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Abstract: We present first principle calculations on formation and binding energies for Cu and Zn
as solute atoms forming small clusters up to nine atoms in Al-Cu and Al-Zn alloys. We employ
a density-functional approach implemented using projector-augmented waves and plane wave
expansions. We find that some structures, in which Cu atoms are closely packed on {100}-planes,
turn out to be extraordinary stable. We compare the results with existing numerical or experimental
data when possible. We find that Cu atoms precipitating in the form of two-dimensional platelets on
{100}-planes in the fcc aluminum are more stable than three-dimensional structures consisting of the
same number of Cu-atoms. The preference turns out to be opposite for Zn in Al. Both observations
are in agreement with experimental observations.

Keywords: aluminum copper alloys; Guinier-Preston zones; precipitates; ab initio calculations;
DFT-LDA

1. Introduction

Al-Cu alloys have been under active scientific research and technological development for more
than 100 years because of their applications in light weight constructions [1,2]. Nowadays, they are
especially important in aviation and automotive industry. Aluminum alloys show a rich variety of
metastable and stable phases from which a few are ordered compounds. Since usually the surface
energy is too large to form directly thermodynamically stable phases, alloying elements precipitate
in a sequence of clusters, zones and metastable phases. Clusters are non-ordered, locally increased
concentrations of solute atoms, zones are locally ordered but do not have a long-range ordering,
while stable and metastable phases possess the latter [3]. Zones and some metastable phases are
typically fully coherent with the matrix [3].

Precipitation and clustering phenomena of solute atoms in a light metal matrix are the reason for
the superior properties of aluminum alloys, i.e., this results in a high strength at a small specific weight.
The obtained mechanical properties arise from a suitable thermal treatment of these alloys [2]. Typically,
after casting these age hardenable alloys are extruded or rolled to their final form. Thereafter they
undergo a solution heat treatment at about 100...150K below the melting point of aluminum in
order to obtain the maximum solubility of the chosen alloying elements [3]. After the heat treatment
the materials are quenched to room temperature to freeze-in the finely distributed solute atoms.
Storing these alloys then at room temperatures causes the solute atoms to diffuse by the help
of quenched-in vacancies [4]. Via this process the solute atoms form agglomerates, which grow
subsequently in size. After storing Al-Cu alloys for some hours at room temperature the agglomerates
become visible in X-ray diffraction patterns and they are called Guinier-Preston zones according to
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Guinier and Preston, who discovered them independently in 1938 [5-7]. Further storage at elevated
temperature causes the growth of meta-stable Al-Cu phases: 8” Al;Cu and 6’ Al,Cu [3]. However,
in new generation Al-Cu-Li alloys like AA2198, AA2050 or AA2199 besides Al-Cu-Li precipitates
these Al-Cu-phases are detected as well [8,9]. Those Al-Cu-Li alloys are considered for the fuselage of
new generation aircrafts due to their high strength and good welding behavior and have been, thus,
subject to intense research in recent years (see e.g., [10,11]), while also Al-Cu alloys are still a matter of
active research [12,13].

However, the understanding of the precipitation process in metallic alloys on the atomic level is
still one of the main problems in materials science. It hampers a purposeful improvement of alloys,
i.e., an alloy design as a bottom-up approach. Since the atomic structure of small, i.e., sub-nanometer,
precipitates is difficult to access experimentally, numerical ab initio simulations are often the only way
to obtain data on the geometry of atomic arrangements and their binding properties. Up to now, just a
few numerical results on vacancy formation energies and di-vacancy binding energies in aluminum
are available [14,15], which can be compared with accurate experimental data on vacancy formation
energies in pure Al (see [16] for an overview). Only recently, research on vacancy binding with different
isolated solute atoms has been published for Al [17,18] and Mg [19].

Results from ab initio calculations can be compared to experiments probing, e.g., vacancies by
positron annihilation spectroscopy (PAS) [20-23] or individual elements by X-ray absorption [24,25]
or small solute atom clusters employing the atom probe methods [26]. Moreover, the recently
re-discovered X-ray absorption fine structure (XAFS) spectroscopy is sensitive for the atomic
environment of, e.g., Cu-atoms [24,27]. For the two spectroscopic methods, PAS and XAFS, spectra can
be calculated from first principles (For PAS see, e.g., ref. [28] and for XAFS [29]). The resulting spectra,
which are related to trapping of positrons to vacancies or to the excitation of solute atoms like Cu and
Zn by X-rays, depend strongly on the atomic positions around those defects. A comparison of the
simulations with existing experimental data can be effectively used to search for an explanation of
the clustering phenomena on the atomic level in different sample compositions and conditions. Thus,
it can provide guidelines to metallurgists to perform thermal and mechanical treatments on Al-alloys
in order to obtain the desired materials properties.

Specifically, the results of the present work clearly give an ab initio explanation, why in
Al-Cu alloys copper precipitates on the {100}-planes, while for Al-Zn alloys three-dimensional (3D)
agglomerates of Zn-atoms are formed. The reasons for these findings are easy to understand in the
named simple two-component systems. However, his understanding will also pave the way for
controlling processes taking place in actual technical alloys composed often of more than five elements.

The present paper is organized as follows. The computational schemes employed are presented
in Section 2. Results on the formation energies of vacancies and di-vacancies are given in Section 3.
Then we present vacancy-solute and solute-solute binding energies for clusters containing up to nine
copper atoms. Section 4 contains a discussion — in particular, a comparison between the different
employed calculation schemes is presented.

2. Methods: Computational Schemes

All our calculations are based on density functional theory (DFT) within the local density
approximation (LDA). In some cases a comparison with the generalized gradient approximation
(GGA) of DFT has been performed. The computations are carried out using the plane-wave code
VASP [30,31], implemented with the projector augmented-wave (PAW) method to account for the
valence electron-ion core interaction.

In our VASP calculations, we have employed supercells of different sizes—namely 64, 108, 128,
144 and 192 atoms per supercell are used to check the influence of finite size effects on the relaxation of
the atoms and the derived total energies. In all calculations the first Brillouin zone of the superlattice
is sampled using a Monkhorst-Pack (MP) k-point mesh [32]. Employing the 108-atom supercell for
face-centered cubic (fcc) Al we compare the results obtained with 4 X 4 x 4 and 6 x 6 x 6 k-point
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meshes to check the convergence of the total energy. Differences in the total energy of the systems are
less than 5meV per atom. All the calculations have thereafter been performed with the finer MP-mesh.
A plane-wave cutoff of 300 eV is used in the calculation of the pseudo valence wave functions.

In the defect calculations, atomic positions are relaxed and the total energy is minimized until the
forces acting on atoms are less than 0.04 eV /A. The volume relaxation is not performed systematically,
because we found that the use of a larger (108 and more atoms) supercells gives well-converged results
without volume relaxation. However, results of test calculations employing the smallest (64 atom)
supercell are given below. In the plane wave calculations we have used lattice constants optimized
for each set of computational parameters, i.e., the cut-off energy and MP-mesh, used. For error
cancellation, the total energy differences and relative ionic relaxations between defect and perfect
bulk systems are calculated from results for supercells of the same size and obtained with the same
computational parameters.

3. Results

3.1. Reliability of Modeling

To confirm the reliability of the employed numerical methods, we have calculated the formation
energies (formation enthalpies at zero pressure) of mono- and di-vacancies in fcc Al. In the case of
di-vacancies, we have considered nearest (INN) and next nearest neighbor (2NN) configurations.
The mono-vacancy formation energy is calculated as

N-—-1
Hy = Eyin-1) — N EAly 0 (N) 1)

where N is the number of atoms in the supercell, Eyy_1) is the total energy of a fcc Al-supercell
containing a mono-vacancy, and E,j, , (N) is the total energy of a perfect fcc Al-supercell.

The formation energies obtained are given in Table 1. Our VASP calculations for the isolated
mono-vacancy lead to values in close agreement with previous similar LDA calculations by
Carling et al. [15] but also with a different approach like SIESTA [33] giving for the formation energy
H\F, = 0.66 eV [34,35]. All the calculated values deviated less than 0.05eV from reliable experimental
values [16]. Here, reference [16] is a summary of a few dozen experimental works, where the data are
weighted according to their relevance by experts in the field. So, the given value of Hi, = 0.67 eV for
the vacancy formation energy in pure aluminum is an average of the most reliable values published.

Our results for the di-vacancy binding energies HZFV,X — 2HY (X = INN or 2NN) show that the
interaction between nearest neighbor vacancies (X = 1INN) in Al is repulsive. This is in agreement with
the results by Carling et al. [15] and also with the experimental finding that Al does not, in contrast
to other metals like Cu [36,37], show a tendency for forming vacancy clusters after low-temperature
irradiation and subsequent annealing [38]. However, the 2NN di-vacancy shows a tiny binding which
is also in agreement with the results by Carling et al. [15].

Table 1. Comparison with experimental results: Formation energies for mono- H\F, and di-vacancies
HEVIX in the nearest neighbor (X = 1NN) and next nearest neighbor (X = 2NN) positions in fcc Al
The binding energies HIZDV,X of the two vacancies in the two configurations are also given. Positive and
negative binding energies indicate repulsion and binding, respectively. (SIESTA results: see [34]).

- Hf, H;V,lNN H;V,ZNN H;V,lNN HEV,ZNN
Method Volume Relax MP-Mesh Atoms V) ©@V) V) @V) V)
VASP-LDA yes 6X6X%X6 64 0.71 — — — —
VASP-LDA no 6X6X6 64 0.713 1.506 1.409 +0.081 —0.016
VASP-LDA no 6X6X6 108 0.714 1.489 1.421 +0.061 —0.007
VASP-GGA no 6X6X%X6 108 0.66 — — — —
SIESTA-DZP no 3x3x%x3 108 0.64 — — — —

Exp. [16] — — — 0.67
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To further check the reliability of our calculations in terms of supercell sizes and k-point meshes,
we have computed the solubility enthalpy of Cu in Al It is calculated as

N-—-1 1
AHmpix = Ecuinal — T EAlbulk + ﬁ ECUbulk @

where Ecyinal is the total energy of an fcc Al-supercell containing one Cu-atom, while E;, | and
Ecy,,, are the total energies of pure fcc Cu- and Al-supercells, respectively. Supercells of the same size
are used to calculate these energies. Note also that positive and negative values represent endothermic
and exothermic reactions, respectively.

The numbers given in Table 2 are in agreement with the first-principles results by
Wolverton et al. [17]. The small deviations indicate that, at least for single isolated Cu atoms,
the energetics is well converged already for a supercell size of 108 atoms.

Table 2. Solubility enthalpy AHp,y of Cuin Al calculated by using Equation (2) and different supercell sizes.

Supercell Size (atom)  AHp,x (meV)

108 -50.5
128 —54.2
144 -53.0

3.2. Impurity-Cluster Binding Energies

The reliability of our calculations for Cu clusters is based on the tests described above. While for
VASP the transferability of the pseudo potentials is well established, this is not the case for
other methods. Especially, for SIESTA [33] the employed pseudo potentials have to be tested in
well-known Al-Cu binding configurations of Al,Cu as in ref. [34].

To begin with, we give in Table 3 the binding energies for a pair of Cu atoms with respect to
two separate Cu atoms. These energies are obtained by optimizing the lattice constant for Al for each
supercell size and k-point mesh. All the supercell sizes lead to a binding energy of around 50 meV.
For the 128 atom supercell the binding energy is the smallest one reflecting the small spacing between
the adjacent Cu habit planes of the periodic images and the ensuing artificial interaction.

Table 3. Binding energy of two Cu solute atoms in Al on nearest neigbor positions in fcc Al
The c-direction is perpendicular to the habit plane of the Cu atoms. Negative signs indicate binding.

Scheme Number Atoms Size Unit Cells k-points  Ep;nq (meV)

LDA 108 3x3x3 4x4x4 —-50.3
LDA 128 4x4x2 4x4x%x8 —46.3
LDA 144 3x3x4 4x4x4 —56.2
LDA 192 4x4x3 3x3x%x6 —54.7
GGA 108 3x3x%x3 6X6X6 —51.5

We will give the total binding energies of two- (2D) and three-dimensional (3D) copper clusters
as the energy gain relative to separated Cu atoms in aluminum. From this we calculate the binding
energy also per Cu-atom, i.e., the average over the cluster. We calculate also the binding energy of the
last Cu-atom attached to a cluster, which indicates, if it is energetically favorable for an already existing
cluster to grow further by attaching another Cu atom. This energy has to be compared to the thermal
energy at room temperature of 3/2kT = 40 meV. The construction scheme of the 2D Cu-platelets on
the {100}-plane of the fcc Al-lattice is shown in Figure 1. It is based on well-established experimental
facts on Cu-platelet formation [3,5,6,39].

Firstly, we have performed calculations on small agglomerates up to 4 Cu atoms. The results are
presented in Table 4. We observe that two Cu-atoms on the 1NN positions are bound together with
a binding energy of about 50 meV, while there is a weak binding of 2NN Cu-atoms of about 10 meV
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as well. However, the most important result is that 2D agglomerates of 4 Cu on the {100}-plane
of the fcc Al are preferred instead of the 3D tetrahedron structure (h) with an energy difference of
259meV for the triangle configuration (g) and with 398 meV for the rectangle configuration (f) in
Table 4 (cf. also Figure 1).

Table 4. Binding energies for agglomerates of Cu atoms in 1D, 2D, and 3D configurations.
The calculation employed the 108 atom supercell. Given is the total binding energy, the binding
energy per Cu-atom, and the binding energy of the ‘last’ Cu atom specified in Figure 1. We give here
the energy with an accuracy of 0.1 meV, which is only of internal numerical relevance. The numbering
is according to Figure 1 left.

Agglomerate atom no. Spatial Eping (meV)  Epjng (meV)  Epijng (meV)

structure extension cluster per Cu last Cu
(a) 2 Cu 1NN on (100)-plane 1,2 2D —50.3 -25.1 -50.2
(b) 2 Cu 2NN on (100)-plane 1,4 2D —9.6 —4.8 -9.6
(c) 3 Cu in-line on (100)-plane 6,7,8 1D —95.2 —31.7 —45.0
(d) 3 Cu triangle on (100)-plane 1,2,3 2D —134.7 —44.9 —84.4
(e) 3 Cu triangle on (111)-plane - 2D — 974 —325 —47.1
(f) 4 Cu rectangle on (100)-plane  1,2,3,4 2D —344.7 —86.2 —210.0
(g) 4 Cu triangle on (100)-plane 1,2,3,5 2D —206.1 —515 —714
(h) 4 Cu tetrahedron in space - 3D +53.0 +13.2 +150.4

Experimentally, there is, since the early investigations by Guinier and Preston [5,6] a long-standing
agreement on the fact that Cu prefers to precipitate as 2D platelets on the {100}-planes of the fcc
Al [40,41] . Recently, this has been even confirmed by HR-TEM [39] showing mono-atomic platelets
on the three equivalent {100}-planes in the fcc lattice. Our results presented in Table 4 confirm this
perception. Of the triangular structures (d) and (e) the platelet structure (d) in the (100)-plane is favored
by nearly 40 meV compared to the platelet structure (e) on a (111)-plane. However, the close-packed
structure (h) of Cu-atoms in the form of a 3D tetrahedron even shows repulsion. Please note that larger
Cu-platelets ((f) in Table 4) show the largest binding per Cu-atoms, i.e., they are the most stable ones.

OO @) @) O

@) @) O o0 @) @) O

Figure 1. Configuration of Cu-atoms in 2D platelets on the {100}-plane in fcc Al. The Cu and Al atoms
are shown by red and grey spheres, respectively. The numbering indicates how the Cu-platelets were
assumed to grow. The left and right patterns show the sequences 1 and 2 used in the calculations,
respectively.
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3.2.1. 2D-Cu-Clusters in 108-atom Supercells

Having confirmed the preference for copper to precipitate as platelets on the {100}-planes
in fcc aluminnum, we have constructed larger platelets starting from the two different 4-Cu-atom
configurations (f) and (g) in Table 4 and using the sequences 1 and 2 in Figure 1, respectively.
The numbering gives the order, in which the Cu-atoms have been attached to the Cu-platelet.
All calculations have been performed in the LDA scheme using a MP-mesh given in Table 5.

The binding energy of the last Cu atom to a cluster of N — 1 atoms is shown in the left graph
of Figure 2, where n = 2 corresponds to the Cu-atom pair on 1NN positions. The way of constructing
the Cu-platelets is shown in Figure 1. From Figure 2 it is evident that the triangular structure of four
Cu atoms (sequence 2) is much less favorable than the square one (sequence 1). This means that once
the quite stable triangle has formed, the forth copper atom attaching is likely to complete the small
triangle rather to a square (sequence 1) than forming a larger triangle (sequence 2). This is also reflected
in the higher binding energy per Cu atom shown in the right graph of Figure 2. Attaching the 7th, 8th,
or 9th atom does not make a difference between the sequences due to their symmetry.
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Figure 2. Energy gain during Cu-cluster growth for a supercell of 108 atoms in sequences 1 and 2.
(left) The energy gain due to the last attached Cu atom, (right) the total energy gain per Cu atom in the
growing cluster. Sequences 1 and 2 are explained in Figure 1.

Table 5. Used supercells with corresponding MP-meshes.

Type Size (atoms)  Size (Unit Cell) = MP-mesh

standard 108 3x3x%x3 4x4x4
flattened 128 4x4x2 4x4x6
elevated 144 3x3x4 3x3x%x2
widened 192 4x4x3 2x2x3

The right part of Figure 2 shows the energy gain per copper atom for platelets consisting of 4- and
5-atom in sequence 1 in comparison to sequence 2. This significant increase is caused by relaxations
perpendicular to the habit plane of the Cu atoms.

3.2.2. 2D-Cu-Clusters in 128- and 192-atom Supercells

Lattice relaxations within the habit plane of the Cu-platelet cause an interaction between
neighboring supercells. Hence, a 108-atom supercell (3 x 3 x 3 unit cells) is already quite small
to accommodate a Cu-platelet consisting of more than 5 atoms. Thus, we have repeated some of the
calculations in enlarged supercells to keep the growing platelets farther apart from each other between
the periodic images of the supercells.

On the one hand, we employed a supercell of 128 atoms (4 x 4 x 2 unit cells) increasing the
lateral distance of the periodic images, while reducing the distance perpendicular to the platelets in
the < 001 >-direction. On the other hand, a supercell of 192 atoms (4 x 4 x 3 unit cells) increases the
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lateral distance while keeping the distance in between Cu-platelets in the < 001 >-direction the same
as for the 108-atoms cell (cf. Table 5). The results for these supercells are shown in Figures 3 and 4.
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Figure 3. Energy gain during Cu-cluster growth. Results corresponding to supercells of 108, 128,
and 192 atoms are compared. (left) Energy gain due to the last Cu atom attached, and (right) total
energy gain per Cu-atom of a growing cluster. Sequence 1 is explained in Figure 1.

For the flattened supercell of 128 atoms (see Table 5) the separation between the copper platelets
in the habit plane increases compared to the supercell of 108 atoms, while the distance between the
platelets and their periodic images becomes obviously too small. Figures 3 and 4 show that the energy
gain by relaxation is significantly smaller for the supercell of 128 atoms, which artificially suppresses
the energy-lowering relaxation perpendicular to the platelets (see Figure 5).

The use of the supercell of 144 atoms, on the other hand, just increases the separation perpendicular
to the copper platelets (see Table 5). Thus, the size of the platelets has to be limited to five Cu
atoms and therefore this configuration is not considered further. Finally, the use of the supercell
of 192-atoms (4 x 4 lattice constants wide, but three lattice constants in height as well) reduces the
interactions between copper platelets in the habit plane, while the separation of the platelets in the
< 001 >-direction is the same as for the supercell of 108 atoms. Thus, this supercell gives the largest
energy gain as seen from Figures 3 and 4.
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Figure 4. Energy gain during Cu-cluster growth. The results corresponding to the supercells of 108,
128, and 192 atoms are compared. (left) Energy gain of the last Cu atom attached, (right) total energy
gain per Cu-atom of a growing cluster. Sequence 2 is explained in Figure 1.

Since the energy differences are nevertheless small, i.e., less than 10% between the supercells of
108 and 192 atoms, we have chosen the computationally more feasible supercell of 108 atoms for the
following discussion.
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Figure 5. Relaxation patterns of growing clusters. (left) Two copper atoms (red spheres) on
INN position, (right) five Cu-atoms arranged as a platelet on the {100}-plane. The Al atoms having
two or more bonds to Cu-atoms are plotted in dark-grey color. The relaxation of the Al-layer
above and below towards the Cu-atoms on the {100}-plane clearly increases with the number of
agglomerated Cu-aotms.

3.2.3. Lattice Relaxations

As shown in Figure 5, the relaxation of the Al-layers above and below a copper platelet, residing on
the {100}-plane, clearly increases with the number of agglomerated copper atoms. For a platelet
consisting of five Cu atoms the aluminum layers relax towards the copper platelet by about 20 pm or
10% compared to the ideal separation of lattice planes (202 pm). This is a similar behavior as observed
numerically for 5-atomic copper platelets [34] or experimentally [5,40,41] for GP-I zones, which are
described as a single extended layer of Cu atoms on a {100}-plane (see [3]).

3.2.4. Relaxed Versus Static Configurations

To clarify the role of the strong relaxation around the Cu atoms in the aluminum lattice on the
observed energy gain, we compare static (atoms fixed at their ideal aluminium lattice positions) and
relaxed atomic configurations. Figure 6 shows the results for a supercell of 108 atoms and for 2D
and 3D configurations. Even though the unrelaxed case is unphysical, it gives already the major
contribution to the energy gain in forming Cu-platelets. We can also conclude that the energy gain due
to relaxation of the surrounding Al atoms is more important than the exact shape of the precipitate.

424F —— ' ' .

Static vs. relaxed d

S 4231 |—A— static- 2D
-% - relaxed - 2D
uF —4— static - 3D
> 4.22 —@— relaxed - 3D
)
C
w
= 4.21
8
o
'—

4.20

Number of Cu-atoms

Figure 6. Total energies calculated by using static (atoms fixed) and relaxed configurations of a supercell
of 108 atoms.
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3.2.5. Comparison with Zinc Clusters

In contrast to copper, which has an fcc structure, zinc crystalizes in a hexagonal closed-packed
(hcp) lattice. Our calculations show that there is a binding energy between the 1NN Zn-atoms.
However, it is clearly smaller than in the case of copper—i.e., only around 20 meV. The binding
energies of Zn atom clusters in different 2D platelet and 3D configurations are given in Figure 7. In the
3D configuration with five Zn atoms the binding energy is around 24 meV/Zn atom whereas in the
2D configuration it is only around 14 meV/Zn atom. This preference to form 3D precipitates is in
contrast to the behavior of Cu precipitates and it reflects the different lattice structures of copper and
zinc resulting in the tendency of Zn to form spherical precipitates [42—45].

40F T T =
—— Zn atoms in a 3D-cluster
35| —A— Zn atoms in a platelet 1

30

T T T T

—A— Zn atoms in a 3D-cluster
22 H - Zn atoms in a platelet

25

20

Energy Gain last Zn-atom Eg,;, [meV]
Energy Gain per Zn-atom Eg,;, [meV]
>
T

Number of Zn-atoms Number of Zn-atoms

Figure 7. Binding energies of Zn atoms in 2D and 3D Zn clusters. (left) The binding energy for the last
attached Zn atom. (right) The binding energy per Zn atom in the cluster.

3.2.6. Pre-Guinier-Preston Zones in Al-Cu and Al-Zn

The small energetically-favored 2D Cu precipitates on the Al {100}-planes, shown schematically
in Figure 1 or with relaxed atomic positions in Figure 5, can be considered to be the starting point
of growing Guinier-Preston zones. Guinier-Preston zones become visible in XRD when they have
reached a size of about 1-1.4nm [41], i.e., consisting of more than 2448 atoms. A size of 1.4nm may
be still too small for visibility in the TEM or HR-TEM. However, due to the computational limitations
we could consider here only platelets of the maximal number of nine atoms.

Due to the experimental fact that detects in as-quenched pure Al-Cu alloys show positron lifetimes,
which should be related to an open volume of about a mono-vacancy in Al [4,46] one can assume
that—at least some—GP zones must contain structural vacancies. Some structures of Cu-platelets
containing vacancies have been calculated by SIESTA in ref. [34].

4. Discussion and Conclusions

Our computational results employing DFT-LDA are consistent and in sufficient agreement with
previously calculated and experimental values. Especially, our results on vacancies in aluminum
agree well with other ab initio calculations [15] and experiments [16] giving credence to our approach.
Moreover, the inward relaxation of nearest-neighbor Al-atoms surrounding a single Cu atom is in
accordance with experimental results from X-ray absorption [47]. Furthermore, we find a binding
between Cu atoms situated on the {100}-habit planes in fcc aluminum, while, e.g., a 3D tetrahedron
even shows a repulsive interaction. Thus, 2D structures are favored compared to 3D ones, which is in
agreement with experimental observations finding mono-atomic copper platelet on the {100}-planes in
the fcc Al-lattice when segregation of the super saturated solution is starting [41].

The calculated total energies for a 2D copper cluster vary slightly with used supercell sizes
and shapes. However, the dependence of the total energy on the number of Cu atoms shows a similar
trend in all cases. Nevertheless, it turns out that there have to be at least three layers of Al atoms in
the supercell perpendicular to the Cu-habit plane separating periodic images of the copper platelets.
Obviously, the relaxation of aluminum planes parallel to the copper platelet, which is important for
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energy lowering, cannot be reliably described with wide but flat supercells. This type of cells is not
large enough in the z-direction perpendicular to the copper platelet.

In contrast to magic number arrangement of defects in semiconductors [48], for metallic materials
it seems to be difficult to state that distinguished structures are existing at all. While in general
the binding energies for different geometric configurations differ very little (about 50-100 meV),
we also find some special platelet structures of Cu atoms with quite high binding energies between
the copper species. However, the generally small differences in binding energies may be responsible
for not finding any special configurations in experiments. Remarkable is only that some closed
configurations of Cu atoms on the {100}-planes show higher binding energies per Cu atom (four Cu
arranged in a square). Obviously, their geometries allow electronic structures, which are energetically
more favorable. However, it seems to be experimentally demanding to confirm this finding.

Concerning 3D instead of 2D plate-like structures, such as the 3D-tetrahedron, we find that these
close-packed structures are the least favorable ones at all, since the Cu atoms inside their habit plane
have a tendency to move away from each other. Hence, close-packed 3D-structures are unlikely to be
energetically favorable in Al-Cu alloys.

According to our calculations the formation of platelets during the aging of Al-Cu alloys is in
contrast to Al-Zn alloys, where obviously 3D-Clusters are preferred. Again, this is in accordance with
experimental results for pure Al-Zn alloys, where clusters grow in early stages of decomposition in a
spherical manner [41,43,45].
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VASP Vienna Ab initio Simulation Package
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INN Nearest Neighbors
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XRD X-Ray Diffraction
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fce face-centered cubic
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