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investigate the energetics of the coherent (001),.//(001)4; and semi-coherent (010),.//(010)4; interfaces. We
find that the recently proposed occupancy of interstitial Cu atoms at the coherent interface by Bourgeois et al. in-

creases interfacial energy, and hence, is likely due to kinetic effects. For the semi-coherent interface, the semi-
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Precipitation hardening represents a significant source of strength in
aluminum alloys and Al,Cu (") is one of the most common and effective
strengthening precipitate phases [1-3]. In Al-Cu alloys, a series of meta-
stable precipitate phases are formed from the decomposition of a super-
saturated solid solution during precipitation [4,5]. At relatively low
aging temperatures, the sequence of steps for the Al-Cu precipitation
process is: Alss — Guinier Preston (GP I zones) — 6" (GP Il zones) — 6’
— 0 [6,7]. The crystal structure of the 6’ phase is a CaF, structure, but,
when embedded in an Al matrix, it adopts a tetragonally distorted ver-
sion of a cubic fluorite (C1) structure with lattice constants of a = 4.04 A
and ¢ = 5.80 A. The morphology of the ¢ precipitate is a plate-like mor-
phology with an extremely high aspect ratio (6’ plates are typically
1-10 nm in thickness and 0.1-1 um in length [8]), and this high aspect
ratio serves an important role as an effective strengthening component.
There are two different crystallographic interfacial orientations of the
plate-shaped precipitate phase. One is a coherent interface (001)y//
(001)4; on the broad faces of the plate, and the other is a semi-
coherent interface with (010),//(010)4; around the rim of the plates
[9]. The interfacial energy plays a significant role in determining the pre-
cipitate morphology, since it in part determines the height of the energy
barrier for nucleation and the number density of nuclei, thereby
influencing the size distribution of the precipitate. Also, knowledge of
interfacial energies coupled with misfit strains can be used to determine
the growth and equilibrium morphology of precipitates [10-12]. Thus, a
detailed understanding of the thermodynamically stable interfacial
structure and its energy is a key step for understanding various
precipitate-related phenomena.
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The crystal structure and the interfacial energy of the 6'//a-Al inter-
faces have been studied both experimentally [8,9,13] and computation-
ally [11,12,14]. All the previous models of the interfacial structure are
based on a simple termination of the bulk crystal structures of fluorite
Al,Cu and fcc Al. However, Bourgeois et al. [15] recently called these
models into question because they found a new structure for the coher-
ent interface, distinct from the previously accepted structures based on
a simple termination of the (001), facet of the precipitate. They referred
to their finding as an intermediate phase in the growth of the 6’ precip-
itate, and referred to the structure as a “GP (I) zone-like interface”. The
newly proposed interface has a different composition and crystal struc-
ture, with extra interstitial Cu atoms relative to the bulk-terminated in-
terface 6'//o-Al. Bourgeois et al. argue that during the evolution of the
precipitates, the Cu atoms move from these interstitial positions to cre-
ate new lattice sites of €', thereby causing growth of the 6’ precipitate.
Thus, these interstitial Cu atoms are responsible for precipitate ledge
growth. In order to clearly understand the energetic behavior of this in-
terstitial Cu occupancy on the interfacial stability, we perform interfacial
energy calculations for both the previously proposed structure as well
as this newly-proposed one.

The semi-coherent interfacial energy (around the rim of 6’ precipi-
tates) is an important component to the nucleation energy barrier,
and information regarding interfacial energy coupled with misfit strains
is also important to understanding precipitate growth. For example, the
calculated interfacial energies and lattice misfit strains can be incorpo-
rated into a meso-scale phase field model to understand the equilibrium
0’ morphology [10-12]. Thus, we investigate the semi-coherent interfa-
cial energy of interfaces with different configurations (combinations of
different number of unit-cells of a-Al and 6’) by using first-principles
DFT calculations.
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Here, we perform atomic-scale density functional theory (DFT) cal-
culations to explore the thermodynamically stable interfacial structure
and energies at the coherent and semi-coherent 6’//a-Al interfaces.
Our analysis of the energies and structures of 6 interfaces will be helpful
for future studies of the nucleation and evolution of these precipitates.

We performed first-principles DFT calculations using the Vienna Ab
initio Simulation Package (VASP) [16,17] and projector-augmented
wave potentials [18]. We utilized the PBE parameterization of the gen-
eralized gradient approximation (GGA-PBE) [19] for all calculations.
All structures were relaxed with respect to all cell-internal and cell-
external degrees of freedom at an energy cutoff of 450 eV. In the calcu-
lation of formation energy, gamma-centered k-point meshes were con-
structed to achieve at least 9000 k-points per reciprocal atom, and the
convergence of the energy differences was within 1 meV/atom. For in-
terfacial energy calculations, k-point meshes were used to achieve ap-
proximately 10,000 k-points per reciprocal atom. And different super
cell sizes were tested for convergence of the interfacial energies, finding
differences on the order of 5-10%. In the calculation of solute segrega-
tion, 2 x 2 x 1 super cells (180 and 188 atoms) were used to achieve
the segregation energy of each bulk phase, and a 7 x 7 x 1 k-point
mesh was used to achieve 9000 k-points per reciprocal atom for con-
verged energy differences within 0.03 eV/solute atom. A k-point mesh
of “1” for the direction of out of the interface was enough for conver-
gence within 0.02 eV/solute atom. For segregation of solute near the in-
terface with interstitial Cu atoms, an 8 x 8 x 1 k-point mesh was used
with convergence within 0.01 eV/solute atom.
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We construct supercells of 8" and a-Al to calculate the interfacial en-
ergies of the 6’//a-Al interfaces. The energy of formation per atom rela-
tive to the energies of a-Al and 0’ phases can be written as follows [12]:

20A
AEf = 6ECS (a‘G’) +T (1)

where 6 (o) is the coherency strain per atom caused by the lattice
mismatch between a-Al and 6'. N is the total number of atoms in the
super cell, and o and A are the interfacial energy and area, respectively.
AEyis computed as follows

AEf = [EAIMbCub(a,e’) ~Ene _EAlzuC“v("’)] /N .

where Eay,,,cu, (a0 IS a total energy of supercells in DFT calculations,
and Exj (o) and Eay,,cu (o) are calculated DFT bulk energies of 6’ and o~
Al, respectively. Based on Eq. (1), we can obtain the interfacial energy
from the slope of AE;vs. 1/N as shown in Fig. 1(b). The detailed explana-
tion about the interfacial energy calculation method is described in [12].
In Eq. (2), the number of Cu atoms in a supercell is balanced by number
of Cu atoms in #’, and the remaining number of Al atoms in a supercell is
balanced by pure Al Basically, this is an analogous approach to using
chemical potentials from the stable phases on the convex hull which
we recently used in [20]. For the calculation of Si segregation energies
(AEseg), we use the same method as shown in [21] with two reference
phases, a-Al and 6'.
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Fig. 1. (a) Relaxed atomic models and schematic diagrams for the coherent (001),,/(001),; interface used in our first-principles calculations. (Left) without occupancy of interstitial Cu
atoms (Right) with occupancy of interstitial Cu atoms at the interface. The blue spheres represent Al atoms, the orange spheres represent Cu atoms, and the red spheres represent
interstitial Cu atoms at the interface, respectively. (b) First-principles formation energies of the coherent N-atom super cells as a function of 1/N for the interface without or with interstitial
Cu atoms, as shown in (a, left) and (a, right). The energies of the large-cell calculations were fitted to straight lines, and the interfacial energies (0) were extracted from the slopes, 20A, of
these lines by Eq. (1). (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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Since the two-phase equilibrium in binary Al-Cu is between a-Al and
0', Al,Cu (") is the lowest energy state (“per Cu”) in equilibrium with oAl
at 0 K. In other words, the Cu chemical potential is lowest for a-Al and 6’ at
0 K. Thus, we choose a-Al and 6 for the reference phases for the energetic
comparison between the two coherent interfaces with and without inter-
stitial Cu atoms in this work. The tetragonal structure (C16) of Al,Cu (0) is
not stable in T = 0 K DFT calculations. This was explained by the role of
the vibrational entropies of 6 and 6’, which were found to be unexpectedly
important for this phase [22]. We use pure Al as a reference state rather
than the Al-Cu solid solution because the solubility of Cu in Al is small
(0.001 Xc,) even at typical 6’ aging temperatures (250 °C) based on recent
thermodynamic (CALPHAD) modeling of the Al-Cu system [23-25].

To clarify the energetic effect of the Cu interstitial occupancy on inter-
facial thermodynamic stability, we first perform interfacial energy calcu-
lation for interfaces with and without interstitial Cu. Fig. 1(a) shows the
interface supercell between Al,Cu (6') and the Al matrix. For interfacial
energy calculations, the energies of two separate phases are computed
in Eq. (2). However, it is impossible to calculate isolated bulk 6’ structure
with the extra Cu atoms due to periodic boundary conditions. More im-
portantly, since the two-phase equilibrium in binary Al-Cu is between
a-Al and 6, the physical situation dictates the choice of a-Al and 6’ for
the reference phases for the energetic comparison between the two co-
herent interfaces with and without interstitial Cu atoms. Therefore, we
use energies of the equilibrium phases a-Al and pure ¢’ for AE; in
Eq. (2). In Eq. (2), the number of Cu atoms in the supercell is balanced
by number of Cu atoms in €', and the remaining number of Al atoms is bal-
anced by pure Al phase. Fig. 1(b) shows that the coherent interface (Left
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image in Fig. 1(a)) has an interfacial energy of 0.20 J/m? However, a
much larger interfacial energy of 0.39 J/m? was obtained for the interface
with occupancy of interstitial Cu atoms (Right image in Fig. 1 (a)), indicat-
ing that the interstitial occupancy is not energetically preferred according
to our computations. In other words, we find that interstitial Cu atoms de-
crease interfacial stability compared to an interface without interstitial Cu
atoms based on two stable phases in binary Al-Cu, a-Al and 6'.
Commercial cast aluminum alloys are complex multi-component
systems, and Si is a common element in many commercial alloys. The
study of interfacial segregation of solute atoms is important because
the interfacial energy of the matrix-precipitate interface is strongly in-
fluenced by the chemistry of the interface, thereby influencing the mor-
phology of precipitates. For example, according to the literature [21], Si
has a role in catalyzing the heterogeneous nucleation of GPII zones and
0’ precipitates by interfacial segregation in the Al-Cu system. Here, to in-
vestigate the effect of interstitial occupancy by Cu atoms on the segrega-
tion of Si solute in a ternary alloying system, we compared the
segregation energies of the Si solute both interfaces to previous APT re-
sults by Biswas et al. [21,26] in Fig. 2(a)-(c). The previous APT results
[21,26] showed that Si atoms strongly segregate at the coherent inter-
face. Specifically, previous first-principles calculations (validated by
red points finding favorable segregation energies for Si in our work, as
shown in Fig. 2(c)) aptly explained the experimental segregation be-
havior based on non-interacting solute atoms at the coherent interface
without interstitial Cu atoms. We have extended these calculations to
segregation in the presence of interstitial Cu atoms. In Fig. 2(c), we see
that the Si segregation changes qualitatively in the presence of
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Fig. 2. (a) and (b) Relaxed atomic models for the coherent (001),/(001),, interface: The blue spheres represent Al atoms, the orange spheres represent Cu atoms, and the red spheres
represent interstitial Cu atoms (on 6rplane), respectively. The black atom in the supercell illustrates the position of a Si atom at a bulk-like site in the Al matrix. (Sub) lattice planes are
labeled according to their position relative to the interface planes. For example, Al; refers the Al plane adjacent to the interface; Al, refers to a bulk-like plane in the Al matrix; and 6Cu
refers to the interfacial Cu layer within the 6’ precipitate. (c) Calculated Si solute segregation energies as a function of distance from the coherent interfaces. Two segregation energies
are reported for each layer. The blue points represent Si solute at the coherent interface with the interstitial Cu atoms at interface, and the red points represent Si solute at the
coherent interface without interstitial Cu atoms at interface. The sites that have a sign convention of AE¢<0 are energetically favorable compared to Al bulk-like sites in the matrix.
(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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interstitial Cu: Si does not preferentially segregate to the interface with
interstitial Cu atoms (AEe, >0.1 eV/atom solute on Ali~0;_{Cu planes),
which is in disagreement with APT results [21,26]. Thus, the segregation
behavior also points to the conclusion that the interstitial Cu are not a
stable part of the equilibrium interface, but rather are a kinetically con-
trolled state formed during growth of 0"

Semi-coherent interfacial structure and the corresponding energy
around the rim of 6 precipitate is important because it is responsible
for factors, such as the shape, solute segregation, and growth or coarsen-
ing rates of precipitates [27]. One interesting aspect is that the residual
misfit strains at a semi-coherent interface vary with different interfacial
configurations during the thickening process [9,28]. Moreover, length-
ening kinetics is affected by a thickness-dependent misfit strain based
on the previous literature [29]. Thus, the information about semi-
coherent interfacial energy coupled with thickness-dependent misfit
strains is crucial for the study of 6’ morphology [10].

Recent observations of the distribution of 6’ thicknesses show a var-
iation with 0.5C, steps [30]. The most commonly observed thicknesses
are 2Cy and 3.5Cy for 200 °C/24 h aging [30]. In the previous work by Hu
et al. [14], the modified embedded-atom method (MEAM) potentials

(a)
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were used to calculate semi-coherent interfacial energies with different
interfacial configurations, and the results showed that an interfacial
configuration 2Cy:3a,, with misfit strain (—4.29% [14] or —5.1% [12])
is energetically favored. However, their study did not investigate the
7Cy:10ap (=3.5Cy:5a4;) configuration, which is the lowest misfit strain
(—0.3% [12] or +0.45% [31]) among all the possible combinations of
number of unit-cells of a-Al and 6’ up to 10-unit cells of Al. This config-
uration is important because when a semi-coherent interface has
7Co:10aa; (=3.5Cy:5a4;) configuration, the effect of elastic energy an-
isotropy becomes smaller. This strongly influences equilibrium 6’ mor-
phology [10]. The lengthening kinetics are also strongly influenced by
a thickness-dependent misfit strain [29]. Thus, we also use first-
principles calculations to investigate the thermodynamic stability of a
semi-coherent interface with different misfit configurations including
a 7Cy:10a4; (=3.5Cy:5a,;) match.

Fig. 3(a) and (b) represent the relationship between interface con-
figuration and its interfacial energy, i.e., how many 6’ and «-Al unit
cells match each other. We investigated semi-coherent interfacial con-
figurations, 2Cy:3aa;, 3Co:4aa;, 7Cy:10aa (=3.5Cy:5a4)). Each interfa-
cial configuration shows different lattice misfit strains —4.56%,
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Fig. 3. (a) Relaxed atomic models for the semi-coherent (010),/(010)4; interface with different interfacial configurations, 2Cy:3aay, 3Cy:4an;, 7Cy:10aa; (=3.5Cy:5a41), which corresponds to
lattice misfit strains, —4.56%, +7.37%, +0.22%, were used in our first-principles calculations (b) First-principles formation energies of (010),//(010)4; N-atom supercells as a function of 1/N
for the interface. The energies of the large-cell calculations were fitted to straight lines, and the interfacial energies (0) were extracted from the slopes, 20A, of these lines by Eq. (1). The
interface with the 7Cy:10a, (=3.5Cy:5a4) configuration has a higher slope, but also a relatively higher interfacial area of larger supercells, and as such, extracted interfacial energies are similar.
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+7.37%, +0.22%. They are similar to those reported in the literature,
which are —4.29% [14] or —5.1% [12], +6.8% [12] or +7.67% [14], and
—0.3% [12] or +0.45% [31], respectively. For the configuration of
7Co:10as (=3.5Cy:5aa;), we chose very large supercells with a
7Cq:10a, configuration instead of choosing 3.5Cs:5a4, because the a
7Cy:10a,; configuration satisfies the periodic boundary condition of
Cu atoms along the [001] axis in Fig. 3(a). As shown in Fig. 3(b),
the three calculated interfacial energies were remarkably similar
(0.51,0.51,and 0.52 J/m?), which is largely consistent with the previous
literature [14] using the MEAM potentials. In conclusion, we argue that
misfit strain energy does not significantly influence the semi-coherent
interfacial energy. That is, the semi-coherent interfacial energy is not
significantly dependent upon the interface configurations.

This study focused on the thermodynamic stability of the coherent
(001)4://(001)4; and semi-coherent (010),//(010)4; interfaces. We
found that the interstitial Cu occupancy increases the interfacial energy,
which means that the interfacial stability of a coherent interface de-
creases. In ternary Al-Cu-Si, the interstitial Cu atoms change the segre-
gation behavior of the Si atoms; a tendency that is inconsistent with
the previous results obtained using atom probe tomography (APT),
which showed that strong segregation exists at the interface. Therefore,
we conclude that a coherent interface without interstitial Cu atoms cor-
responds to an equilibrium interfacial state. Future kinetic studies will
be needed to fully explain the experimentally observed occupancy of in-
terstitial Cu atoms at the coherent interface. Additionally, we investi-
gated the energetically favored interfacial configuration at a semi-
coherent interface, a match between different numbers of unit-cells of
0" and a-Al, for the future study of nucleation or growth of 6’ precipitate.
The results demonstrate that a semi-coherent interfacial energy does
not significantly depend on the semi-coherent interfacial configurations
or misfit strains up to 10-unit cells of Al
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