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The interactions of solute atoms with vacancies play a key role in diffusion and precipitation of alloying elements,
ultimately influencing the mechanical properties of aluminum alloys. In this study, first-principles calculations are sys-
tematically performed to quantify the solute—vacancy interactions for the 3d—4p series and the 4d-5p series. The solute—
vacancy interaction gradually transforms from repulsion to attraction from left to right. The solute—vacancy binding energy
is sensitive to the supercell size for elements at the beginning. These behaviors of the solute—vacancy binding energy can
be understood in terms of the combination and competition between the elastic and electronic interactions. Overall, the
electronic binding energy follows a similar trend to the total binding energy and plays a major role in the solute—vacancy

interactions.
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1. Introduction

Due to high specific strength, good abrasion, corro-
sion, and impact resistance, aluminum and its alloys are
widely used in various areas such as aerospace and automo-
bile industries.!!! To satisfy the requirements for the mechan-
ical properties, the aluminum alloys are primarily strength-
ened by aging hardening with the addition of alloying ele-
ments. The interaction between vacancies and solute atoms
is a key factor in understanding the basic physical processes,
such as diffusion of solutes and other species, segregation, or-
dering, etc. Those processes are of significance for the ag-
ing hardening behavior. Moreover, the elucidation of the ori-
gin for the solute—vacancy (hereafter, a vacancy is denoted by
) interactions is indispensable for designing the future high
strength or new performance aluminum alloys. The energetic
bindings between the vacancies and the solute atoms have
been widely studied experimentally?>-%! and theoretically.”="]
However, there exist some discrepancies in the reported exper-
imental values due to the different techniques utilized and the
reliabilities of the measurements. The difference in the cal-
culation methods and parameters gives rise to the discrepancy
in theoretical solute-[J binding energy. Moreover, it is still
not clear how the physical factors control the solute—vacancy
interactions.

Generally, the solute-point defect interactions are gov-

DOI: 10.1088/1674-1056/ab8458

erned by two primary factors, i.e., the electronic effect and
the strain-relief effect. The effect of electronic structure and
atomic distortion on the solute—[ interaction have been widely
investigated in Fe, 1011w 2] apd Mg.m] However, the role
of electronic structure and the solute size in controlling the
solute—[] interactions has not been fully unraveled in alu-
minum. Hoshino et al. understood the repulsive interaction
of a vacancy with 3d and 4d impurities by the breakup of the
strong sp—d bonds whereas the attractive interaction might be
attributed to the energy gain due to the formation of stronger
sp—sp bond.[’! Wolverton studied the dependence of solute—[]
binding energy on solute size for the widely used 24 kinds of
solutes in aluminum and found the close correlation between
binding energy and the solute size for each of Cd, In, Sn, Sb,
Pb, and Bi.!”l However, the effects of solute size on binding
energy for other elements are still unclear. The role of elec-
tronic interaction in the solute-[] interactions was not taken
into account.

In the present study, we carry out systematic first-
principles calculations to investigate the binding energy val-
ues between the 3d, 4p, 4d, 5p solutes and the vacancies
in aluminum, which are further decomposed into distortion
and electronic binding energy in order to clarify the dominant

physical factors that control the solute—L] interactions.
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2. Calculation methods

First-principles calculations were performed within the
framework of density functional theory (DFT) with the gen-
eralized gradient approximation (GGA) of Perdew—Burke—
Ernzerhof (PBE) type!'*! by using the Vienna ab initio sim-
ulation package (VASP).!>161 The interactions between the
ions and valence electrons were described by the projector
augmented wave (PAW) method.!7-18] A supercell in a face-
centered cubic (fcc) structure was built with 3 x 3 x 3 unit
cells, composed of 108 lattice sites. The Brillouin zone was
sampled by the Monkhorst—Pack scheme with a 6 X 6 X 6 k-
point mesh.!"”! A plane wave cutoff of 400 eV was used. The
relaxations of atomic position and optimizations of the shape
and size of the supercell were implemented. The structural op-
timization was truncated when the forces converge to less than
0.01 ¢/A.

The vacancy formation energy EfD is calculated by the
following equation:

107
Ef =Eq— ogFut (1)

where EL, is the total energy of the supercell containing one
vacancy, and E2YX is the total energy of the perfect Al bulk.

The binding energy of the vacancy and solute is defined
as

Sol-00 __ r=Sol O Sol+0 bulk
Eb - Etot +Et0t - Etot - Etot ) (2)

where ES)?HD is the total energy of the supercell containing a
solute atom and a vacancy and ES! is the total energy of the
supercell containing a solute atom. In this paper, only nearest-
neighbor (NN) binding between the vacancy and the solute is

considered. Figure 1 displays the solute—vacancy configura-
tion in the fcc Al matrix.

solute Al

Fig. 1. Schematic diagram of solute—vacancy configuration in fcc Al.

3. Results
3.1. Validation of calculations

To verify our first-principles calculations, we investigate
some fundamental properties of Al by calculating the lattice
constant, bulk modulus, and vacancy formation energy. In ad-
dition, the binding energy between solutes Mg, Si, and the
vacancy (Eéw & and Esi_D) are also calculated since Mg
and Si are the common alloying elements in Al and have
been extensively investigated previously. All calculated re-
sults are listed in Table 1 and compared with the reported

1[6,20—22 a. [7,8,23-25] As shown

experimenta I and theoretical dat
in Table 1, our calculated results are consistent with the previ-
ous theoretical results, and the theoretical values are in good
agreement with the corresponding experimental data. The
comparisons prove the accuracy and validity of the present

first-principles calculations.

Table 1. Fundamental properties of Al. Lattice constant a, bulk modulus B, vacancy formation energy EfD, binding energies Mg—[1] and Si-[J.

Method alA B/Mbar EP/eV Mg-/eV Si-O/eV
Expt 4031201 0.77211 0.7340.04[2%1 0.0140.04[6! 0.03161
DFT-LDA 3.983,1231 3 961 1241 0.840,1231 0.830124 0.70123 —0.02171
DFT-GGA 4.039,1231 4,0421241 0.773,1231 0.7441241 0.75181 0.01181 0.08,1710.05181
This work 4.040 0.778 0.73 0.00 0.06

3.2. Solute-vacancy binding energy of 3d, 4p, 4d, Sp ele-
ments

Figure 2 shows the variations of binding energy of so-
lutes with vacancies for 3d, 4p, 4d, 5p solutes with atomic
number. Positive energy means the attractive interaction while
negative energy refers to the repulsion. For the 3d and 4p
row (Fig. 2(a)), the solute—[] interaction gradually transforms
from repulsion to attraction from left to right. The element
Ti shows the maximum repulsive binding energy (—0.20 eV)
whereas the element As has the maximum attraction interac-

tion (0.19 eV) with the vacancy. The binding energy values

between the solutes and vacancies are small in the middle of
this series. For the 4d and Sp series (Fig. 2(b)), a similar evo-
lution is observed, i.e., at the beginning the interaction is re-
pulsive and in the end the binding force is attractive. The el-
ements Nb and Sb demonstrate the maximum repulsion and
attraction with the vacancy, corresponding to their binding en-
ergy of —0.22 eV and 0.30 eV, respectively. For comparison,
the calculated solute-[] binding energy values from Refs. [7,8]
are also included. The evolution of the binding energy demon-

strates the same trend as the reported results.
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Fig. 2. Variations of solute—] binding energy of (a) 3d and 4p, and (b) 4d
and 5p elements in fcc Al with atomic number. Other DFT results from
Refs. [7,8] are also included.

It is worth noting that for the 3d—4p and 4d-5p series

the energy values for the late elements are impressively the

same while there exist noticeable discrepancies for the ele-
ments in the beginning. The repulsive reactions are lower than
those estimated by Simonovic and Sluiter,®! whereas the re-
pulsive bindings are highest in the work from Wolverton.[”!
Simonovic and Sluiter have reproduced Wolverton’s results by
changing the number of k-points.!8 Comparing the calcula-
tion parameters with the previous results,”#! we find that a
dominant discrepancy originates from the supercell size. The
108-atom supercell is utilized in the present study whereas the
supercell containing 64 atoms has been built in the published
work. Here, the supercells with different sizes are also used to
calculate the binding energy of Ti, V, and Zr, as well as Ge and
Sn for comparison.

As shown in Table 2, our results calculated by 64-atom
supercell show high consistency with Wolverton’s. It seems
that for the early elements, a large supercell is essential. The
interesting point is that the discrepancy within the supercell

size gives essentially no change for Ge nor Sn.

Table 2. Comparison of solute—[J binding energy values (in units of eV) for Ti, V, Zr, Ge, Sn between supercell sizes containing 64

atoms and 108 atoms.

Solute element Supercell Exchange Energy k-points
Ti \% Zr Ge Sn size/atoms correlation cutoft/eV
This work 020 017 013 012 025 108 GGA-PBE 400 6x6x6
This work 0.33 034 028 0.1l 0.25 64 GGA-PBE 400 6Xx6x6
Wolverton!”} 0.35 0.33 0.28 0.25 64 LDA-PW91 237 24 % 24 x 24
Wolverton!”) 0.13 64 GGA-PW91 237 24 x 24 x 24
Sluiter!®! 0.26 0.25 0.20 0.12 0.26 64 GGA-PBE 300 TxTx7

3.3. Physics behind solute-[] binding energy

Generally, the solute—{J interaction is mainly ascribed to
the elastic and electronic interactions. In this way, the total
binding energy can be decomposed into elastic binding energy
EJ and electronic binding energy E¢,11? i.e.,

BT =B+ E 3)
The elastic binding energy is defined as
Ey =Eg (A)+Eq—Eg ™ (A) - Egl, ()

where ES9' (A1) and ESOD (Al) are the energy of supercells
when the solute atom is removed from the fully relaxed super-
cell containing a solute atom and solute-[] pair, respectively.
E; can be calculated from Eq. (3).

Firstly, to reveal the effect of supercell size on the elas-
tic and electronic interactions, we further calculate the elastic
binding energy and electronic binding energy of solutes Ti, V,
Zr, Ge, and Sn in the case of 108-atom and 64-atom supercells.
As shown in Fig. 3, for solutes Ti, V, and Zr, both elastic and
electronic interactions become more repulsive when the su-

percell changes from 108-atoms to 64-atoms. Therefore, the

repulsive interactions of these solutes with vacancy are higher,
estimated by using 64-atom supercell. For the solutes Ge and
Sn, their elastic binding energy values decrease while the elec-
tronic binding energy values increase when we lower the su-
percell size, i.e., the number of atoms contained in a supercell
is reduced from 108 to 64. As a result, the changes of elastic
and electronic binding energies offset each other to some ex-
tent. Thus, the total binding energies of solutes Ge and Sn with
the vacancy are insensitive to the change of supercell size.

—o—E§°-Y (64 atom) —@— Efl-0 (108 atom)
d d
2 o02p Y B v B A
~ A Ey A Ep
>
%" v
Of-mmgmmmmmmmmmmmmmmmmm oL y---mee- -
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—0.4 L L
Ti Sn

Fig. 3. Comparison of overall solute-J binding energy ES"I’D, the dis-

tortion binding energy (E]‘j), and electronic binding energy (E;) between
supercell sizes containing108 atoms and 64 atoms.

Figure 4 shows the calculated results of elastic and elec-
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tronic binding energies as a function of atomic number. Over-
all, the elastic interaction energy is smaller than the electronic
energy for each of these 3d, 4p, 4d, 5p solutes, and the varia-
tion of each total binding energy follows a similar trend to the
variation trend of its corresponding electronic energy, which
suggests that the electronic effect plays a major role in the
solute-[J interaction. Particularly, for the solute elements in
the middle, the electronic effect and elastic effect compete
with each other.
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Fig. 4. Variations of distortion binding energy (E{’l) and electronic binding

energy (E;), decomposed from total solute-[] binding energy EEOI’D, with
atom numbers.

As far as the elastic interaction is concerned, it is sug-
gested that undersized (oversized) solutes, i.e., those solute
atoms with smaller (larger) atomic volume than the host atoms,
cause the lattices to contract (expand), whereas the vacan-
cies lead the lattices to shrink.[?®?71 The addition of solute
elements with different lattice constants will result in lattice-
mismatching-induced strain, and thus raising the energy of the
host.[?8! However, the internal strain may be cancelled to a
certain extent by the association of the oversized solute and
vacancy. Therefore, the vacancy will be attractive to the over-
sized solute and repulsive to the undersized solute. These are
confirmed by our calculations. Figure 5 shows the results of
solute volume of the 3d, 4p, 4d, S5p solutes in Al, which are
calculated from

Vsol = Veont—sol — Vtota (5)

where Vioni—sol and Vio are the volume of the supercell with
and without a single solute atom, respectively. Positive and
negative values mean the expansion and contraction of the lat-
tice. Meanwhile, the atomic volumes of these elements are
also shown in Fig. 5 for comparison. It can be clearly seen
that the elements at the beginning and in the end with larger
atomic volume € have positive solute volume Vi, while the
solutes in the middle with low 2 have negative V.

25
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Fig. 5. Variations of atomic volume Q and solute volume V| of (a) 3d—4p;
(b) 4d-5p solutes with atom number.

Figure 6 shows the dependence of the solute-[] elastic
binding energy on solute volume. An evident positive linear
correlation is observed between the elastic binding energy and
the solute volume. The elastic binding energy increases as the
value of V) increases. The elastic interaction is repulsive for
the undersized solute but attractive for the oversized solute.
The only exception is solute Zr, whose underlying physics
needs further studying.
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Fig. 6. Variations of distortion binding energy with solute volume, for 3d—4p
and 4d-5p.

The electronic effect is encompassed in the electron redis-
tribution. The differential charge density for solute—[] binding
is calculated in the cases of Nb, Cu, and Sb. As shown in
Fig. 7, there is no obvious charge transfer between the solute
and vacancy for the element Cu, indicating a very weak elec-
tronic interaction. An obvious electron charge shift can be ob-
served from the vacancy region to the solute atoms in the case
of solute Sb, showing a strong electronic attraction, whereas
the electron charge shifts from the solute towards the oppo-
site direction of the vacancy region for solute Nb with a strong

electronic repulsion.
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—0.02

0.034

Fig. 7. Differential charge density map for the solute—[] pair in the (1 0 0) and (0 1 —1) plane. Brown (gray in black/white) star and square denote solute
atom and the vacancy, respectively, for [(a) and (d)] solute atom Nb, [(b) and (e)] solute atom Cu, and [(c) and (f)] solute atom Sb. Unit is e /A3.

4. Conclusions

In this work, systematic first principles calculations are
carried out to investigate the 3d, 4p, 4d, S5p solute-[] interac-
tions in fcc Al. The solute—] interactions gradually transform
from repulsion to attraction from left to right for the 3d—4p
and 4d-5p series. The evolution trend is consistent well with
the variation trends of previous theoretical results. The energy
values for the late elements show high consistency whereas
noticeable discrepancies are observed for the initial elements,
which arises from the difference in supercell size. The origin
of the solute—L] binding energy behaviors is discussed from the
viewpoints of the elastic interaction and electronic interaction.
Overall, the variation of electronic binding energy follows a
similar trend as that of the total binding energy and plays a
major role in the solute—[] interaction. The elastic interaction
of the solute—] pair is repulsive for the undersized solutes but
attractive for the oversized solutes. The elastic binding energy
is linearly related to the solute volume.
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