformed harmonic phonon calculations to determine the vibra- 

ional entropic stabilization. At 600K, our DFT-predicted T 1 struc- 

ures are equilibrium with the Al matrix, consistent with the ex- 

erimental phase diagram. We also derived a low-energy interfa- 

ial structure and energy. The low-energy interfacial structure has 

l-Li atoms terminating the precipitate phase nearest to the inter- 

ace. The computed lowest interfacial energy is 81mJ/m 

2 , which is 

ignificantly lower than that with Al-Cu termination. The minor so- 

ute segregation behaviors were investigated to resolve a discrep- 

ncy between previous observations. We found that Ag and Mg so- 

utes were predicted to segregate at the coherent T 1 /Al interface 

ased on the segregation energy calculations across the interface. 

e believe that our findings will form a basis for the integrated 

omputational Materials Engineering (ICME) approach for design- 

ng high-strengthened Al-Cu-Li based alloys. 
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Fig. 4. (a) The relaxed atomic models for the coherent (0 0 01) T1 /(111) Al interface used in our first-principles calculations. The black atom in the supercell illustrates a position 

of Ag and Mg atoms at a bulk-like site in the Al matrix. We labeled the lattice planes according to a distance from the interface plane. For example, Al b refers to a bulk-like 

plane in the Al matrix; Al i and T 1i represent the Al and T 1 planes adjacent to the interface. (b) Calculated Ag and Mg solute segregation energies as a function of distance 

from the coherent interface. The blue points represent Ag solute and red points represent Mg solute at the interface, respectively. The sites that have a sign convention of 

are energetically favorable compared to Al bulk-like sites in the matrix. 
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