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Abstract: The properties of Sc-doped 6'(Al,Cu)/Al interface in Al-Cu alloys were investigated by first-principles
calculations. Sc-doped semi-coherent and coherent 8'(Al,Cu)/Al interfaces (Sc doped in Al slab (S1 site), Sc doped in 6’
slab (S2 site)) were modeled based on calculated results and reported experiments. Through the analysis of interfacial
bonding strength, it is revealed that the doping of Sc at S1 site can significantly decrease the interface energy and
increase the work of adhesion. In particular, the doped coherent interface with Sc at S1 site which is occupied by
interstitial Cu atoms has very good bonding strength. The electronic structure shows the strong AI—Cu bonds at the
interfaces with Sc at S1 site, and the AI—AI bonds at the interfaces with Sc at S2 site are formed. The formation of

strong AlI—Cu and Al—Al bonds plays an important role in the enhancement of doped interface strength.
Key words: Al—Cu alloys; Sc-doped 6/Al interface; interfacial bonding strength; electronic structure

1 Introduction

Al-Cu alloys are widely used in automotive
industry and aircraft applications as the popular
lightweight engineering material [1-3]. Compared
with steel, the lower strength of Al-Cu alloys has
impeded their development in certain engineering
applications. Precipitation strengthening is the main
means to make the alloys obtain extremely high
strength and good comprehensive mechanical
properties [4—6]. During the aging treatment, a
series of nano-scale intermediate precipitates were
formed by the decomposition of rapidly cooled
supersaturated  solid  solutions. The main
precipitation sequence widely accepted for Al-Cu
alloys is: GP (Guinier—Preston) I zones — 6" (GP 11
zones) — 6’ — 6 [7-10]. The 8'(Al,Cu) phase is
thermodynamically unstable and will transform
to stable phase 6 at 523-643 K, or melted at

703 K [11-14]. The presence of € phase which is
completely incoherent with the Al matrix will
reduce the mechanical properties of the Al—Cu
alloys. On the contrary, the metastable phase 8’ is
coherent or semi-coherent with matrix, one of the
main strengthening precipitate phases in Al—Cu
alloys [6,15,16], with the high aspect ratio plate-
like morphology which is closely related to
interface structure [17,18]. It is well known that the
interface between precipitation phases and Al
matrix plays a vital role in AI-Cu alloys [19]. It can
not only hinder the movement of dislocations and
increase the strength of the material, but also act as
potential nucleation sites for dislocations and
increase plasticity [3]. For this reason, improving
the stability of 8’ phase at high temperature and the
stability of interface between 6’ and Al matrix is of
great significance to obtain Al—Cu alloys with good
comprehensive properties.

A great deal of work by experiments has been
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done to explore the effect of trace elements on 6’
phase in Al—Cu alloys. It is proved that trace
elements of Au, Ag, Si and Sn are active in
promoting the heterogeneous nucleation of
metastable phase 6’ [16,20—22], Pr, Zr and Cr can
significantly inhibit the recrystallization and a large
number of fine sub-grain boundaries are obtained in
the Al-Cu alloys [23,24], and Sc, Mn and Zr can
improve the thermal stability of the metastable
phase 6’ through segregating at the interface
between 8’ and Al matrix [25—27]. The addition of
trace elements also has an important impact on the
interface. YANG et al [28] and GAO et al [29]
studied the Al—Cu alloys with trace Sc addition and
found that Sc segregation at the interface could
reduce the interface energy and make the alloy have
better mechanical properties. However, since the
precipitated phases in Al—Cu alloys are of
nanometer level, it is difficult to experimentally
investigate the interfacial properties and the
mechanism of the effect of trace elements on the
interface between precipitated phases and Al matrix.
First-principles calculations based on atomic scale
are widely used in the study of materials [30—37].
ZHOU et al [3] simulated the interface of 6/Al by
molecular dynamics and proved that interfaces with
different terminals have a strong influence on the
nucleation site of dislocations. KIM et al [38]
investigated the interface stability of 67Al by
density functional theory calculations and found
that the coherent interface without occupancy of
interstitial Cu atoms was equilibrium interface,
which is a good explanation of the phenomenon
observed in experiment. Therefore, it is critical to
further explore the addition of trace elements on
interfacial properties of Al-Cu alloys from atomic
levels.

In this work, Sc-doped 6'(010)/Al(010) and
6'(001)/A1(001) (semi-coherent and coherent)
interfaces  with  different terminations and
configurations were modeled, the energy and
bonding strength of doped interfaces were
investigated by  first-principles  calculations.
Through the calculation and investigation of pure
interfaces and Sc-doped interfaces properties, our
results will provide a more microscopic theoretical
explanation for the experimental analysis at the
atomic level and from an electronic perspective and
provide theoretical guidance for the study of the
influence of minor Sc addition on the stability of

6'7Al interface and the design of trace element
doped Al—Cu alloys.

2 Methodology

2.1 First-principles calculations

All calculations were performed with the
VASP (Vienna Ab initio Simulation Package) [39]
and ALKEMIE platform [40]. The PAW (projector
augmented wave) potentials and the PBE
(Perdew—Burke—Ernzerhof) function of the GGA
(generalized gradient approximation) were used
to treat the exchange-correlation effects [41]. The
BFGS (Broyden—Fletcher—Goldfarb—Shannon)
algorithm [42—44] was used to relax all the bulk,
surface and interface structures to obtain a stable
system with the minimum total energy. The
Brillouin zone was sampled with Monkhorst—Pack
scheme [45] using the k-points grid of 18 x 18 x 18
for bulk, 9 x 9 x 1, and 5 x 15 x 1 for '(001)/
Al(001) and 8'(010)/Al(010) interfaces calculations,
respectively. The cut-off energy was set to be
400 eV for plane-wave expansions, and the
thickness of vacuum layer was set to be 12.0 A for
all the interface models based on convergence
test. The total energy was converged to
1.0x107° eV/atom during the optimization.

2.2 Surface properties

In order to simulate the surface of bulk, the
slab model is used and should be guaranteed to
exhibit bulk-like interiors. But the more the
number of slab layers was used, the longer the
calculation time was needed. Therefore, the
surface convergence tests of slabs A1(001), A1(010),
0'(001) and 8'(010) were carried out at first. The
surface energy (o) is conventionally defined as the
reversible energy needed to create a specific surface
from a bulk unit cell, which can be used to describe
the stability of the surfaces. The calculation
formulas of o, and oy are expressed as Eq. (1) and
Eq. (2) [46,47], respectively:

nsa

bulk
Oy = 1
Al Y (1)

surf

where E is the total energy of the Al slab with
vacuum space, Eyu, is the total energy of the Al
bulk, ng., and e are the numbers of Al atom in

the surface slab and the Al bulk material,
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respectively, and Ay, is the area of the surface.

bulk
1”4 n E,)
Eslab - nCuECu - TAI(’:; - ECu)
Oy = ¢ (2)
2Asurf

where EJ, is the total energy of the 6’ surface slab
with vacuum space, Ec, is the energy of per Cu
atom in the Cu bulk material, Ep™ is the total
energy of the 8’ bulk material, nc, and na; are the
numbers of Cu and Al atoms in the ' surface slab,
respectively, and ng is the number of 6" formula in
the @' bulk material. Equations (1) and (2) are only
applicable to the stoichiometric surfaces.

The curves of surface energy varying with the
number of layers are shown in Fig. 1. It can be
found that the o values of slab Al(001) and Al(010)
converge well to 0.96 and 0.93 J/m” with six-layer
slabs, which is in good accordance with the
experimental value of 0.98 J/m’ [48]. The o value
of slab 6(010) tends to converge around 1.25 J/m*
with six-layer slabs. There are two different
terminations for #'(001) slabs, Al termination
(6'(001).a1) and Cu termination (6'(001).c,). The o
values of slab 6(001).,; and 6'(001).c, tend to
converge around 1.50 J/m’® with six layer slabs,
which is in good agreement with the calculation
results by SUN et al [49] as shown in Fig. 1. It can
be seen that the surface energy values of 0’ will still
fluctuate slightly with more than six layer slabs.
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Fig. 1 Surface energy of Al and 6'(Al,Cu) slabs (The

experimental value (solid line) is from Ref. [48] and the

calculation values (dotted lines) are from Ref. [49])

In order to make the result more convincing,
the change of interlayer spacing (Adj;) on slabs of
6'(010), 6'(001).4; and #'(001).c, was taken into

account. The Adj; is defined as follows:
dy— 3
Ad; :TXIOO% (3)
)

where dj; is the spacing between the adjacent layers
i and j after relaxation, the dg is the spacing
before relaxation between layers i and j in an ideal
crystal. As can be seen from Table 1, the change of
interlayer spacing is obvious among the first three
layers. Combined with Fig. 1, it can be fully
confirmed that six layer slabs of 6(010), 8(001).4
and 6'(001).c, are enough to exhibit bulk-like
interior.

2.3 Properties of pure and doped interface
2.3.1 Interface models

Due to the difference in lattice parameters
between the two different slabs, it is often necessary
to consider the interface mismatch when an
interface is constructed. It is generally believed
that when the mismatch is less than 5%, the
interface is more reliable [50]. The semi-coherent
0'(010)/A1(010) interface has a large interface
mismatch of 18.3%, which can be reduced to 2.85%
by expanding the slab along the a-direction with
a=3aa=2ag. It is worth noting that each layer of
slab 6(010) can be terminated by Al and Cu
atoms, and the slab has symmetrical structure with
seven layers, which can eliminate the influence of
surface dipoles. On the contrary, the coherent
6'(001)/A1(001) interface with the lattice parameters
a=aa=ag possesses a very small mismatch of
1.13%. Each layer of slab §'(001) can be terminated
by either Al or Cu atoms, so both terminals are
considered. Taking into account the influence of
interface spacing on the interface structure stability,
the interface spacing tests of coherent and
semi-coherent interfaces were performed. Finally,
the equilibrium interface structures of two
semi-coherent 6'(010)/Al(010) interfaces and four
coherent #'(001)/Al(001) interfaces with different
terminations and configurations were modeled as
shown in Figs. 2(a—f). It is interesting to note that
both BOURGEOIS et al [15] and GAO et al [19]
found that the interstitial sites within 6’ of the
0'7A1 occupied by
additional Cu atoms (Cu-rich) via high-resolution
electron microscopy, the schematic diagram of the
interface atomic structure is shown in Fig. 2(i).
Therefore, the Cu-rich coherent §'(001)/A1(001)

coherent interfaces were
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Table 1 Calculated change of interlayer spacing (Ad;;) on 6'(010) and 6'(001) surfaces with different terminations after

relaxation
L Number of layers/%
Surface  Termination  Interlayer
2 4 6 8 10 12
A -3.50 -1.49 -1.41 —1.46 —1.64 -1.34
Ay 1.61 0.92 1.15 1.17 1.32
Asy 0.29 0.31 0.18 0.32
6'(010 -
(010) Ays 0.04 -0.14 0.032
Asg 0.29 0.46
Ag; 0.30
A, -8.26 —7.34 —6.47 —7.52 —6.68 -5.86
Ay -0.33 1.10 0.70 1.05 1.59
Asy 0.62 -0.89 -0.22 -0.36
6'(001 Al
(001) Ays 1.85 0.48 1.40
Ase 1.4 2.06
Ag; 1.18
A, —8.24 —4.52 -1.64 -2.90 -3.02 —2.67
Axs 4.25 0.63 0.86 1.03 0.57
0(001) c Asy 0.93 2.0 1.80 1.92
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Fig. 2 Atomic structures of /Al interfaces: (a) 6'(010)/Al(010) interface with top site stacking; (b) 8'(010)/A1(010)
interface with hollow site stacking; (c¢) Al-terminated 6'(001).,/Al(001) interface with top site stacking; (d) Al-
terminated 0'(001)_,/Al(001) interface with bridge site stacking; (e) Cu-terminated 6'(001).¢,/Al(001) interface with top
site stacking; (f) Cu-terminated 6'(001).c,/Al(001) interface with bridge site stacking; (g) Cu-terminated (Cu-rich)
6'(001).c,/A1(001) interface with top site stacking; (h) Cu-terminated (Cu-rich) 8'(001).¢,/Al(001) interface with bridge
site stacking; (i) Cu-terminated (Cu-rich) 8'(001).c,/Al(001) interface with bridge site stacking from top view (The
black dotted frame denotes interstitial Cu atom)
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interfaces were also taken into account, as shown in
Figs. 2(g) and (h).
2.3.2 Work of adhesion

The ideal work of adhesion (W,q) is the energy
per unit area required to separate the interface into
two free surfaces. It is related to the bonding
strength of the interface and can be used to predict
the mechanical properties of materials. The W,q is
defined as follows [51,52]:
_ Egus + Edw — Egini

Aint

where E., is the total energy of slab Al, Eg;b is
the total energy of slab 0', E, ,, is the total energy
of 87Al interface, and A, is the total area of the
interface.
2.3.3 Interface energy of pure interface

Interface energy (yin) is the energy required to
create an interface from bulk materials, and it is
generally believed that the lower the interface
energy, the more stable the interface. In order to
build more stable doped interfaces later, it is
necessary to consider the stability of the pure
interfaces. The yy, is defined as follows [53,54]:

W

4)

Yint = s — —O0x — Oy )
where Ej, is the total energy of the fully relaxed
interface, ES* and Ep™ are the total energies
of single Al atom and & molecular formula in the
bulk material, respectively, ns and ny are the
numbers of Al atom and 8’ molecular formula in the
interface, respectively, and o, and oy are the
surface energies of Al and 6’ slabs, respectively.

The results of all the considered interface

configurations are listed in Table 2, and the y;,
values of the 1xIx1 unit cell and the 2x2x2
supercell of coherent #'(001)/A1(001) interface are
both calculated. For the coherent 8'(001)/Al(001)
interface, the Cu-terminated interface with bridge
site has the smallest interface energy, which is in
good agreement with the experimental value [55],
indicating that the coherent interface with
Cu-terminated interface and bridge site stacking is
the most stable. For the two semi-coherent
0'(010)/Al(010) interfaces with top and hollow
site stacking respectively, the calculated results
of yi: are closer to the experimental data [55]
than other theoretical values [5,38], indicating
the reasonability of these two semi-coherent
interfaces.

According to the analysis of the above results
and the reported experimental phenomena [15,56],
the four interfaces of 8'(001).c,/Al(001) with bridge
site stacking, Cu-rich 8'(001).c,/A1(001) with bridge
site stacking and 6'(010)/A1(010) with top and
hollow site stacking were selected to build the
Sc-doped interfaces. Considering two different
doping situations of Sc atoms replacing Al atoms in
slab Al (S1 site) or replacing Al atoms in slab §(S2
site), a total of eight Sc-doped interfaces were built,
as shown in Fig. 3.
2.3.4 Interface energy of doped interface

In order to further explore the effect of Sc
doping on the interface thermodynamic stability, the
yie Of doped interfaces was also calculated. For
non-stoichiometric compounds, the y;, is related to
the chemical potential of each phase [57], so Eq. (5)
is no longer applicable. It can be defined by the
following form [53,58]:

Table 2 Interface energy (yi) of 6(001)/Al(001) and 6'(010)/Al(010) interfaces with different terminations and

configurations (mJ/m?)

6'(001)/A1(001) 6'(010)/A1(010)
Source Al-terminated Cu-terminated
Top Hollow
Top Bridge Top Bridge

TW(1x1x1) 430 431 891 24 - -
TW (supercell) 432 431 916 37 512 547
Cal.® - - 200 - - 520

Cal.® - - 156 - 694 -

Exp. ¢ - - - 30 350 -

TW represents this work; Cal. represents calculations; Exp. represents experiment; * Ref. [38]; ® Ref. [5]; € Ref. [55]
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Fig. 3 Atomic structures of doped 87Al interfaces: (a) 6'(010)/Al(010) interface with top site stacking and Sc at S1 site;
(b) 0'(010)/A1(010) interface with hollow site stacking and Sc at S1 site; (c) Cu-terminated §'(001).c,/Al1(001) interface
with bridge site stacking and Sc at S1 site; (d) Cu-terminated (Cu-rich) 6'(001).c,/Al(001) interface with bridge site
stacking and Sc at S1 site; (e) 8'(010)/A1(010) interface with top site stacking and Sc at S2 site; (f) 6'(010)/A1(010)
interface with hollow site stacking and Sc at S2 site; (g) Cu-terminated 6'(001).c,/Al(001) interface with bridge site
stacking and Sc at S2 site; (h) Cu-terminated (Cu-rich) 8'(001).¢,/Al(001) interface with bridge site stacking and Sc at

S2 site
1 6’-slab , ,60’-slab 6’-slab , 6’-slab

Vi = Binese =ar Hal - they Moy =

Aint-Sc

Alsslab ,, Al-bulk

Mo M ~HsoHs.) = Oy — Oy (6)
where Eim_sé 1 t1)s the tc;tallb energy of Sc-doped
interface, ny™" and n. " are the numbers of

corresponding atoms in the 6’ slab of interface

Al-slab
supercell, ny™"

is the number of Al atoms in the

doped interfaces can be defined as follows:

1

1 &’-slab , Bulk

1 @’-slab 6’-slab
Vi =—[Eim — A Mg H(SnaT T —ng, )
Ay T2 2
@’-slab Al-slab, . Al-bulk
Uy —ny Ma —hs s 1= 0y — 0y (8)

It can be seen from Eq. (8) that, the yy, of
doped interfaces depends on the chemical potential

of Cu element; 1,

Bulk

Al-bulk

H :uAl

and /L, are the total

Al slab of interface supercell, ua), pcy, and us. are
the chemical potentials of Al, Cu and Sc atoms,
respectively, ns. is the number of Sc atoms in the
interface supercell, 4;y.s. is the area of the Sc-doped
interface, ox and oy are the surface energies of Al
and ' slabs with or without Sc atoms, respectively.

Considering the fact that the chemical potential of
¢’-slab

the bulk @' constrains the values of ;" and
HET™ by Eq. (7):
P =24 o

and substituting Eq. (7) into Eq. (6), the y;, of the

energies of 8’ formula, Al and Sc atoms in the bulk
phases, respectively. For ucy, Auci=tcu— ﬂgﬂlk , and

the value is constrained by Eq. (9):
Hey =1y <0 ©)

Considering the fact that the chemical
potential of the bulk ' is also related to the heat of
formation, the relationship is shown in Eq. (10):
pg™ =2+ ey + AH (10)
where AH; is the heat of formation of bulk ', which
is defined as follows [59,60]:
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. ES  —mE, —nE.,
AHf(9)= total Al C

(11)

m+n

where Eaj and E¢, are the energies of per Al and Cu
atom, respectively, m and n are the numbers of
corresponding Al and Cu atoms in the bulk 6. The
heat of formation of bulk #' was calculated to be
—4.087 eV. Combining with Egs. (7), (9) and (10),
and supposing that the condition of poor Cu is
Ue, = 1 —4.087 (eV), the range for Auc, is given
as

~4.087 eV < Apte, <0 (12)

It should be noted that when the Sc atoms are
doped at S1 or S2 site, the surfaces of Al slab and 6’
slab are non-stoichiometric, Eq. (1) and Eq. (2) are
no longer applicable for the calculation of o, and
oy. The surface energy o of Al and &' slabs with
Sc atoms can be calculated according to Egs. (13)
and (14) for the S1 and S2 sites, respectively
[46,53,61,62]:

Al Al-slab , , Al-bulk
O.. = Eslab — A luAl — nSc:uSc (13)
Al ™
2Asurf
9’ 6’-slab , 6’-slab 0’-slab , ,6’-slab
G = Eqo =nai Ma —Noy How  —NsoMse
o —
2 Asurf
(14)

where ng. is the number of Sc atoms in Al or 6’ slab.

Fig. 4 Crystal structures of Al bulk (a) and 8’ (Al,Cu) bulk (b)

2.3.5 Segregation energy

The segregation energy (Es,) is the energy
required for the dopant to segregate at the interface,
which is related to the interfacial strength. The
more negative the value of E,, the stronger the
ability of dopant atoms to segregate at the interface,
and the more conducive to the bonding of the
interface. The E, is defined as follows [53]:

Eseg :(EAI/S’—SC _EAI/H')_(ESSH( _E/lillllk) (15)

where the E,, 45 and E, , are total energies of
Sc-doped interface and pure interface, respectively,
EX™ and EJ™ are energies of a Sc atom and an
Al atom in the bulk, respectively.

3 Results and discussion

3.1 Bulk calculations

The crystal structure of Al bulk is cubic with
the space group of Fm3m and @' bulk is
tetragonal with the space group of [4/mmm, as
shown in Fig. 4. The optimized lattice constants
(ap, co) and elastic moduli are listed in Table 3. It
can be seen that our calculated results are in good
agreement with the experimental values [63,64] and
other theoretical calculations [65,66], indicating the
reliability of the calculated parameters we adopted.

Table 3 Lattice constants ay, ¢, and elastic moduli of Al bulk and 8’ (Al,Cu) bulk

Al-fce o’
Source
ag/A B/GPa E/GPa B/G ag/A co/A B/GPa E/GPa B/G
4.04 78.35 4391 5.02 4.09 5.79 92.42 125.5 1.88 This work
4.05 76.90 - - 4.05 5.81 113.4 - - Exp.*?
4.04 75.00 - - 4.08 5.79 94.0 - - Other DFT ®

B is the bulk modulus; E is the elastic modulus; G is the shear modulus; * Refs. [63,64]; b Refs. [65,66]
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3.2 Work of adhesion

The W, values of the pure and doped
interfaces are listed in Table 4. Compared with the
pure interfaces, the W,y values of all the doped
interfaces are increased except the '(010)/A1(010)
interfaces with top site stacking and Sc at S2 site,
and the Wy, values of all the doped interfaces with
Sc at S1 site are larger than those of all the doped
interfaces with Sc at S2 site, indicating that Sc
doping can be effective to improve the bonding
strength of the 8/Al interface, and the Sc atoms
have a great tendency to be doped in the Al slab. It
is worth noting that the W,y value of the Cu-
rich 6'(001).c,/Al(001) interface with bridge site
stacking and Sc at S1 site is much larger than that
of all other interfaces, indicating that Sc doping has
the greatest influence on the bonding strength of
this interface, making it exhibit the strongest
interfacial adhesion. It can also be seen from
Table 4 that the W,q values of all coherent interfaces
are larger than those of all semi-coherent interfaces
before and after doping.

3.3 Interface energy and segregation energy
Next, the interface energy of pure and doped
interfaces as a function of Auc, is shown in Fig. 5.
It is obvious that all the doped interfaces with Sc at
S1 site have much smaller y;, values compared to
Sc at S2 site in the whole range of Auc, considered
in this work. The 7, values of all the doped
interfaces with Sc at S1 site are smaller than those
of its corresponding pure interface; however, the iy,
values of all the doped interfaces with Sc at S2 site
are higher than those of its corresponding pure
interface, indicating that Sc at S1 site could
significantly increase the interface stability, while
Sc at S2 site could significantly decrease the
interface stability, and the doped interfaces with Sc
at S1 site are thermodynamically more stable than
Sc at S2 site. In Fig. 5, the y;, values of all coherent
pure or doped interfaces are smaller than those
of all semi-coherent interfaces, showing that the
coherent interface is more stable than semi-coherent

interface. All in all, the site of Sc has an important
influence on interfacial stability, and the influence
on coherent and semi-coherent interfaces is
significantly different. It can also be seen from
Fig. 5 that, before doping, the y;,, value of pure
Cu-rich 6'(001).c,/Al(001) interface between the
Auc, of —4.087 and —1.2 eV is larger than that of
the pure coherent 6'(001).c,/Al(001) interface,
indicating that the interfacial stability of coherent
6'(001).c,/AL(001) interface occupied by interstitial
Cu atoms is decreased compared with the interface
without interstitial Cu atoms, which is consistent
with the results reported in Ref. [38]. While the
interfacial stability can be adjusted by changing the
chemical potential of Cu. when the Auc, exceeds
—1.2 eV, the Cu-rich 6#'(001).c,/Al(001) interface is
more stable than the 6'(001).c,/Al(001) interface.
After doping, the Cu-rich 6'(001).c,/Al(001)
interface with bridge site stacking and Sc at S1 site
has the smallest y;,, value, that is, this interface is
the most thermodynamically stable, which is in
good agreement with the calculation result of the
Wa and also shows that Sc doping has a great
influence on the interface stablility of Cu-rich
0'(001)_¢,/AL(001) interface.

The total energy and the segregation energy of
doped interfaces were calculated, as shown in Fig. 6.
It can be seen that all the E, values of doped
interfaces with Sc at S1 site are negative, and are
significantly more negative than the wvalues of
doped interfaces with Sc at S2 site, indicating that
the ability of Sc at S1 site to segregate at the
interface is much stronger than that of at S2 site. It
is worth mentioning that the Ey, value of Cu-
rich 6'(001).c,/Al(001) interface with bridge site
stacking and Sc at S1 site is the most negative,
showing that this interface configuration is the most
conducive to interfacial bonding, which is in good
agreement with the work of adhesion results.

Through the above analysis of interfacial
bonding strength, it is revealed that the doped
interfaces with Sc at S1 site can significantly
decrease the interface energy and increase the work

Table 4 Work of adhesion W, of pure interfaces and Sc-doped 6'(001).c,/Al(001) and 8'(010)/A1(010) interfaces with

different terminations and configurations (J/m?)

0'(010)/A1(010)-hollow 0/(010)/A1(010)-top

0'(001)/A1(001)-bridge

Cu-rich 6'(001)/A1(001)-bridge

S1 S2 Pure S1 S2 Pure

S1 S2 Pure S1 S2 Pure

1.90 1.68 1.63 1.90 1.20 1.56

2.68 2.52 2.39 8.19 2.71 2.39
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Fig. 5 Interface energies of pure interfaces and Sc-doped
0'(001).c,/A1(001) and 6'(010)/A1(010) interfaces with
different terminations and configurations (The letters b, t
and h in the figure denote bridge, top and hollow sites,
respectively, and all the 8'(001)/A1(001) interfaces are
Cu-terminated interfaces)

of adhesion. These calculation results are strongly
supported by experimental results of GAO et al [56]
that Sc atoms prefer to diffuse in the Al site, as well
as by previous experiments [29,67] showing that Sc
decreases the interface energy and segregates
towards the interface.

3.4 Bonding characteristics

The bonding properties between atoms at the
interface play an important role in the interface
bonding strength. In order to further explore the
influences of Sc doping on the interfacial strength,
the electron localization function (ELF) which
characterizes the strength and type of bonds
between atoms, the total density of states (TDOS),
and the partial density of states (PDOS) were also
analyzed.

The ELF value is between 0 and 1, with the
upper limit value ELF=1 meaning complete
electron localization, the lower limit value ELF=0
meaning complete electron delocalization or no
electron, and the middle value ELF=1/2 meaning
the electron-gas-like pair probability.

The ELF distributions of doped interfaces and
pure interfaces through (111) cutting plane are
shown in Fig. 7. Compared with the pure interface,
the electron interface is
significantly enhanced at the doped interface in
Figs. 7(a—h), which indicates that the bonding
interactions between atoms at the interface are

localization at the
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Fig. 6 Total energy (a) and segregation energy (b) of Sc-

doped 6'(001).c,/A1(001) and #'(010)/Al1(010) interfaces
with different terminations and configurations

significantly strengthened. For the doped coherent
interfaces in Figs. 7(a, b) and Figs. 7(e, f), the range
of ELF value is 0.6-0.8 between Cu atoms of 6’
slab and Al atoms of Al slab, which indicates that
electrons are localized between them and the strong
Al-Cu bond is formed. For the doped semi-
coherent interfaces in Figs. 7(c, d) and Figs. 7(g, h),
the ELF value is around 0.7 between Al atoms of 6’
slab and Al atoms of Al slab, which indicates that
the strong Al—Al bond is formed, and a weaker
Al—Cu bond also exists. Obviously, the bonding
interactions between Al and Cu atoms or Al and Al
atoms at the interface with Sc at S1 site are much
stronger than those of Sc at S2 site, which also well
explains the previous calculation results that the
doped interfaces with Sc in S2 site have higher
segregation energy, higher interface energy and
lower wok of adhesion compared to the interfaces
with Sc in S1 site.

The TDOS and PDOS of doped interfaces and
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0.8

0

Fig. 7 Electron localization function (ELF) distributions of Sc-doped and pure interfaces: (a) Cu-terminated
6'(001)_¢,/A1(001) interface with bridge site stacking and Sc at S1 site; (b) Cu-terminated (Cu-rich) 6'(001)_¢,/A1(001)
interface with bridge site stacking and Sc at S1 site; (c) 8'(010)/A1(010) interface with top site stacking and Sc at S1 site;
(d) 8'(010)/A1(010) interface with hollow site stacking and Sc at S1 site; (¢) Cu-terminated 6'(001).¢,/Al(001) interface
with bridge site stacking and Sc at S2 site; (f) Cu-terminated (Cu-rich) '(001).c,/Al(001) interface with bridge site
stacking and Sc at S2 site; (g) 6(010)/A1(010) interface with top site stacking and Sc at S2 site; (h) 8'(010)/A1(010)
interface with hollow site stacking and Sc at S2 site; (i) Cu-terminated pure #'(001).c,/Al(001) interface with bridge site
stacking; (j) Cu-terminated (Cu-rich) pure 6'(001).c,/Al(001) interface with bridge site stacking; (k) Pure 6(010)/
Al(010) interface with top site stacking; (1) Pure 8'(010)/A1(010) interface with hollow site stacking (The black dotted

line denotes interface)

pure interfaces are shown in Fig. 8. After doping, as
shown in Figs. 8(a—h), the orbital hybridization
interactions between Al atoms and Cu atoms are
more significant in the energy range of —3.5 eV to
Fermi energy level, and some overlapping peaks
between Al-p and Sc-d orbits appear below the
Fermi energy level. Especially the interfaces with
Sc at S1 site in Figs. 8(a—d), there is an obvious
hybridization between the Al-p orbits and Cu-d
orbits, which contributes to the formation of
Al—Cu bonds at the interfaces. For the Cu-rich

6'(001).c,/Al (001) interface in Fig. 8(b), not only is
there a hybridization of Al-p orbits and Cu-d orbits
near —1.1, —2.7 and —4.1¢V, but also the great
overlapping peaks of Sc-d orbits with Al-s and Cu-d
orbits respectively appear near —4.1 eV, indicating
that there are strong orbital hybridization
interactions at this interface. Combined with the
calculation results of ELF, it can be seen that the
formation of strong Al—Cu and Al—AI bonds at
the doped interfaces contributes to the interface
bonding strength.
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Fig. 8 Total electronic density of states (TDOS) and partial electronic density of states (PDOS) of Sc-doped and pure
interfaces: (a) Cu-terminated 6'(001).¢,/A1(001) interface with bridge site stacking and Sc at S1 site; (b) Cu-terminated
(Cu-rich) 8'(001).c,/Al(001) interface with bridge site stacking and Sc at S1 site; (c) #(010)/Al(010) interface with top
site stacking and Sc at S1 site; (d) 6'(010)/Al(010) interface with hollow site stacking and Sc at S1 site;
(e) Cu-terminated 8'(001).c,/Al(001) interface with bridge site stacking and Sc at S2 site; (f) Cu-terminated (Cu-rich)
6'(001).¢,/A1(001) interface with bridge site stacking and Sc at S2 site; (g) 6(010)/Al1(010) interface with top site
stacking and Sc at S2 site; (h) 0'(010)/A1(010) interface with hollow site stacking and Sc at S2 site; (i) Cu-terminated
pure 6'(001).c,/Al(001) interface with bridge site stacking; (j) Cu-terminated (Cu-rich) pure 6(001).c,/Al(001) interface
with bridge site stacking; (k) Pure 8'(010)/A1(010) interface with top site stacking; (1) Pure 8’(010)/Al(010) interface
with hollow site stacking site (The dotted line denotes the position of the Fermi level)
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4 Conclusions

(1) The pure coherent Cu-terminated interface
with bridge-site stacking is the most stable
configuration, while the stability of this interface
will decrease when the interstitial Cu occupies the
interface.

(2) The doping site of Sc has an important
influence on the interface bonding, and Sc atoms
have a greater tendency to dope on Al side than on
0" side.

(3) Sc doping can be effective to improve the
bonding strength of the 6"/Al interface, and the
formation of strong Al—Cu and AI—AI bonds at
the doped interfaces is the main contribution to
interface bonding.

(4) The doped coherent Cu-rich 8(001).c./
Al(001) interface with Sc at S1 site has the lowest
interface energy and the highest work of adhesion,
thus is the most stable interface with strongest
bonding strength.
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