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The structural parameters, the formation energies, and the elastic and thermodynamic properties of the (CuxNi1−x)3Sn
phase with different structures are studied by the virtual crystal approximation (VCA) and super-cell (SC) methods. The
lattice constants, formation energies, and elastic constants obtained by SC and VCA are generally consistent with each
other. It can be inferred that the VCA method is suitable for (CuxNi1−x)3Sn ordered phase calculation. The calculated
results show that the equilibrium structures of Cu3Sn and Ni3Sn are D0a and D019 respectively. (CuxNi1−x)3Sn−D03 with
various components are the metastable phase at temperature of 0 K, just as D022 and L12. With the temperature increase,
the free energy of the D03 is lower than those of D022 and L12, and D022 and L12 eventually turn into D03 in the aging
process. The (CuxNi1−x)3Sn−D022 is first precipitated in a solid solution because its structure and cell volume are most
similar to those of a solid solution matrix. The L12 and the D022 possess better mechanical stability than the D03. Also,
they may play a more important role in the strengthening of Cu–Ni–Sn alloys. This study is valuable for further research
on Cu–Ni–Sn alloys.

Keywords: (CuxNi1−x)3Sn, first-principle, virtual crystal approximation, super-cell
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1. Introduction

The Cu–Ni–Sn alloy is a significant material of interest

in science and technology due to its high strength, elastic-

ity, and good corrosion and wear resistance.[1,2] Many studies

have been performed to understand the precipitation harden-

ing mechanism of the Cu–Ni–Sn alloy.[3,4] It has been proved

that (CuxNi1−x)3Sn can be formed into five different struc-

tures: D022(tI8), L12 (cP4), D03(cF16), D0a (oP8), and D019

(hP8),[5–7] as shown in Fig. 1.

(a) (b) (c) (d) (e)

Sn atom(Cu, Ni) atom

Fig. 1. (color online) Lattice structures of (CuxNi1−x)3Sn: (a) L12, (b) D022, (c)D03, (d) D0a, and (e) D019.

Although the equilibrium structures of Cu3Sn and Ni3Sn

are D0a and D019 respectively, D0a and D019 can be hardly

precipitated from a face-centered cubic (fcc) solid solution,

in which the atoms do not have enough diffusion capacity to

overcome the structural difference in the solid phase transi-

tion. The D022, L12, and D03 are the main strengthening

phases precipitated from the supersaturated solid solution of

the Cu–Ni–Sn alloy, as indicated by the experimental time-

temperature-transformation (TTT) curves of the Cu–15Ni–

8Sn alloy in Fig. 2.[8] When the alloy is aged at a temperature

range from about 300 ◦C to 500 ◦C, D022 is first precipitated

from the α supersaturated solution. As the aging time goes

by, D022 will be transformed into L12, and with the aging time

further increasing, both the D022 and L12 will be transformed

into D03. When the aging temperature increases to a certain

extent, atoms obtain a greater diffusion capacity, and D03 will
∗Project supported by the National Key Research and Development Program of China (Grant No. 2016YFB0301402), the Project of Innovation-Driven Plan in
Central South University, and the State Key Laboratory of Powder Metallurgy, Central South University, Changsha, China.

†Corresponding author. E-mail: ganxueping@csu.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

086302-1

http://dx.doi.org/10.1088/1674-1056/27/8/086302
mailto:ganxueping@csu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 27, No. 8 (2018) 086302

be precipitated from the α supersaturated solution directly.

1000

900

800

700

600

500

400

300

200

100
100 102 104 106

Time/s

spinodal L12+DO22

discontinuous γ (DO3)

discontinuous γ (DO3)

intragranular γ (DO3)

grain boundary +

DO22

DO22

L12

spinodal

G. b.+intragranular γ (DO3) 

no transformation
resistivity measurement

T
e
m

p
e
ra

tu
re

/
C

Fig. 2. The time-temperature-transformation (TTT) diagram of the Cu–
15Ni–8Sn alloy.[8]

Nevertheless, the compositions, structures, and properties
of (CuxNi1−x)3Sn with different ordered structures have not
yet been fully understood due to the phase transition complex-
ity of the Cu–Ni–Sn system. There has been no systematic
study of the (CuxNi1−x)3Sn with various structures. The com-
positions, structural stabilities, and mechanical properties of
the D022, the L12, and the D03 need to be discussed. Some
important fundamental issues arise as follows.

(i) It is generally accepted that Ni only strengthens the
matrix by solid solution and does not affect the phase transfor-
mation, but some documents indicated that when the content
of Sn is constant, the brittleness of the alloy decreases with the
increase of the Ni content.[9,10] What role does the Ni play in
the (CuxNi1−x)3Sn phase? Is there any relationship between
the properties of (CuxNi1−x)3Sn and the x value?

(ii) As transient ordered phases, D022 and L12 during the
aging of supersaturated solid solution were well established. It
has been found that D022 ordering takes place prior to L12 and
D03, and both L12 and D022 may co-exist in a Cu–15Ni–8Sn
alloy.[11,12] What are the relations and differences between the
two metastable phases?

In order to understand the effect of (CuxNi1−x)3Sn pre-
cipitations in Cu–Ni–Sn alloys, it is necessary to gain more
knowledge about the (CuxNi1−x)3Sn with different structures
and different Ni content. The first principles calculation is a
most powerful method to investigate the phase stabilities and
properties of these (CuxNi1−x)3Sn phases.

In the present study, the lattice constants, elastic proper-
ties, and electronic and thermodynamic properties of the D022,

L12, and D03 are investigated by first-principles calculations.

By the use of calculations, certain conclusions drawn from the

experiments may be well explained, which consequently as-

sist in optimizing the Cu–Ni–Sn alloy properties in subsequent

studies.

2. Calculation method

Since the x in (CuxNi1−x)3Sn is a variable, neither the Ni
content nor the occupation of Ni atoms is definite. Two dif-
ferent calculation methods were used in this work in order to
obtain the results that can be compared.

The first method was the super-cell (SC). For a certain
composition, the total energies of all possible structures af-
ter structural optimization with Ni atoms in different positions
were calculated, and the structure with the lowest total energy
was identified as the most stable one and taken to the further
calculations, and the results are listed in Table 1. In order to
simplify the SC structure and save computation time, the x val-
ues of (CuxNi1−x)3Sn were set to be 1, 5/6, 2/3, 1/2, 1/3, 1/6,
and 0, corresponding to the systems of Cu3Sn, Cu2.5Ni0.5Sn,
Cu2NiSn, Cu1.5Ni1.5Sn, CuNi2Sn, Cu0.5Ni2.5Sn, and Ni3Sn
respectively.

The second method was the virtual crystal approximation
(VCA). Since the atomic radius and electronic structure of Ni
are very similar to those of Cu, (CuxNi1−x)3Sn phases could
be treated as a disordered solid solution in the VCA frame-
work, considering the atomic sites in terms of a mixture of
atoms that consist of x Cu and (1− x) Ni.[13] In this work, the
Cu atoms were taken as mixed atoms with Ni in proportions
of 0, 16.667, 33.333, 50, 66.667, 83.333, and 100 at.%, cor-
responding to the x values of 1, 5/6, 2/3, 1/2, 1/3, 1/6, and 0,
respectively.

All calculations were made with the CASTEP program
based on density functional theory (DFT). The PW91version
of the generalized gradient approximation (GGA) was used
in the calculations.[14] The atomic geometry optimizations
were performed, with the cutoff energy (Ecut) of atomic wave
function set to be 440 eV, the convergence tolerance energy
5.0× 10−6 eV/atom, the Max force 0.01 eV/Å, Max stress
0.02 GPa, and Max displacement 5.0×10−4 Å. The Brillouin
zone sample integrations used were based on the Monkhorst–
Pack grids of 8×8×8-dimensional points for the L12 structure,
7×7×3-dimensional points for the D022 structure, 7×7×7-
dimensional points for the D03 structure, 5×6×5-dimensional
points for the D0a structure, and 5×5×6-dimensional points
for the D019 structure, respectively. All the calculations of
phonons properties were based on the “finite displacement”
method with the super-cell defined by cutoff radius 5 Å and
the dispersion separation was set to be 0.015 1/Å.
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Table. 1. (color online) SC structures identified for calculations (x = 5/6, 2/3, 1/2, 1/3, 1/6).

x L12 D022 D03 D0a D019

5/6

2/3

1/2

1/3

1/6

3. Results and discussion

3.1. Structural parameters

The calculated equilibrium lattice constants are listed in
Table 2. It can be seen that the calculated values of lattice
constants are slightly higher than the actual experimental data,
which is consistent with the fact that the GGA method usually

overestimates the lattice constants.[15] Therefore, the chosen
calculation method in this work can be regarded as valid. In
Table 1, the calculated lattice constants and the average vol-
umes of atoms by VCA are smaller and closer to the experi-
mental results than those by SC. It indicates that in the (Cu,
Ni)3Sn phases, the Cu and Ni atoms tend to be irregularly dis-
tributed so that a more compact arrangement can be obtained.

Table 2. Calculated equilibrium lattice constants, average volumes of atoms, and total energies of different structures.

x System Method
Lattice constants/Å

Average volume per atom/Å3

This work Reference

1

Cu3Sn−L12 SC a = 3.889 14.705
Cu3Sn−D022 SC a = 3.905, c = 7.698 14.673
Cu3Sn−D03 SC a = 6.177 6.117[16] 14.730

Cu3Sn−D0a SC a = 5.535, b = 4.324, c = 4.899
a = 5.618, b = 4.367, c = 4.835[17]

14.690a = 5.529, b = 4.323, c = 4.775[18]

a = 5.49, b = 4.32, c = 4.74[19]

Cu3Sn−D019 SC a = 5.610, c = 4.312 14.674

5/6

Cu2.5Ni0.5Sn−L12
VCA a = 3.887 14.167
SC a = 3.810, c = 3.963 14.382

Cu2.5Ni0.5Sn−D022
VCA a = 3.859, c = 7.611 14.168
SC a = 3.822, c = 7.863 14.358

Cu2.5Ni0.5Sn−D03
VCA a = 6.108 14.242
SC a = 6.130 14.397

Cu2.5Ni0.5Sn−D0a
VCA a = 5.511, b = 4.296, c = 4.812 14.241
SC a = 5.514, b = 4.305, c = 4.846 14.379

Cu2.5Ni0.5Sn−D019
VCA a = 5.551, c = 4.272 14.250
SC a = 5.569, c = 4.281 14.372
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Table 2. (Continued).

x System Method
Lattice Constants/Å

Average volume per atom/Å3
This work Reference

2/3

Cu2NiSn−L12
VCA a = 3.812 13.848
SC a = 3.769, c = 3.947 14.113

Cu2NiSn−D022
VCA a = 3.855, c = 7.444 13.828
SC a = 3.905, c = 7.391 14.088

Cu2NiSn−D03
VCA a = 6.051

a = 5.984[20] 13.847
SC a = 6.086 14.089

Cu2NiSn−D0a
VCA a = 5.382, b = 4.343, c = 4.757 13.899
SC a = 5.529, b = 4.339, c = 4.690 14.064

Cu2NiSn−D019
VCA a = 5.454, c = 4.319 13.907
SC a = 5.495, c = 4.321 14.124

1/2

Cu1.5Ni1.5Sn−L12
VCA a = 3.790 13.610
SC a = 3.801, c = 3.838 13.862

Cu1.5Ni1.5Sn−D022
VCA a = 3.851, c = 7.342 13.610
SC a = 3.919, b = 3.967, c = 7.129 13.854

Cu1.5Ni1.5Sn−D03
VCA a = 6.017 13.615
SC a = 6.056 13.882

Cu1.5Ni1.5Sn−D0a
VCA a = 5.398, b = 4.328, c = 4.676 13.656
SC a = 5.521, b = 4.349, c = 4.613 13.845

Cu1.5Ni1.5Sn−D019
VCA a = 5.398, c = 4.321 13.629
SC a = 5.448, c = 4.315 13.864

1/3

CuNi2Sn−L12
VCA a = 3.774 13.438
SC a = 3.842, c = 3.695 13.637

CuNi2Sn−D022
VCA a = 3.818, c = 7.374 13.444
SC a = 3.884, c = 7.225 13.624

CuNi2Sn−D03
VCA a = 5.996

a = 5.934[18] 13.473
SC a = 6.025 13.669

CuNi2Sn−D0a
VCA a = 5.398, b = 4.313, c = 4.625 13.460
SC a = 5.485, b = 4.361, c = 4.551 13.608

CuNi2Sn−D019
VCA a = 5.382, c = 4.286 13.439
SC a = 5.386, c = 4.325 13.584

1/6

Cu0.5Ni2.5Sn−L12
VCA a = 3.762 13.311
SC a = 3.804, c = 3.718 13.450

Cu0.5Ni2.5Sn−D022
VCA a = 3.808c=7.355

a = 3.77c=7.24[21] 13.332
SC a = 3.856, c = 7.235 13.454

Cu0.5Ni2.5Sn−D03
VCA a = 5.980 13.365
SC a = 6.000 13.500

Cu0.5Ni2.5Sn−D0a
VCA a = 5.359, b = 4.300, c = 4.621 a = 5.493, b = 4.30, c = 4.513[18] 13.311
SC a = 5.424, b = 4.311, c = 4.594 a = 5.380, b = 4.285 c = 4.495[22] 13.428

Cu0.5Ni2.5Sn−D019
VCA a = 5.353, c = 4.285 13.291

SC a = 5.364, c = 4.294 13.374

0

Ni3Sn−L12 SC a = 3.763 a = 3.738[19] 13.321
Ni3Sn−D022 SC a = 3.846, c = 7.213 13.352
Ni3Sn−D03 SC a = 5.984 a = 5.982[18] a = 5.980[19] 13.392
Ni3Sn−D0a SC a = 5.377, b = 4.288, c = 4.629 13.341

Ni3Sn−D019 SC a = 5.357, c = 4.280
a = 5.286, c = 4.243[7]

13.296= 5.305, c = 4.254[18]

a = 5.327, c = 4.269[22]

The average volumes per atom as a function of composition x are presented in Fig. 3. The average volumes of (CuxNi1−x)3Sn

phases with L12, D022, D03, D0a, and D019 structures show negative deviation from Vegard’s law, and the volumes from the VCA

deviate more from those from Vegard’s law than those from the SC. It implies that the attraction between Cu and Ni atoms is

greater than that between the atoms of the same kind, and the VCA method is more suitable for the calculation of the alloy than

the SC method.
The volume comparison among the five different structures is shown in Fig. 4. Although there is a difference between the

calculated volumes from SC and VCA, the volumes of the five structures show roughly the same variation tendency. With the
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same x value, the volumes of the D022 are the smallest in all structures in the period of 1 ≥ x ≥ 1/2. It can therefore explain

the case appearing in the experiment[8] that the first phase precipitated from the α supersaturated solid solutions at a lower

temperature is the D022. Since at low temperature, the activity of atoms is limited, and the precipitation of D022 leads to the

smallest matrix distortion.
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Fig. 3. (color online) Calculated average volumes per atom of (CuxNi1−x)3Sn for (a) L12, (b) D022, (c) D03, (d) D0a, and (e) D019.
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(CuxNi1−x)3Sn (a) by SC method and (b) VCA method.

3.2. Formation energies

The calculations of formation energies are performed to
compare the stabilities among the L12, D022, D03, D0a, and

D019 structures.
For the ordered super-cell structure, the formation energy

of the Cu–Ni–Sn alloy is defined as follows:[23]

∆H̄ =
1

x+ y+ z
(Etot− xECu

solid− yENi
solid− zESn

solid), (1)

where ∆H̄ is the average formation energy per atom, Etot is the
total energy of the unit cell, ECu

solid is the energy per atom of Cu
with a face-centered cubic (fcc) structure, ENi

solid is the energy
per atom of Ni with the fcc structure, and ESn

solid represents the
energy per atom of β -Sn in the solid state.

Therefore, the formation energy of (CuxNi1−x)3Sn super-
cell structure in this work can be written as

∆H̄ =
1
4
[Etot−3xECu

solid−3(1− x)ENi
solid−ESn

solid]. (2)

As far as the disordered VCA structure is concerned, there
is no doubt that equation (2) is unsuitable due to the unrea-
sonable energy standard of the pure element, and the forma-
tion energy must be developed by considering the influence
of mixture atoms on the formation energy.[24,25] Since the Cu
and Ni atoms are treated as virtual mixed atoms, the xECu

solid
and (1− x) ENi

solid should be replaced by the total energy of
CuxNi1−x calculated by VCA. Therefore, the formation energy
of (CuxNi1−x)3Sn VCA structure can be written as

∆H̄ =
1
4
(Etot−3ECuxNi1−x

solid −ESn
solid), (3)
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where ECuxNi1−x
solid is the energy of the mixed atom in the opti-

mized α-CuxNi1−x solution, calculated by the VCA method.
The calculated formation energies of the (CuxNi1−x)3Sn

alloy are shown in Fig. 5. It can be seen that the results ob-
tained by the two methods are very close to each other, and
the variation trend of the formation energies from the VCA
is the same as that from the SC. The formation energies of
all the structures decrease with Ni atom content increasing.
Since the VCA is based on the disorder structure, while SC
is based on ordered replacements of Ni in Cu sites, the differ-
ence between formation energies obtained by the VCA and SC
method can help indicate the tendency of atomic arrangement
in different structures. For L12, D0a, and D019 phases, the for-
mation energies calculated by SC are more negative than those
by VCA when 1 > x ≥ 2/3, which indicates that Cu and Ni
atoms tend to be ordered. While the opposite scenario occurs
when 1/2≥ x > 0 as shown in Figs. 5(a), 5(d), and 5(e).

For the D03 phase, the formation energies calculated by
SC are a little more negative than those by the VCA as shown
in Fig. 5(c), indicating that the Cu and Ni atoms in D03 struc-
ture prefer to be arranged regularly. By comparing the forma-
tion energies among the D03 supercellular structures with dif-
ferent atomic arrangements, an interesting rule is found. The
body-central positions are prone to be occupied by Cu atoms
rather than Ni atoms, since this kind of atomic arrangement
possesses a more compact structure with lower energy. For
example, the energy-lowest structure of Cu2NiSn is D03, but
the energy-lowest structure of CuNi2Sn is L21 as shown in
Fig. 6. These are consistent with the experimental results that
the (Ni,Cu)3Sn alloys have both D03 and L21 structures.[26] It
may be explained that the sizes of Cu and Sn atoms are more
close than those of Ni and Sn atoms, and the more compact
structures with lower formation energies can be formed with
Cu atoms at the body-central positions.
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Fig. 5. (color online) Calculated formation energies of (CuxNi1−x)3Sn with different structures: (a) L12, (b) D022, (c) D03, (d) D0a, and (e) D019.
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Fig. 6. (color online) Energy-lowest structures of (CuxNi1−x)3−D03:
(a) Cu2NiSn and (b) CuNi2Sn(L21).

The formation energies comparisons of the five different
structures are shown in Fig. 7. When x = 1, the formation en-
ergies of L12, D022, and D03 are all positive, indicating that
Cu3Sn compounds with these structures are very difficult to

form. The D0a and D019 phases possess the negative for-

mation energies, and the formation energy of D0a is lowest,

so the equilibrium phase structure of Cu3Sn should be D0a.

When x= 0, the formation energy of D019 is lowest, indicating

that the equilibrium phase structure of Ni3Sn should be D019.

These results are consistent with those in the literature.[27]

However, because of the structural difference, it is difficult for

D0a and D019 to precipitate directly from the fcc solid solu-

tion matrix. With a comprehensive analysis of structures and

formation energies, the structure of the (CuxNi1−x)3 first pre-

cipitated from the α supersaturated solid solution should be

D022. As time goes by, the D022 phase with high Ni content

will be transformed into L12.
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3.3. Electronic structure

To confirm the validity of the VCA method and further re-
veal the underlying mechanisms of the structural stability for
the (CuxNi1−x)3Sn phases, the electronic total and partial den-
sities of states (TDOSs and PDOSs) at equilibrium lattice con-
stants for Cu2NiSn are calculated by the VCA and SC method,
respectively, and the results are shown in Fig. 8. The Fermi
energy level is set to be zero on the x axis. It can be seen that
the Cu2NiSn compounds with L12, D022, and D03 structures
exhibit metallic behaviors because the values of TDOS at the
Fermi level are higher than 0. TDOSs of Cu are very similar to
those of Ni in all the figures of various structures, which indi-
cates that the Cu and Ni have similar electronic structures and
properties in the (CuxNi1−x)3Sn. The TDOSs are mainly dom-
inated by Cu-d (the energy of PDOS peak is in a range from
about −4.8 eV to −1.0 eV) or Ni-d ( the energy of PDOS
peak is in a range from about −4.2 eV to 0 eV). As seen from
the PDOSs of Figs. 8(a), 8(c), and 8(e), the Cu-d states show
strong hybridizations with Ni-d states. It can be seen by com-

paring Fig. (a) with Fig. 8(b) that the peak of TDOS calcu-
lated by the VCA method is narrower and higher than that of
TDOS calculated by the SC method, although their positions
are roughly the same. It can be explained that in the calcula-
tion by the VCA, the PDOSs of mixed (Cu,Ni) atoms are the
average of the respective PDOSs of Cu and Ni.

3.4. Mechanical properties

Generally, the elastic constants are closely related to the
mechanical behaviors of the materials and also provide infor-
mation regarding bonding characteristics. The requirement of
mechanical stability leads to the following restrictions of the
elastic constants,[28] for cubic unit cells

C11 > |C12|, C44 > 0, C11 +2C12 > 0; (4)

for tetragonal crystals[29]

C11 > |C12|, C44 > 0, C66 > 0, (C11 +C12)C33 > 2C2
13. (5)

Table 3. Calculated values of elastic constants Ci j (in unit GPa), modulus (in unit GPa), and Poisson’s ratio of (CuxNi1−x)3Sn.

x Structure Method C11 C12 C13 C33 C44 C66 B G E G/B ν

1
L12 SC 207.2 91.3 – – 56.4 – 129.9 57.0 149.2 0.44 0.31
D022 SC 136.0 103.0 94.7 141.3 44.7 41.2 110.9 31.7 86.8 0.29 0.37
D03 SC 182.7 121.0 – – 79.4 – 141.5 54.4 144.7 0.38 0.33

5/6

L12
VCA 154.7 111.3 – – 27.1 – 122.5 35.9 98.1 0.29 0.37
SC 154.1 130.6 93.0 181.8 54.2 60.5 124.7 37.3 101.8 0.30 0.36

D022
VCA 125.0 97.9 81.4 158.3 50.2 67.1 108.2 38.6 103.5 0.36 0.34
SC 157.7 113.8 83.8 179.2 55.0 49.1 114.5 41.4 110.8 0.36 0.34

D03
VCA 125.6 111.9 – – 71.0 – 116.5 30.2 83.4 0.26 0.38
SC 136.4 115.7 – – 79.9 – 121.0 32.5 89.5 0.27 0.38

2/3

L12
VCA 120.6 107.1 – – 64.8 – 118.3 41.9 112.4 0.35 0.34
SC 146.0 98.5 120.7 182.4 66.2 46.8 121.6 45.1 120.4 0.37 0.33

D022
VCA 158.7 74.9 102.3 134.2 61.6 60.1 113.3 43.2 115.0 0.38 0.33
SC 177.3 91.5 136.0 142.0 64.1 60.4 124.9 46.4 123.9 0.37 0.33

D03
VCA 126.2 96.6 – – 80.5 – 106.5 42.0 111.4 0.39 0.33
SC 162.0 122.6 – – 88.0 – 125.8 44.8 120.1 0.36 0.34

1/2

L12
VCA 161.3 93.3 – – 60.8 – 122.3 46.7 124.3 0.38 0.33
SC 177.9 112.3 109.6 184.4 68.4 63.8 134.7 49.3 131.8 0.37 0.34

D022
VCA 158.9 68.7 96.3 129.8 67.0 37.3 107.8 41.5 110.3 0.38 0.33
SC 186.6 125.9 123.6 179.0 63.8 59.7 134.2 46.4 124.8 0.35 0.34

D03
VCA 93.9 142.3 – – 78.0 – 126.1 –39.0 –130.4 –0.31 0.67
SC 96.6 145.5 – – 77.9 – 126.8 –37.1 –123.3 –0.29 0.66

1/3

L12
VCA 175.6 97.6 – – 54.7 – 125.2 49.0 130.0 0.39 0.33
SC 198.3 106.0 114.9 182.9 66.2 65.2 140.1 56.6 149.6 0.40 0.32

D022
VCA 200.5 112.7 125.4 157.0 73.9 72.0 141.9 50.8 136.2 0.36 0.34
SC 209.4 115.7 133.3 193.8 71.8 58.7 153.0 53.0 142.5 0.35 0.34

D03
VCA 121.1 137.8 – – 72.8 – 132.3 14.5 42.0 0.11 0.45
SC 139.6 149.3 – – 81.1 – 146.1 16.7 48.3 0.11 0.44

1/6

L12
VCA 215.2 111.7 – – 72.8 – 149.6 64.6 169.4 0.43 0.31
SC 217.9 122.1 118.7 242.5 74.4 81.3 155.1 66.0 173.4 0.43 0.31

D022
VCA 193.9 115.0 130.2 169.1 77.6 67.7 145.2 55.4 147.4 0.38 0.33
SC 220.2 108.7 133.2 211.0 76.1 66.3 155.6 59.9 159.3 0.38 0.33

D03
VCA 144.7 152.6 – – 98.2 – 150.0 23.5 67.0 0.16 0.43
SC 148.5 153.2 – – 91.1 – 158.3 27.4 77.7 0.17 0.42

0
L12 SC 232.9 227.0a 118.9 125.3a – – 92.6 95.6a – 156.9 159.2a 76.2 74.2a 196.7 0.49 0.29
D022 SC 240.7 121.7 140.5 209.0 91.3 72.2 166.1 66.3 175.5 0.40 0.32
D03 SC 147.4 151.4a 163.7 169.7a – – 94.3 99.8a – 158.3 17.7 51.2 0.11 0.45

a Calculated results in Ref. [34]
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The bulk modulus (B) is the measure of unit cell incom-

pressibility, and shear modulus (G) reflects material resistance

to the shear strain. Young’s modulus (E) is the comprehen-

sive index of the B and G, which reflects the material stiffness

and an internal property of the material.[30] Poisson’s ratio (ν)

is used to quantify the stability of the crystal against shear,

and the larger the ν , the better the plasticity is. These poly-

crystalline structural properties are important for determining

the mechanical properties of materials and can be calculated

by using the Voigt–Reuss–Hill (VRH) approximation[31] from

the following formulas:

B = BH = (BV +BR)/2, G = GH = (GV +GR)/2,

E = 9BG/(3B+G), ν = (3B−2 G)/(3B+G). (6)

Generally, the ductility of a material can be estimated by the

Cauchy pressure value (C12–C44).[32] If the Cauchy value has

a positive sign, the material is ductile and displays metallic

characteristics, otherwise the material is brittle. Alternatively,

the Pugh ratio (G/B) reflects the ductility of alloys.[33] The

smaller the Pugh ratio, the more ductile the alloy will be, and

the 0.57 ratio is the critical point of all brittle/ductile behav-

iors.

The mechanical properties of (CuxNi1−x)3Sn, calculated

by SC and VCA are shown in Table 3.

As it is observed in Table 3, the elastic constants of all

the L12 and D022 structures meet the restrictions of mechan-

ical stability. The D03 structures with x 6 0.5 are mechani-

cally unstable since none of their elastic constants meets the

restriction of the condition C11 > |C12|. The Cauchy pressures

(C12–C44) of all structures are positive, and all the calculated

Pugh ratios (G/B) are less than 0.57. These criteria indicate

that D022, L12, and D03 structures with various compositions

each possess a favorable ductility.

Figure 9 shows the calculated values of Young’s modulus

(E) and Poisson’s ratio (ν) of different structures with different

x values. With Ni content increasing, the E value of L12 and

D022 increase while ν decreases, and D03 presents roughly the

opposite scenario. It indicates that L12 and D022 play a more

important role in the strengthening of Cu–Ni–Sn alloys than

D03.
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Fig. 9. (color online) Mechanical properties of different structures: (a) Young’s moduli and (b) Poisson’s ratios.

3.5. Thermodynamic properties

In order to predict the thermodynamic properties of

(CuxNi1−x)3Sn, phonon dispersions are calculated by the SC

method. The phonon dispersion curves of (CuxNi1−x)3Sn

(x = 1, 2/3, 1/3, 0) with L12, D022, and D03 structures are

shown in Fig. 10. It can be seen from the figure that there are

no imaginary frequencies for all the structures, this indicates

that they are stable phases.

Figure 11 shows the predicted thermodynamic properties

of (CuxNi1−x)3Sn. It can be clearly found that each of the

thermal entropies always has a higher value than enthalpies at

all temperatures, resulting in the free energies decreasing with

the rise of the temperature. However, the decreasing rates of

free energies are not the same. In a range from x = 1 to x = 0,

the free energies of the D03 are lower than those of D022 and

L12, and the free energy of Cu2NiSn−D03 is the lowest in the

free energies of all the compounds (CuxNi1−x)3Sn as shown in

Fig. 10(b). The free energies of the L12 are lower than those of

D022 in all x range values except x = 1. This may explain why

D022 and L12 eventually turn into D03 in the aging process.
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Fig. 10. (color online) Phonon dispersion curves for (CuxNi1−x)3Sn.
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Fig. 11. (color online) Thermodynamic properties calculated by super-cell method.

4. Conclusions

(i) For Cu–Ni–Sn alloys, VCA is a very effective calcu-
lation method. It can greatly reduce the amount of calcula-
tion and provide the high computational efficiency. The lattice
constants, formation energies, and elastic constants obtained
by SC and VCA are generally consistent with each other. The
density of states shows that the Cu and Ni have similar elec-
tronic structures and properties in the (CuxNi1−x)3Sn, and the
TDOSs are mainly dominated by the electron valence of Cu(d)
or Ni(d).

(ii) The (CuxNi1−x)3Sn−D022 is first precipitated in a
solid solution because its structure and cell volume are most
similar to those of a solid solution matrix. The L12 and the
D022 possess better mechanical stability than the D03, and
they may play a more important role in the strengthening of
Cu–Ni–Sn alloys.

(iii) The calculated results show the equilibrium struc-
tures of Cu3Sn and Ni3Sn are D0a and D019 respectively.
While (CuxNi1−x)3Sn−D03 with various components are
metastable phases at temperature of 0 K, just as D022 and L12.
Nevertheless, with the temperature increasing, the free energy
of the D03 is lower than those of D022 and L12, and the D022

and L12 eventually turn into the D03 in the aging process.
(iv) A comparison among the formation energies of the

D03 supercellular structures with different atomic arrange-
ments shows that the body-central positions are prone to be
occupied by Cu atoms rather than Ni atoms, since this kind
of atomic arrangement possesses a more compact structure
with lower energy. The energy-lowest structure of Cu2NiSn is
D03, but the energy-lowest structure of CuNi2Sn is L21, which
is in good consistence with the experimental results that the
(Ni,Cu)3Sn alloys have both D03 and L21 structures.

(v) All the calculated results are in good agreement with
the previous experimental data, and this study has been shown
to be valuable for further research on the Cu–Ni–Sn alloys.
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