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Nanotwins form in many metallic materials to improve their strength and toughness. In this study, we thoroughly studied the
alloying effects of 10 common metal and nonmetal elements on Cu nanotwins by density functional theory (DFT). We calculated
the segregation energies to determine if Cu nanotwins attract both the metal and nonmetal alloying elements; these segregation
energies were then decomposed to mechanical and chemical components. The Cu-Sn bonds are different from other metal
alloying elements, and the strong bond between Cu and the nonmetal element results in the negative values of the chemical
contribution. Furthermore, the temperature and concentration have different effects on the nanotwin formation energy of the
metal and nonmetal alloying elements. As determined by the Generalized Stacking Fault Energy, Al and nonmetals can inhibit
the migration of Cu nanotwin boundary, and the effects of Li, Mg, and Sn are opposite. Our theoretical study serves as the
foundation for the engineering nanotwin structures through alloying elements, the elements that may lead to new alloy com-
positions and thermomechanical processes, and are important complements to the experimental research.
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1 Introduction

New microstructures often exhibit new macroscopic prop-
erties, thus triggering new application prospects. Introducing
nanocrystalline structures into metals can lead to new me-
chanisms and electrical properties and this will broaden the
range of their applications in engineering [1-5]. However, the
strength-ductility trade-off has been a long-standing di-
lemma in materials science; for instance, some studies [6-10]
have shown that the non-coherent high-energy grain
boundary cannot continue strengthening the metal. To solve
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this problem, the high-energy disordered grain boundary
should be replaced with other interfaces with a low mismatch
—the coherent interface.

The introduction of nanotwins to Cu alloys has been
widely studied because of the low stacking fault energy of
Cu [11]. Lu et al. [12], in a scientific review, argued that the
introduction of nanotwin is an effective way to improve
metal strengthening and toughness. However, it is very dif-
ficult to introduce nanotwins into FCC metals (e.g., Cu). At
room temperature, the twinning shear strain of FCC metal is
the largest; thus, the formation energy of the FCC nanotwin
has extreme instability, which calls for a high strain rate and
cryogenic liquid nitrogen to form a nanotwin [13].

To address this problem, Zhao et al. [14-17] proposed



J. Hui, et al.

adjusting the stacking fault energy, known to be closely as-
sociated with the formation of nanotwin, through alloying
elements in Cu alloys. They deemed this adjustment an ef-
fective way to control the microstructure of metals leading to
the simultaneous improvement of strength and toughness. Lu
et al. [12] reported that the lower nanotwin formation en-
ergies induced by Al in Cu alloys can lead to thinner twins
via pulse electrodeposition, because the nanotwin formation
energy is closely associated with twinning and other me-
chanisms [18-24]. In addition, Nie et al. [25] found that Zn
and Gd have an obvious segregation tendency at twin
boundary and exert a pinning effect on twins, in which an-
nealing strengthens not weakens these alloys. Therefore,
alloying elements have an important effect on the nucleation
and growth of nanotwin, which should be further studied.

Experimentally, it is relatively difficult to detect the al-
loying atoms at the twin boundary. However, first-principles
calculations can be used to study the physical mechanism on
the atomic and electronic levels [26-30]; for instance, the
alloying atoms at the twin boundary [31]. Until recently,
most researchers have been focusing on pure twins without
considering the effects of alloying elements [32-34]. As a
result, the effects of alloying atoms on the nanotwins in Cu
alloys have been addressed by first-principles calculations in
this study.

Furthermore, to describe the dynamic nanotwin formation
energies and boundary energy change process at an atomic
scale, Vitek [35] proposed the concept of Generalized
Stacking Fault Energy (GSFE), which is the free energy
plane corresponding to the continuous state change process;
it describes the atomic-level shear process on the slip plane.
First-principles calculations can be used to calculate GSFE
[36-38].

In this study, the mechanism of the effects of alloying
atoms on Cu nanotwins was studied quantitatively and sys-
tematically by first-principles calculations. The studied al-
loying elements include common metal elements (i.e., Li,
Mg, Al, Zn, and Sn) and nonmetal ones (i.e., C, N, O, P, and
S) in Cu alloys. Our findings in this work provide a theo-
retical support for engineering nanotwin structures through
alloying elements. This may lead to new alloy compositions
and thermomechanical processes.

2 Calculational details

The FCC crystal is made of {111} faces, and ...BCABCAB-
CA... units are sequentially stacked, and this stacking order
can change from one layer to another; for instance, layer B
moves to layer C and layer C moves to layer 4. By analogy,
the stacking order becomes...BCABCACBA..., where A4, B,
and C are the atomic stacking layers in (111) atomic planes,
and the underlined layers indicate the twin planes; here, A is
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called the nanotwin boundary.

Figure 1 shows the supercell used to calculate the segre-
gation energy (SE). It is constructed as follows: 3e; x 3e, X
mes, e =a/2 [110],e,=a/2[-110],e3=a/2[1 -1 1]; m
denotes the number of atomic layers in nanotwin supercell.
The x-axis of the matrix is along the direction [-1 —1 2], the
y-axis [1 1 1] direction, and the z-axis [1 —1 0] direction; here,
the 4, 6, 8, and 10 layers of nanotwin (Int) models are es-
tablished. The total number of atoms in the five models are
36, 54, 72 and 90, respectively. The multilayer nanotwin is
symmetrical with respect to the nanotwin plane; thus, na-
notwin on either side can be selected as the research object.
The nanotwin boundary is defined as 0 (denoted by n = 0)
layer, and the nearest atomic plane to the nanotwin boundary
is the n =1 layer. Substitutional atoms (denoted by X, X, =
Li, Mg, Al, Zn, and Sn) were added to the n layer, and
interstitial atoms (X, = C, N, O, P, and S) were added to the
interstitial positions of each layer. The nearest interstitial
atoms to the nanotwin boundary are labeled as the O layer.

We only considered the substitutional atoms, discussed in
sect. 3.4, when calculating GSFE in this study [36-38]. The
supercell, shown in Figure 2(a), used to calculate GSFE is
constructed as follows: e; x e, X 3e;, ¢, =a/2 [-1 1 0], e, =a/2
[-1-12], e3=a/2[11 1]. This supercell contains 21 layers of
the slip plane (excluding the vacuum layer), which are
marked as LOI-L21. In Figure 2(b), a single twin grain
boundary is introduced into L10 layer, and a substitutional
atom is doped in L11 layer, which is denoted as NTBI
configuration. In Figure 2(c), another single nanotwin
boundary is introduced at L11 layer in NTB2 configuration.
The evolution from NTB1 to NTB2 means the diffusion
process of a single nanotwin boundary across a substitutional
atom and the effect of the substitutional atom on the mobility
of nanotwin can be measured effectively by diffusion barrier
during the process.

We used the Vienna ab initio simulation package (VASP)
[39,40] to calculate the electronic state within the density
functional theory [41,42]. Electron-ion interactions were
described by the projector-augmented plane-wave (PAW)
[43] method. A generalized gradient approximation (GGA)
[44-46] of the exchange-correlation energy was used. The
total energy and Hellmann-Feynman forces were convergent
within 10 °eV and 10 eV/A, respectively, with a cutoff
energy of 400 eV. We then screened 10 common kinds of
alloying elements in Cu after a large amount of calculation in
the previous period. The number of valence electrons for
pseudopotentials used are as follows: 11 for Cu (3d10,4s1), 3
for Al (352,3pl), 1 for Li (251), 2 for Mg (352), 5 for
P (3s°,3p), 6 for S (3s°3p"), 4 for Sn (5s°,5p°), 12 for
Zn (3d10,452), 4 for C (252,2p2), 5 for N (252, 2p3) and 6 for
o (252, 2p4). The K-points of the four supercells in Figure 1
were 5x5x5 (4Int), 5x5%x4 (6Int), 5x5x%3 (8Int) and 5x5x2
(10Int) according to the dimensions of supercells, and the
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Figure 1 (Color online) Four kinds of nanotwin supercell models are
shown. The red line represents the plane of nanotwin boundary.
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Figure 2 (Color online) (a) Perfect supercell of FCC Cu. (b) L10 is the
nanotwin boundary in the Cu NTBI supercell. X represents the substitu-
tional atom. Atoms move in the direction of b: The vector b = 1/6 [-1 —1 2]
is one partial Shockley dislocation. (c) Based on the NTB1 supercell in (b),
the atom layers above L11 slips 1/3 along b to form NTB2. The red line
denotes the nanotwin plane.

corresponding K-points were changed into 15%9x2 for the
supercell in Figure 2. In order to calculate the diffusion
process of nanotwin, the supercells in Figure 2 should be
longer than in Figure 1. Nanotwin formation energy was
calculated based on the climbing-image nudged elastic band
method (CNEB), and the three images were inserted into the
beginning and the ending intervals [47].
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3 Results and discussion

3.1 Segregation energy of alloying element in Cu na-
notwin

First, the segregation energies (SEs) of alloying elements in
the nanotwin supercells were investigated to identify the
stable sites for alloying elements, which can determine the
segregation tendency of alloying elements and reflect the
relationship between the alloying elements and the nanotwin.
According to refs. [48-50], the SE in Cu nanotwin supercell,
Eg:, can be calculated as follows:

ESE = [E(CunanotwinX) _E(Cunanotwin)]
_[E(CuFCCX) _E(CUFCC)]a @)
where E(Cu,, i) @0d E(Cu,,, .., X) are the calculated

energies of the Cu nanotwin supercells without and with a
solute X, respectively, and E(Cugcc) and E(CupccX) are the
calculated energies of the perfect FCC Cu supercells without
and with a solute X, respectively. A positive value of Eg;
means the mutual attraction between the alloying atom and
nanotwin, and a negative suggests the mutual rejection be-
tween them. When SE < 0, the alloying atom can segregate
casily to the nanotwin, and vice versa [48,49].

The crystal structure relationship of Cu {111} (1 1-2) twin
used in this work is displayed in Figure 3(a), and the na-
notwin supercells in Figures 1 and 3 were constructed ac-
cording to these crystallographic parameters. Figures 3(a)
and (b) display the atomic environments of substitutional and
interstitial sites, respectively. Table 1 shows the calculated
SEs of both substitutional elements (i.e., Li, Al, Mg, Zn and
Sn) and interstitial elements (i.e., C, N, O, P, and S) at dif-
ferent atomic sites of the four types of the nanotwin super-
cells in Figure 1.

As shown by Table 1, the calculated SEs of the alloying
elements increase linearly with the distance of alloying
atoms from the nanotwin boundary in all the four kinds of
nanotwins in Figure 1. For the cases of interstitial elements
(i.e.,, C, N, O, P, and S), the calculated SEs in Table 1 are
always negative for the sites at the nanotwin boundary;
therefore, Cu nanotwin attracts alloying elements, especially
interstitial nonmetal ones. However, in contrast with the re-
sults of 4Int, 6Int, 10Int in Table 1, the SEs of substitutional
metal elements in 6Int supercell are negative, and this result
is directly associated with the special structure of 6Int that
has the perfect stacking order ABCCBA.

As shown in Table 1, the attraction of alloying atoms to the
nanotwin boundary decreases gradually as they are away
from the nanotwin boundary. The alloying atoms are more
stable when they are on or close to the nanotwin boundary.
Kumar et al. [31] studied the twinning-associated boundaries
in hexagonal metals with first-principles calculations and
found that the solubility of solid-soluble atoms at the co-
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Figure 3 (Color online) (a) The crystal structure relationship of Cu {111} {1 1 —2) twin. (b) The substitutional site in the nanotwin plane, which is denoted
by the white ball. (c) The octahedral interstitial site nearest to the nanotwin plane, which is represented by the grey ball.

Table 1

It shows the calculated SEs (meV) of 10 kinds of metal and nonmetal elements in different atomic sites of Cu nanotwin supercell. For metal

elements, “0” indicates the substitutional site that is at the twin plane (i.e., the site of the white ball in Figure 3(b)), and “1” denotes the site that is nearest to
the twin plane, and so on. For nonmetal elements, “0” indicates the octahedral interstitial site that is nearest to the twin plane (i.e., the site of the grey ball in
Figure 3(c)), and “1” denotes the site that is secondly nearest to the twin plane, and so on

4Int 6lnt 8Int 10Int
Atom
0 1 0 1 0 1 2 0 1 2
Li -24.6 29.6 -10.3 4.1 150.6 159.7 165.9 45.7 55.9 583
Mg 128.0 129.6 -57.4 -36.6 192.9 200.9 210.8 128.2 140.9 148.5
Al 36.2 74.3 —49.4 -38.1 163.3 168.7 170.9 140.7 149.9 160.5
Zn 82.5 84.5 —49.4 -39.3 193.0 200.9 210.8 122.4 129.3 135.6
Sn 39.9 78.2 -99.4 -81.6 126.8 127.8 165.5 96.4 103.6 129.8
C -169.7 - —-184.2 -117.0 -18.9 58.5 - —69.0 2.3 21.8
N —245.0 - -198.5 -101.6 —49.9 64.0 - —-146.8 —45.3 26.9
(¢} —225.5 - -188.3 —69.3 —46.1 87.2 - -157.1 -39.6 -22.8
P -2214 - -157.5 —84.1 34.4 129.9 - -24.8 81.5 106.9
S —250.9 - -160.1 —52.2 34 135.8 - -93.7 36.3 65.1

herent twin boundary is greater than in bulk, which is in good
agreement with the case of Cu nanotwin in this work. Nie et
al. [25] studied the annealing hardening of Mg by HRTEM
and first-principles calculations, and showed that the twin
boundary can accommodate the solid solution atoms Zn,
which is also consist with our results.

3.2 Atomic and electronic structures around alloying
element in nanotwin

It is crucial to understand the structure and chemistry of
nanotwin boundaries influenced by the alloying elements. To
explore further the physical origins of the SE, we decom-
posed the SE into two components: (i) the mechanical con-
tribution (£,,.) (resulting from the mismatch of atomic size)
and (ii) the chemical contribution (E,,) (closely related with
charge distributions). Thus, the SE can be decomposed as
follows:

ESE = Eme + Ece‘ (2)

The mechanical contribution, E,,,, can be calculated as:

nes

Eme = [E(Cunanotwin X) - E(Cunanotwin XF)]
~[E(CupecX) — E(Cupe XF)], (3)
where E(Cu,,, i XF) (0 E(CupcXF)) is the calculated

energy of the pure Cu nanotwin supercell (or the pure FCC
Cu supercell) in which a Cu atom is replaced by a substitu-
tional alloying atom X or an interstitial atom X is inserted in
an octahedral interstitial site, but all the atomic coordinates
are kept unchanged. Accordingly, the chemical component,
E,,, can be calculated as follows:

ECe = [E(Cunanotwin)a:) _E(Cu
_[E (CupecXF) — E(Cu FC()]' 4)

The calculated E,,, and E_, of the alloying elements in 4Int
are shown in Figure 4. For most metal atoms (except Sn), the
chemical component is bigger than the mechanical one, but
the case of Sn is opposite. On the other hand, for all the
calculated nonmetal atoms in Figure 4, the chemical com-
ponent contributes the major part of the SE and plays a

nanotwin)]
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Figure 4 (Color online) The calculated chemical (E£.,) and mechanical
components (E,,,) of the SEs in 4Int supercell where the metal atom oc-
cupies a substitutional site in the nanotwin plane or the nonmetal atom
occupies an interstitial site nearest to the nanotwin plane.

dominant role, and the mechanical one only reduces its
value.

It can be seen in Figure 4 that the differences between
mechanical and chemical components for most substitutional
metal elements (except Sn) are much smaller than those for
nonmetal elements. Moreover, the chemical component
contributes the major part of the SE.

Local expansion or shrinkage can be induced by alloying
atoms at the substitutional or interstitial site in the nanotwin
supercells, which will lead to changes in the mechanical
component, E,,,. The shortest distance between Cu and the
alloying atom can be used to describe the misfit volume of
the alloying atom. The shortest Cu-alloying atom bond
lengths in 4Int supercell were calculated and shown in Figure
5. Figure 5 shows that almost all the calculated metal ele-
ments can induce local expansion, and the change trend for
these metal elements is in good agreement with that of the
mechanical components in Figure 4. Furthermore, the in-
sertion of the nonmetal elements into the octahedral inter-
stitial site can also induce local expansion, because the
interstitial site is not big enough to accommodate the non-
metal elements.

As stated above, the chemical contribution (£,,) is closely
related with the chemical bonding and the charge distribution
upon addition of solute atoms on the nanotwin. The calcu-
lated charge densities for the substitutional metal atoms are
displayed in Figure 6. The charge accumulation between Cu
and Sn is denser than that between Cu and the other sub-
stitutional atom. Thus, the Cu-Sn bonds are stronger and
beneficial for Sn to segregate into the nanotwin boundary,
which is in good agreement with the negative value of the
chemical component of Sn in Figure 4.

The calculated charge densities around the interstitial
nonmetal atoms are shown in Figure 7. The bonds between
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Figure 5 (Color online) The calculated shortest Cu-X bond length in 4Int
supercell, and X represents the substitutional metal element or interstitial
nonmetal one. The red dotted line denotes the length of the corresponding
Cu-Cu bond with the value of 2.56 A in pure Cu 4Int supercell, and the blue
dotted one refers to the distance between the corresponding Cu atom and
the center of octahedral interstitial site with the value of 1.81 A in pure Cu
4Int supercell.

Cu and the nonmetal elements are different from the typical
metal Cu-Cu bonds (and the bonds between Cu and the metal
alloying elements) and also stronger. This can be judged
from the much denser charge density between them. These
strong bonds are beneficial to the segregation of the non-
metal elements by resulting in the negative values of che-
mical contributions in Figure 4.

3.3 Nanotwin formation energy

The nanotwin formation energy is directly associated with
the processes of twinning and detwinning, and it denotes the
energy difference between the nanotwin configuration and
the perfect structure per area. The larger the formation en-
ergy, the more difficult it is to form a twin configuration [49].

The pure Cu nanotwin formation energy can be calculated
as follows:

— E(Cunanotwin) _E(CUFCC)
24 ’

&)

where 4 is the area of (111) plane of the nanotwin supercell
in Figure 1, E(Cu,notwin) and E(Cugcc) are the total energies
of Cu nanotwin supercell and Cu FCC structure with the
same number of Cu atoms, respectively.

When the alloying element X is introduced into the na-
notwin, the nanotwin formation energy, y,y, is calculated as
follows:

— E(CunanotwinX) _E(CuFCCX) _
A Yo

0

(6)

As shown in Figure 8, the formation energy of different Cu
nanotwins is distributed between 20 and 40 mJ/m’. Com-
pared with the case of pure Cu in Figure 8, the metal sub-
stitutional atoms increase the nanotwin formation energy,

Yox
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Figure 6 (Color online) Calculated charge density (e/Bohrs) in the 4Int supercell for the substitutional metal atoms (i.e., Li, Mg, Al, Zn, and Sn) at the plane

of nanotwin boundary.
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Figure 7 (Color online) Calculated charge density (e/Bohr3) in the 4Int supercell. The interstitial (i.e., C, N, O, P, and S) nonmetal atoms are in the center
and surrounded by Cu atoms. The position of the nonmetal element is shown in the first graph.
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Figure 8 (Color online) The nanotwin formation energy of pure and
doped Cu nanotwin systems. The black line indicates y, in pure Cu 4lnt,
6Int, 8Int and 10Int. The values of y,y for the alloying elements were
calculated in 4Int with the metal elements in X, site or the nonmetal ele-
ments in X, site in Figure 3.
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and nonmetal interstitial atoms reduce it. Thus, Li, Mg, Al,
Sn and Zn atoms hinder the formation of nanotwin and
promote the detwinning process, and the effects of C, N, O,
P, and S are opposite.

Furthermore, the effects of concentration and temperature
can be introduced into Cu nanotwin formation energy to
explore their influences on the stability of Cu nanotwins. The
part of nanotwin formation energy resulted from temperature
(K) and alloying concentration (C) effects, Ay(K, C), can be
calculated according to the following formula [48]:
> . Cr(K)E,
Sy E—

Ay(K,C) = ; (N

where C;__ is the concentration of the alloying atom X in the
n-th layer [49]:
1

, (®)
%_ln[lfgo]]

CT*x(K ) =

1+exp

http://www.cnki.net
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where ¢, is the concentration of the alloying element. The
calculated Ay(K, C) for metal elements (i.e., Li, Sn) and
nonmetal ones (i.e., C and O) in four nanotwin configura-
tions (4Int, 6Int, 8Int, 10Int) are displayed in Figures 9 and
10, respectively, to explore the joint effects of temperature
(K) and alloying concentration. While the range of Ay(K, C)
for Li and Sn is from —10 to 30 mJ/m” in F igure 9, that for C
and O is from —30 to 0 mJ/m” in Figure 10. The values of Ay
(K, C) for Li and Sn are bigger than those for C and O, which
is in accordance with the results in Figure 8.

As shown in Figure 9, the change trends of Ay(K, C) for
metal elements (i.e., Li and Sn) are similar under the joint
influence of temperature and concentration. In 4Int supercell,
Ay(K, C) is lowest with the blue color for Li and Sn, and then
Ay(K, C) increases in 6Int, indicating that the configurations
of different nanotwins can also affect Ay(K, C). Especially
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for 8Int and 10Int, Li and Sn can drastically result in a big
value of Ay(K, C) at relatively high temperature and alloying
concentration.

However, the values of Ap(K, C) are all negative for
nonmetal elements (i.e., C and O) in Figure 10, which is
directly associated with the strong bonding between Cu and
each of them as stated in the above section. For nonmetal
elements, C and O can strongly increase Ay(K, C) at rela-
tively high temperature and low alloying concentration,
which is different from the results of metal elements in
Figure 9.

3.4 Generalized stacking fault energy and the na-
notwin ductility

GSFE is an important energy value carried in the atomic-

8Int 10Int

01 2 3 4 5 6 7 8 9 10
Solute concentration (at.%)

Figure 9 (Color online) Calculated Ay(K, C) (mJ/mZ) as a function of solute concentrations (¢,) and temperatures for Li and Sn elements in 4Int, 6Int, 8Int

and 10Int nanotwin structures.
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Figure 10 (Color online) Calculated Ay(K, C) (mJ/mz) as a function of solute concentrations (c,) and temperatures for C and O elements in 4Int, 6Int, 8Int

and 10Int nanotwin structures.
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level shear process on the slip plane. It can be determined
using first-principles calculation to describe the macroscopic
mechanical properties [37,38]. As stated in sect. 3.2, the
bonds between Cu and the nonmetal elements are not the
typical metal bonding and are much stronger; this will strongly
hinder the shear process near the nonmetal elements. As a
result, the slip plane will be away from the nonmetal ele-
ments, and the shear process will happen on the slip plane of
pure Cu. Therefore, only substitutional metal atoms were
considered when calculating the GSFE in this work.

The energies of the Cu nanotwins in this section were
investigated by using the calculation model in Figure 2.
Here, the nanotwin energy without the effects of temperature
and concentration can be calculated as follows [47]:

y= EXl;lEXO’ 9)
where Ey, is the calculated energy of the FCC supercell in
pure or doped Cu nanotwin (e.g., the supercell in Figure
2(a)), and Ey, is the energy of this system after introducing
nanotwin (e.g., the supercells in Figures 2(b) and (c)). 4 is
the area of the nanotwin plane in the supercell, denoted by
the red lines in Figure 2. Since there is only one nanotwin
plane in Figure 2, the denominator in eq. (9) is 4, not 24. The
nanotwin energies of NTB1 and NTB2 are denoted by y, and
7, Tespectively, and the energy barrier from NTB1 to NTB2
is y ., as displayed in Table 2.

It can be found that y, >y, in Cu nanotwins with most
substitutional alloying atoms (except Sn), and so Cu na-
notwin is more stable when alloying atoms occupy the sites
at the nanotwin boundary from an energetic viewpoint, in-
dicating that Cu nanotwin has a tendency to accommodate
substitutional alloying atoms. This is consistent with the
above results of segregation energies in sect. 3.1.

The GSFE of substitution elements can be obtained by
calculating the migration process of the nanotwin plane from
NTBI supercell to NTB2 supercell as shown in Figure 2. In
Figure 11, the calculated results show that the energy sketch
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in doped Cu nanotwins display the similar change trend to
that in pure Cu nanotwin. The calculated GSFEs are the
values of (y,,—y,) or (y,,—7,) listed in Table 2, depending on
the diffusion direction in Figure 2. With a low value of
GSFE, it is easy for the atomic-level shear process on the slip
plane to occur, and vice versa. Judged by the results listed in
Table 2, Li, Mg and Sn can promote the atomic-level shear
process on the slip plane, while Al will hinder this process.
The effect of Zn is not obvious, since its values in Table 2 is
close to that of the pure Cu nanotwin.

The values of (y,,—y,) or (y,,—7,) can also be used to
identify the degree of difficulty for nanotwin diffusion to-
wards and away from substitutional alloying atoms, respec-
tively. With the bigger value of (y, —y)) and (y, —7y,) than
that of pure Cu nanotwin in Table 2, Al substitution can
increase the energy barrier for nanotwin diffusion across it
and thus inhibit the migration of the nanotwin boundary.
Inversely, the effects of Li, Mg and Sn substitutions are
opposite and can promote the nanotwin migration more than
a pure Cu nanotwin. The effect of Zn is not evident, since the
values of (y,,— ) and (y,,—7,) in Zn doped Cu nanotwin are
very close to those in pure Cu nanotwin.

Furthermore, the calculated y,, can be used to investigate
the effects of alloying elements on the ductility of Cu alloys
in the framework of Rice-criterion ductility analysis [52-54],
which describes the competition between the formation of
dislocations from the crack tip and crack cleavage [55]. The
ductility parameter, 4, can be calculated as follows:
A= 03y, (10)

Vus
in which y, denotes the surface energy. According to Rice-
criterion ductility analysis, if 2>1, the alloys will be ductile
under opening mode loading because of the smaller dis-
location nucleation energy compared with the crack cleavage
energy barrier [55].
The calculation results are displayed in Table 3, and it can

Table 2 The nanotwin energy and GSFE calculated by the CNEB method (mJ/mz). The bold type represents the corresponding results from the references

Cu Li Mg Al Zn Sn
7 16.9 (16) [50] 16.5 10.1 21.4 6.3 —26.7
Vus 154.2 (140) [51] 118.8 93.0 1325 139.3 12.4
72 16.6 0.6 0.0 0.5 43 -29.6
Vus1 137.3 102.3 82.9 153.9 133 39.1
Vus—V2 137.6 118.2 93.0 133.0 135.0 42.0
Table 3 Calculated relative surface energy (y,) and Rice-criterion ductility (1)
Cu Li Mg Al Zn Sn
7, (mJ/m’) 2791.47 2696.35 2204.94 2751.16 2287.00 763.63
A 5.43 6.81 7.11 6.23 4.93 18.47
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Figure 11 (Color online) Energy profile for pure and doped Cu supercells
in the migration process of the nanotwin plane from NTBI supercell to
NTB2 supercell in Figure 2. The energies of the initial states are set to be
zero for comparison.

be found that 1<A(Zn)<A(Cu)<A(Al)<A(Li)<A(Mg)<A(Sn).
The A value of Cu-Zn alloy is the smallest, which means that
Zn addition can reduce the energy of dislocation nucleation
and promote dislocation slip. Therefore, the toughness of
Cu-Zn alloy is higher and prone to ductile fracture. Similarly,
the larger the A value of the metal element (i.e., Li, Mg, Al,
Zn, and Sn) the smaller the energy barrier for overcoming
dislocation slip and a larger value of A can improve the
forming ability of the alloy.

Our theoretical work at the atomic scale excludes any ef-
fects of the concentration of alloying element or other related
effects. In particular, when the concentration increases, the
effects of the interactions between the alloying elements
become more important, which need serious considerations
and will be addressed in our future studies.

4 Conclusion

In this work, we used first-principles calculations to study
the alloying effects on the segregation energies in Cu na-
notwins, their mechanical and chemical components, the
nanotwin formation energies with temperature and con-
centration considerations and the generalized stacking fault
energy in doped Cu nanotwins. The main conclusions are
summarized as follows:

First, Cu nanotwin attracts alloying elements: substitu-
tional metal or interstitial nonmetal elements. The segrega-
tion energy of the interstitial atom is mostly negative and
lower than that of the substitutional atom.

Secondly, the segregation energy of the alloying element
was decomposed into the mechanical and chemical compo-
nents. The strong bond between Cu and the nonmetal ele-
ment results in the negative value of the chemical
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contribution.

Thirdly, while metal elements (i.e., Li and Sn) can dras-
tically result in a big value of Ay(K, C) at relatively high
temperature and alloying concentration, nonmetal elements
(i.e., C and O) can strongly increase it at relatively high
temperature and low alloying concentration.

Finally, the bonds between Cu and the nonmetal elements
can strongly hinder the shear process near the nonmetal
elements; thus, only the substitutional metal atoms were
considered when calculating the GSFE. Al can inhibit the
migration of Cu nanotwin boundary, and the effects of Li,
Mg and Sn are opposite.

This work was supported by the National Natural Science Foundation of
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