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We recently proposed a new, low-energy atomic structure of the Al,CulLi (T;) 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; structure and find that the T; 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;/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.

Precipitation-strengthened alloys such as those based on alu-
minum are widely used in transportation. Aluminum-lithium (Al-
Li) alloys are of great interest in aerospace applications where
superior specific strength (high strength/low density) is required
[1,2]. This is because lithium additions reduce density (~3% de-
crease per every weight percent) and increase elastic modulus (~6%
increase per every weight percent) [3]. Cu additions further in-
crease the strength of aluminum alloys in the Al-Cu-Li system
in the limit of Li content (lower than 2 wt.%) due to the long-
term embrittlement [3]. In the ternary Al-Cu-Li system, the main
strengthening precipitate is a hexagonal Al,Culi (T;), which forms
nanometer-sized thin plates on the {111}, planes when embedded
in Al matrix [4].

The crystal structure of the T; phase has been studied exten-
sively by various experimental groups [5-9]. However, these stud-
ies contain several distinct proposals for the crystal structure of T;.
In order to reconcile the discrepancies in these reports, and to de-
termine the thermodynamically stable crystal structure of the T,
phase, we previously performed first-principles calculations based
on Density Functional Theory (DFT) using crystal structure infor-
mation in experiments [10]. According to the experimental infor-
mation, there are two compositional degrees of freedom in the T,
structure: 1) Li partial occupancy in its position; 2) Al-Cu mix-
ing in two-dimensional configurations. In the previous study, we
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first investigated various configurations of the half-occupied Li lay-
ers under an assumption of fully occupied Al or Cu in the Al-Cu
mixed layer. We then derived a lowest-energy ordered configura-
tion of Al-Cu using cluster expansion methods. Based on our com-
putations, we proposed a new structure of the T; phase, which has
DFT energy lower than all of the experimentally proposed crys-
tal structures. And, we found the DFT energy of the new proposed
structural model places it on the convex hull, and hence this com-
pound is stable (at T=0K) in the Al-Cu-Li ternary system. However,
there are still some unanswered questions about the structure and
phase stability of the T; phase: There is a discrepancy of the Li
position between experiment [7| and computation [10]. In addi-
tion, the DFT-energy of the predicted T; phase structure does not
have a tie-line with the Al matrix at OK in ternary Al-Cu-Li system,
which is seemingly inconsistent with the experimental observation
of two-phase Al+T; microstructure.

The precipitate/matrix interfacial structure and energy are im-
portant thermodynamic parameters in designing high strengthened
alloys. For example, the interfacial energy determines the height
of energy barrier for nucleation, number density, morphology, and
the size distribution of the precipitates [11]. The solute-interface
interaction is also very important in optimizing the microstruc-
ture of T; precipitates. This is because coarsening of the precip-
itates can be controlled by solute segregations at interface. Gault
et al. [12] found that Ag and Mg solutes do not segregate at the
interface, but instead are partitioned inside the T, phase, as iden-
tified through Atom Probe Tomography (APT). Using the same APT
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method, however, Ag and Mg have been observed to segregate to
the T, /Al interface by Araullo-Peters et al. [13] and Kang et al. [14].
Araullo-Peters et al. argued that the interfacial segregation cannot
be observed when the atom probe probing direction is not perpen-
dicular to the T; precipitates [13].

Here, we use first-principles calculations to determine the an-
swers to some of the outstanding questions described above. We
explore the detailed Li position in the stable T; structure. And
we investigated finite-temperature effects (i.e., vibrational entropic
contributions) to the thermodynamic stability of the T; phase to
resolve the discrepancy between experiment and computation re-
garding the stability of two-phase Al+T;. We also derived the low-
energy interfacial structure of the coherent T;/Al interface and
predicted solute segregation behavior to resolve the contradictory
of interface-related observations in the literature. The interfacial
structure and energy determined here will be useful thermody-
namic parameters to future phase-field modeling of microstructure
evolution.

We performed first-principles calculations using the Vienna Ab
initio Simulation Package (VASP) [15] and projector-augmented
wave potentials [16]. We utilized the PBE parameterization of the
generalized gradient approximation (GGA-PBE) [17] for all calcula-
tions. We relaxed all the cell-internal and cell-external degrees of
freedom at an energy cutoff of 520 eV. Gamma-centered k-point
meshes were constructed to achieve at least 9,000 k-points per re-
ciprocal atom, giving the convergence of formation energy within
1meV/atom. The interfacial energy and solute segregation energy
were converged within 10% and 10meV/solute atom with respect
to the supercell sizes used.

Calculations of bulk energetics, interfacial stability, and solute
segregation energy at the coherent T, /Al interface were performed.
First of all, we computed formation energy of compounds in Al-
Cu-Li ternary system when in equilibrium with the Al matrix to
compare the relative thermodynamic bulk stability at OK. The key
quantity for this calculation is the formation energy per solute atom
[10]

E (Al CupLic) — [X4E® (Al) + xgE®(Cu) + XcE®(Li)]
X + Xc

AH® (AL, CupLic) =
(1)

where AH®(Al;Cuplic) is the equilibrium formation energy
(eV/solute) of a compound relative to the pure components,
Al, Cu, and Li. E(Al;Cuplic) is the energy of the compound.
E€9(Al), E®(Cu) and E®(Li) are the energies of the pure com-
ponents from first-principles calculations. We also computed the
vibrational entropies of two previously proposed T; structures
(AlgCuyLis, Al;3CusLig) and other phases in the Al-Cu-Li system in
order to include the vibrational contribution to the free energy. We
use the Phonopy [18] for phonon calculations, which is based on
the harmonic approximation. The thermodynamic stability of the
T;/Al interfaces was investigated based on interfacial energy cal-
culations at OK. We recently described how to compute interfacial
energy based on the chemical potentials of pure elements in multi-
component systems where the periodic boundary condition varies
with the supercell size in DFT calculations [19]. The interfacial en-
ergy determined from a supercell containing the interface and a
decomposition of the supercell formation energy into strain and
interfacial contributions [20,21]
20A

AEf = 8Ecs (ALT)) + T (2)

where AEf = [(Xa/tal +Xalbcu +Xalt1i)/N] is the formation energy
per atom relative to the chemical potentials (ty ftcy, tri) of Al
Cu, Li. 8E¢s (4 o) is the coherency strain per atom caused by the
lattice mismatch between T; and Al N is the total number of
atoms in the super cell, and o and A are the interfacial energy and
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area, respectively. We can obtain the interfacial energy by comput-
ing the energies of supercells of various sizes and extracting the
slope of AE vs. 1/N in Eq. (2). For the chemical potentials of Al,
Cu, and Li, we solved the following equations based on three ref-
erence (i.e., stable) phases, Al, Al,Cu (0’), and T; on the calculated
convex hull [10] and in experiment [13]

al = Ercc al
2ua1 + Meu = Egrancu) (3)
6uar +4phcu + 31 = Ery

The interfacial energy difference is within 20mJ/m? depend-
ing on reference phases (e.g., Al4+-Al3Li(6")+T; vs. Al4+AILi(§)+T;).
Solute-interface interactions were analyzed by solute segregation
energy (eV/solute atom). The segregation energy is defined as
the total energy difference as a function of solute atom positions
with respect to the interface in a cell. The following formula,
for example, is how to compute Ag solute segregation energy at
interface.

AEseg = E(Ag — X) — E(Ag — Alp) + x — par (4)

Here, E(Ag — X) — E(Ag — Al,) represents the total energy dif-
ference as a function of Ag solute position across an interface.
The X indicates the sublattice sites near interface. For example, Al;
refers the Al plane adjacent to the interface; T}, T4, and T,
represent the lattice planes within the precipitate near interface;
and Al, refers to a bulk-like plane in the Al matrix. When a solute
is located in Cu or Li sublattice sites of T; precipitate, the chem-
ical potentials, px — pa in Eq. (4), can compensate for a differ-
ent number of atoms between the two supercells (first and second
terms on the right side in Eq. (4)). We adopt a sign convention
such that sites having AEs,z < 0 in Eq. (4) are energetically favor-
able for solute segregation at interface relative to solid solutions in
Al matrix.

Recently, we proposed [10] the new low-energy structures
(AlgCuylLis, Aly3Cu;Lig) of the T; phase using first-principles den-
sity functional theory calculations combined with cluster expan-
sion methods. The proposed T;(AlgCuyLi3) phase is energetically
stable on the calculated convex hull of the Al-Cu-Li system at OK.
Previously, we investigated various configurations of the Li layers
in a T bulk structure under an assumption of fully occupied Al or
Cu in the mixed layer. We first defined these Li orderings, and sub-
sequently explored Al-Cu configurations using first-principles cal-
culations with cluster expansion methods. We found that the Li
atoms are energetically favorable when located on the flat plane
along the z-fractional coordinate, (111),, in the T; bulk structure
[10]. Since the Li position in the bulk T; structure deviates the flat
plane experimentally [7], we further investigated ordering of Al-
Li positions in a DFT-predicted T;(AlgCuyLis) structure to ascertain
how the ordered Al/Cu layers impact on the Al-Li configurations.

Fig. 1(a) represents the crystal structure of the T; phase
(AlgCuylLis) including the lowest-energy ordering found for the Al-
Cu layers. A search was done for the lowest configurations of Al-
Li layers in the structure depicted in in Fig. 1(b). We confirmed
that the new Li position induces a lowering of energy by 0.16
meV/atom, and the corrected Li positions along the z-fractional co-
ordinate, (111),, are 0.956 and 0.044 of Li (2) instead of 0 in Table
5 of our previous study [10] .

The DFT-predicted T; phase is stable on the calculated con-
vex hull of the Al-Cu-Li system [10], however, it does not have
a tie-line with Al, inconsistent with the experimental phase di-
agram [10] as shown in Fig. 2(a). To resolve this problem, we
performed finite-temperature stability analysis of T; in this work.
The configurational entropic stabilization due to the mixing of
Al-Cu layers is not large enough to make a tie-line between Ty
and Al [10]. Thus, we investigated vibrational entropic contribu-
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Fig. 1. (a) (Left) The DFT-predicted structure of the T; phase, AlgCuyLis, stable on the calculated convex hull in ternary Al-Cu-Li [10] (Right) The Li position is corrected
with a displacement of 0.28 A along the interfacial normal direction, (111), in this work (b) Total energy variation as a function of displacement of Li along the (111),. The
calculation represents that the displacement of 0.28 A is a lowest-energy state.

(a)

OK

-0.35

2 AL (8)
o q Li (&'
£ .0.40 -AIQ\'N(‘S) 1
3 o AlisCuslig (T7)
> Sael ° .
o -045F T, ® AlgCu,lis (T7) |
> e AlCu(6)t
\q-)’ \\\\\\
. 0S0f —
N Al,Cu (84
< oss : : ; :

00 02 04 06 08 10

Xew/ Koy + X1i)

(b)

600K
S _0-25 L] L] L] L]
=
S -0.30FAlLi (6) -
@ 1AL (87)
S 035 -
o | T :
~~~~~ AlgCu,Lis (T
§ 2040k ~“\6\U4 i3 (Tq)
2L Al;3Cuslig(T1) e
S . -04sf A'zc“u(ﬁ,);,
g Al,Cu (6')
_0.50 L L L L
0.0 0.2 0.4 0.6 0.8 1.0

Xew/ Xeu + X1i)

Fig. 2. Calculated formation free energies (eV/solute atom) from Eq. (1) as a function of fraction of Cu and Li at (a) OK 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, phases
(AlgCuylis, Aly3CusLig) [10]. At T=600K, the vibrational entropy stabilizes the two T; phases, resulting a break of the convex hull between Al;Li (6’) and Al,Cu (0) at 600K.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

tions to phase stability of T; phase in the ternary Al-Cu-Li sys-
tem. The detailed information (e.g., the formation enthalpies and
entropies) is in Supplementary material. The formation free ener-
gies of Al-based compounds were computed using Eq. (1), which
allows us to determine the stable phases in equilibrium with the
Al matrix at 0 and 600K. In Fig. 2(b), we found that the vibra-
tional entropy contributes stabilization of the two DFT-predicted
T; phases at finite-temperature of 600K. The entropically stabilized
T, phase breaks the convex hull (dotted in red), which is consis-
tent with the experimental phase diagram. The equilibrium phase
of the tetragonal (C16) structure of Al,Cu (@) is not the stable
phase in T=0K DFT calculations as shown in Fig. 2(a). This was ex-
plained by the role of the vibrational entropies of 8 and 6’, which
were found to be unexpectedly important for the Al,Cu phase as
proposed by Wolverton and Ozolin$ [22]. In the ternary Al-Cu-Li
system at OK, AlgCu4liz is more stable than Al;3Cu;Lig, however,

at a temperature of 600K, Al;3Cu;Lig has slightly more favorable
energetics.

The multi-scale modeling from atomistic to mesoscale is a
well-known design strategy in the ICME paradigms [23]. And the
precipitate-matrix interfacial structure and energy are key pieces
of atomistic information that can be used for mesoscale phase-
field modeling of microstructural evolution. For example, the in-
terfacial energy is an important input parameter for determining
the gradient energy coefficient of the diffuse-interface approach in
the phase-field method [24]. Hence, we next turn to the interfa-
cial energy, and the concomitant requirement of determining the
interfacial structure between T; and Al

In order to construct an atomistic model of the Ty/Al inter-
face, one must know the orientation relations between the pre-
cipitate and matrix crystal structures, as well as the energetically
preferred termination of the precipitate phase at the interface. The
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Fig. 3. (a) Relaxed atomic models for the (0001)r;/(111), 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 (o) 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; precipitate forms on the {111} planes of the fcc Al matrix and
have hexagonal platelet shapes [4]. According to the previous lit-
eratures, Donnadieu et al. [8] observed that the Al-Cu layers of
the T; structure are the terminating planes of the precipitates
by aberration-corrected High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM). However, Dwyer
et al. [9] identified at around the same time using the same tech-
nique that the terminating precipitate layer of the interfacial struc-
ture with an Al matrix is the Al-Li corrugated layer. Based on the
two experimental observations, we performed interfacial energy
calculations for the two different interfacial structures to derive a
low-energy structure and compute the corresponding energies by
Egs. (2) and (3).

Fig. 3(a) represents the T;/Al interface supercells with two dif-
ferent terminations, Al-Cu and Al-Li layers, respectively. Our cal-
culations found a compound interfacial energy of 81 mj/m? when
the nearest atoms to the interface are Al and Li. And we found
that the corrugated Li layers shifted toward the Al matrix in the
T /Al interfacial structure due to interactions with Al matrix after
DFT relaxation in Fig. 3(a) (Left), consistent with two experimen-
tal observations during precipitation [9,14]. The Al-Cu terminated
interface has a much higher interfacial energy of 407 mJ/m2. The
preference of Al-Li termination can be understood because the Al-
Li layers are more closed-packed in two dimensions compared to
the Al-Cu layers as shown in Fig. 3(b). Our finding here of Al-Li ter-
mination of the precipitate at the interface is consistent with the
experimental work by Dwyer et al. [9].

Aluminum alloys are complex multi-component systems, and
for example, minor solutes such as Ag and Mg are common el-
ements in designing Al-Cu-Li alloys. The Ag and Mg solutes play
an important role in stabilizing the {111} habit plane and promot-
ing nucleation for the hexagonal structure of 2 and T; precipitates
[25,26]. Recent experiments [13,14] show that the Ag and Mg so-
lutes segregate to the T;/Al interfaces, which is in contrast with
Gault’s finding [12] by the same experimental atom-probe tomog-
raphy technique. To address this controversy and determine the
solute segregation behavior at the interface, we calculated segre-
gation energies of Ag and Mg solutes across the T; coherent inter-
face.

Fig. 4(a) depicts the relaxed atomic models for solute segre-
gation energy calculations for the T;/Al interface determined in
Fig. 3(a). The solute position with respect to the lattice plane is
indicated based on the T;/Al interface. For example, we indicate
lattice planes near the interface as Al; toward the Al matrix and
Ty; toward the precipitate, respectively. Fig. 4(b) shows computed
segregation energies of Ag and Mg solutes. A layer with a nega-
tive energy means that the solute is energetically favorable in the
site compared to the Al bulk-like layer indicated as Alj. It is shown
that minor additions of Ag and Mg are thermodynamically favor-
able for interfacial segregations in agreement with Araullo-Peters
et al. [13] and Kang et al. [14]. For example, Ag solute is favor-
ably located on Al or Cu sites at the interface (-0.31eV/atom on
Tlf", and -0.18eV/atom on T”Cj'l, respectively). Mg solutes prefer
to locate on Li sites at interface (-0.11eV/atom on Th”). Thus, we
conclude that Ag and Mg solutes segregate at the interface due to
thermodynamic driving forces.

We have studied the thermodynamic stability of the bulk and
interfacial structure of the T, precipitate in Al alloys. We refined
the Li positions in the recently proposed T; structure. We found
that the Li layers in the T, precipitates show a small instability
and can relax away from high-symmetry positions, slightly lower-
ing the bulk energetics. To clarify the two-phase tie line between
T; and the Al matrix on the convex hull of Al-Cu-Li systems, we
performed harmonic phonon calculations to determine the vibra-
tional entropic stabilization. At 600K, our DFT-predicted T; struc-
tures are equilibrium with the Al matrix, consistent with the ex-
perimental phase diagram. We also derived a low-energy interfa-
cial structure and energy. The low-energy interfacial structure has
Al-Li atoms terminating the precipitate phase nearest to the inter-
face. The computed lowest interfacial energy is 81m]J/m?, which is
significantly lower than that with Al-Cu termination. The minor so-
lute segregation behaviors were investigated to resolve a discrep-
ancy between previous observations. We found that Ag and Mg so-
lutes were predicted to segregate at the coherent T;/Al interface
based on the segregation energy calculations across the interface.
We believe that our findings will form a basis for the integrated
Computational Materials Engineering (ICME) approach for design-
ing high-strengthened Al-Cu-Li based alloys.
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Fig. 4. (a) The relaxed atomic models for the coherent (0001)r;/(111),; 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, refers to a bulk-like
plane in the Al matrix; Al; and T;; represent the Al and T; 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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