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Abstract: Intermetallic compounds (IMCs) are essential in the soldering of electronic products and
are composed mainly of Cu6Sn5 and Cu3Sn. They must maintain reliable mechanical and electrical
connections. As they are usually only a few microns thick, and it is difficult to study their mechanical
properties by traditional methods. In this study, a 100 Å × 100 Å × 100 Å polycrystal with 10 grains
was created by Atomsk through Voronoi tessellation based on a Cu6Sn5 unit cell. The effects of the
temperature and strain rate on the tensile properties of the polycrystalline Cu6Sn5 were analyzed
based on MEAM potential function using a molecular dynamics (MD) method. The results show
that Young’s modulus and ultimate tensile strength (UTS) of the polycrystalline Cu6Sn5 decrease
approximately linearly with an increase in temperature. At high strain rates (0.001–100 ps−1), Young’s
modulus and UTS of the Cu6Sn5 are logarithmic with respect to the strain rate, and both increase
with an increase in strain rate. In addition, at low strain rates (0.00001–0.0005 ps−1), the UTS has a
quadratic increase as the strain rate increases.

Keywords: strain rate; temperature; polycrystalline Cu6Sn5; molecular dynamic; tensile properties

1. Introduction

With the integration and miniaturization of electronic products, electronic packaging
and assembly technologies are progressing toward achieving high density and small size.
Therefore, the size of solder joints has dropped sharply from hundreds of microns to tens of
microns, or even a few microns [1]. Intermetallic compounds (IMCs) are formed between
the solder joint and pad during soldering because of interfacial reactions. At present, the
most commonly used solders in electronic products are the Sn–Ag–Cu (SAC) and Sn–Cu
(SC) lead-free solders [2,3], and the primary composites of IMCs are Cu6Sn5 and Cu3Sn [3].
IMCs are a prerequisite for reliable connection for electronic products [4]. Therefore, the
mechanical properties of IMCs significantly affect those of the entire solder joints [3].

As the thickness of the IMC is only a few microns, it is difficult to obtain its mechanical
properties using conventional methods. There are usually two methods to study the
mechanical properties of IMC: experiments and simulation. In the experimental method,
specific samples are usually required, and nanoindentations are adopted to test the hardness
and Young’s modulus of the IMC [5–11]. However, the results tested by nanoindentation
fluctuate within a certain range because it is difficult to obtain a pure IMC to ensure
the consistency of samples. In the simulation method, first-principles and MD methods
are usually used. First-principles based on quantum mechanics can be used to obtain
relatively accurate physical parameters of a material [12,13]. However, the first-principles
method requires massive computing resources; therefore, only a system with just a few
atoms can be calculated. Molecular dynamics (MDs) based on classical mechanic theories
can ease this problem. With the development of computer technology, MD simulation
can be used to simulate atomic systems at the micro and nanoscales. IMC properties
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such as thermodynamic, mechanical, and diffusion properties can be obtained by MD
simulation [14–19]. The crystal size and strain rate can influence the tensile properties of a
single crystal Ni3Sn4 via MD simulation [16,19]. Studies have shown that the strain rate
affects the tensile properties of the materials, and the UTS of the material increases with the
increase in the strain rate [20–25]. The results of previous studies were primarily based on
experiments. However, because the thickness of IMCs is only a few microns, it is difficult
to study their tensile properties by traditional experimental methods.

The previous studies on the mechanical properties of diffusion properties of IMCs were
all based on monocrystals. However, most of the IMCs in solder joints are polycrystals, and
their mechanical properties differ from those of monocrystals. In this study, the mechanical
properties of a polycrystalline Cu6Sn5 were studied using the MD method, considering
the effects of strain rate and temperature on the tensile properties. The temperature range
in this study is within 250 to 500 K (melting point of Cu6Sn5 is 688 K [5]), and the strain
rate is 0.00001 to 100 ps−1. In this study, the strain rate exceeding 0.001 ps−1 represents a
high strain rate, and from 0.00001 to 0.001 ps−1 represents a low strain rate. The tensile
properties in both situations are discussed separately in Section 3.

2. Methodology
2.1. Structure of Cu6Sn5 Unit Cell

We performed MD simulations using a large-scale atomic/molecular massively paral-
lel simulator (LAMMPS) [26] with the modified embedded atom method (MEAM) potential
proposed by Baskes [27].

The Cu6Sn5 unit cell in this study is an η’ phase belonging to a monoclinic crystal
system with the C2/c space group [28]. In Figure 1, the gray and blue balls represent Sn
and Cu atoms, respectively [12,28].
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Figure 1. Cu6Sn5 (η’ phase) cell structure [12].

2.2. Modified Embedded Atom Method (MEAM) Potential

In the MEAM theory, the total energy of the system consists of two parts: the energy
embedding an atom in the background electron density and a pair interaction, which is
described by Equations (1) and (2) [27,29].

Etot = ∑ i[Fi(ρi) +
1
2 ∑

j( 6=i)
φij(Rij)] (1)

Fi(ρi) = AEc
ρi
ρi0

ln(
ρi
ρi0

) (2)

where Fi is the embedding energy of the atom i, Φij is the interaction potential between
atoms i and j, and Rij is the distance between atoms i and j. The parameters in the
MEAM potential and their implications can be obtained from the literature [27,29]. For
pure metals, the parameters in the MEAM potential function mainly include the cohesive
energy Ec, equilibrium nearest-neighbor distance r0, exponential decay factor for the
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universal energy function α, scaling factor for the embedding energy, the exponential
decay factors for the atomic densities β (i, i = 0, 1, 2, 3), the weighting factors for the atomic
densities t (i, i = 1, 2, 3), and the density scaling parameter ρ. For alloys, in addition to
the above parameters, interaction parameters between the two pure metals could also
be included, such as the binding energy between two different metal atoms, equilibrium
nearest-neighbor distance between two types of atoms, and exponential decay factor for
the universal energy function of the two atoms. Table 1 list the primary parameters in
the potential according to references [29]. There is a many-body screening function in
the MEAM, and the screening parameter C is adopted to determine the screening extent.
Cmin and Cmax represent the minimum and maximum values of the screening boundaries,
respectively [29]. Values of the Cmin and Cmax in this study are shown in Table 2 according
to reference [29].

Table 1. Parameters of Cu6Sn5 MEAM potential.

Elements Ec (eV) A r0 (Å) α β(0) β(1) β(2) β(3) t(1) t(2) t(3) ρ0

Cu 3.4 1.07 2.657 5.11 3.634 2.20 6.00 2.20 3.14 2.49 2.95 1
Sn 3.84 1 3.176 6.20 6.20 6.00 6.00 6.00 12.5 8.0 −0.38 1

Cu6Sn5 4.03 2.907 5.38

Table 2. Screen parameters of the MEAM.

(Cu, Cu, Cu) (Cu, Cu, Sn) (Cu, Sn, Cu) (Sn, Sn, Sn) (Sn, Cu, Sn) (Sn, Sn, Cu)

Cmin 0.8 0.8 0.8 1.29 0.8 0.8
Cmax 2.8 2.8 2.8 4.43 2.8 2.8

3. Results and Discussion
3.1. Details of the MD Simulation
3.1.1. Monocrystalline and Polycrystalline Structures of Cu6Sn5

Based on a Cu6Sn5 unit cell, polycrystalline Cu6Sn5 can be created by Atomsk through
Voronoi tessellation [30]. The box size and number of the grain seeds can be determined
when creating polycrystals. For example, a 100 Å × 100 Å × 100 Å polycrystal with
10 grains is shown in Figure 2. Different colors represent different grain identifications (IDs).
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3.1.2. Validation of the MEAM Potential

Table 3 lists the stiffness constants calculated via the large-scale atomic/molecular
massively parallel simulator (LAMMPS) with the MEAM potential in our study and by
the first-principles method in reference [31]. Table 4 lists the elastic moduli of polycrystals,
including bulk modulus (B), shear modulus (G), and Young’s modulus (E), obtained via the
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Voigt–Reuss–Hill (VRH) methods. Though some of the stiffness constants obtained from
both methods differ, the value of the elastic moduli of the polycrystalline Cu6Sn5 is within
the calculated result by Ghosh [32] and Lee [31]. Our MD simulations were performed
based on this MEAM potential.

Table 3. Stiffness constants of monocrystalline Cu6Sn5.

Stiffness Constants (GPa) C11 C22 C33 C12 C13 C23 C44 C55 C66

Our MD 144.52 160.15 133.29 52.25 55.10 68.07 40.91 46.26 43.67
Lee et al. [31] 156.4 165.2 155.8 62.2 69.4 60.6 42.3 51.9 48.0

Table 4. Average elastic constants of polycrystalline Cu6Sn5 with VRH method.

Methods B (GPa) G (GPa) E (GPa)

Our MD 87.25 43.40 111.67
Lee et al. [31] 95.61 46.23 119.435

Ghosh et al. [32] 84.6 37.0 96.9

3.1.3. Simulation Setting

By using the proposed MD simulation, the stress–strain relations of the polycrystals
were studied by stretching the polycrystals at different temperatures and strain rates. The
polycrystal was fully relaxed under NVE, NVT, and NPT ensembles alternately to make
the system reach target setting temperatures and pressures and was stretched under the
NPT ensemble. To access the effects of the strain rate, the polycrystals were stretched at
stain rates of 0.00001 to 100 ps−1. In addition, the temperature effect over a temperature
range of 250–500 K with intervals of 50 K was considered in our study.

3.2. Isotropic Analysis of Tensile Properties of Polycrystals

To determine the isotropic characteristics of the polycrystalline Cu6Sn5, it was stretched
along the x-, y-, and z-axis, respectively, at 300 K with a strain rate of 1 ps−1. Figure 3 shows
the stress–strain response. Stress_x, Stress_y, and Stress_z represent stretching along the x-,
y-, and z-axis, respectively. The three curves almost overlapped before the polycrystalline
Cu6Sn5 cracked, specifically in the linear elastic deformation phase. This indicates that the
tensile properties of the polycrystalline Cu6Sn5 along the x, y, and z directions are very
similar to each other. Therefore, the polycrystalline Cu6Sn5 in our study is isotropic, which
is consistent with the real polycrystal materials [33].
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3.3. Temperature Effect on Tensile Properties of Polycrystalline Cu6Sn5

The stress–strain curves of the polycrystalline Cu6Sn5 at strain rates ranging from
0.001 to 100 ps−1 were recorded in the temperature range of 250 K to 500 K, as illustrated
in Figure 4. The changing trends of all stress–strain curves are similar in the temperature
range of 250–500 K, with the strain rate ranging from 0.001 to 100 ps−1. The stretching
deformation shifted from the elastic stage to the plastic stage and then cracked. There is
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no yield phase and plastic deformation in this tensile process, which indicates that the
elastic deformation is prominent, and the failure of the polycrystalline Cu6Sn5 at strain
rates from 0.001 to 100 ps−1 is due to brittle fracture. It was also observed that the stress–
strain curve at the tensile strain rate of 100 ps−1 was very close to that at the strain rate
of 10 ps−1. This indicates that for a stain rate exceeding 10 ps−1, its effects on the stress–
strain response are negligible. Research shows that the failure modes of materials can be
affected by strain rate [4]. It was found that elastic deformation is dominant before UTS
and exhibits a brittle failure when the polycrystal is stretched, with the strain rate ranging
from 0.01 to 100 ps−1, as shown in Figure 4a–e. Plastic deformation occurs when the strain
rate is less than 0.001 ps−1 despite the dominance of elastic deformation, as shown in
Figure 4f. More information about the ductile performance under a low strain can be found
in Section 3.5. The polycrystal exhibits obvious ductile deformation with strain rates lower
than 0.001 ps−1. Therefore, 0.001 ps−1 was chosen as a boundary. Therefore, in this study,
strain rates ranging from 0.001 to 100 ps−1 are defined as high strain rate stretching, and
those less than 0.001 ps−1 are considered as low strain rate stretching.

According to the generalized Hooke’s Law, during linear elastic deformation, the
stress (σ) and strain (ε) satisfy Equation (3), where E is Young’s modulus. Therefore, the
slope of the linear part of the stress–strain curve is recorded as Young’s modulus.

E =
σ

ε
(3)

The calculated results of Young’s modulus according to Figure 4 are shown in Figure 5.
It is observed that Young’s modulus decreases approximately linearly with increasing
temperature at different strain rates. Young’s modulus decreases from 136.15 to 125.15 GPa,
137.29 to 126.90 GPa, 155.86 to 147.71 GPa, 180.26 to 174.33 GPa, 182.99 to 177.89 GPa, and
183.04 to 178.02 GPa when the temperature increases from 250 to 500 K at strain rates of
0.001, 0.01, 0.1, 1, 10, and 100 ps−1, respectively. The decreasing rates of Young’s modulus
are 44.03, 41.57, 32.61, 23.71, 20.37, and 20.07 MPa/K, respectively. Young’s modulus
is the tensile modulus, which represents the ability of a material to resist elastic tensile
deformation. Thus, the ability of the polycrystalline Cu6Sn5 to resist tensile deformation at
a lower temperature is greater than that at a higher temperature.

The UTSs at different temperatures are shown in Figure 6. It is observed that the UTS
decreases with an increase in temperature when the strain rate is kept constant. It decreases
from 8.91 to 8.53 GPa, 10.90 to 10.53 GPa, 12.96 to 12.22 GPa, 15.29 to 14.46 GPa, 16.58 to
16.00 GPa, and 16.65 to 16.13 GPa when temperature increasing from 250 to 500 K at strain
rates of 0.001, 0.01, 0.1, 1, 10, and 100 ps−1, respectively. Moreover, it is observed that most
strains at corresponding UTSs are nearly the same, while the strain rates are maintained
constant, which indicates that temperature has little effect on the strain of the UTS during
stretching at a strain rate ranging from 0.001 to 1 ps−1, as shown in Figure 4.

From what has been discussed above, the temperature can affect Young’s modulus
and UTS during stretching, and they both decrease with increasing temperature. This is
because both the initial kinetic energy and potential energy of the relaxed system at a high
temperature are higher than those at a low temperature, as shown in Figure 7. The potential
energy represents the interaction between atoms; thus, the stability of a system increases
with a decrease in the potential. On the other hand, kinetic energy represents the random
thermal motion between atoms. With an increase in temperature, the atomic motion is
more intense, thus leading to an increase in the kinetic energy and, consequently, a decrease
in atomic interactions. As the total energy is the sum of the potential and kinetic energy,
the initial total energy of the system also increases as the temperature increases. The total
energy of the system at the UTS and the energy absorbed during the stretching process (the
total energy at UTS minus the initial total energy) are shown in Figures 8 and 9, respectively.
The total energy of the system at the UTS increases with the increase in temperature, while
the absorbed energy is almost constant. The change in the total energy is due to the initial
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energy differences, while the energy absorbed by the system is almost unaffected by the
temperature at a constant strain rate stretching.
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E σ
ε

=   (3)
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The above reasons account for the decrease in Young’s modulus and UTS when the
temperature increases. Both Young’s modulus and UTS decrease approximately linearly
with increasing temperature, but the linearity at higher strain rates (0.01 to 100 ps−1) is
better than that at lower strain rates (0.001 ps−1), as shown in Figures 5 and 6. According
to the previous description, 0.001 ps−1 is the critical strain rate between low and high
strain rates. We infer that it may be a ductile–brittle mixed failure when stretching at this
strain rate. The energy values absorbed at UTS with different temperatures are shown in
Figure 9. It can be found that the absorbed energy exhibits inconsistency according to the
temperature variation when stretching with 0.001/ps. Therefore, it can be concluded that
the above reasons lead to the inconsistency of UTS with temperature change. This means
that as the strain rate decreases, the polycrystalline Cu6Sn5 is subjected to more complex
stresses when stretching. The strain rate effects on tensile properties of polycrystalline will
be discussed in the next section.
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3.4. High Strain Rate Effects on Tensile Properties of Polycrystalline Cu6Sn5

Figure 10 shows the stress–strain curves with strain rate changing from 0.001 to
100 ps−1 at (a) 250 K, (b) 300 K, (c) 350 K, (d) 400 K, (e) 450 K, and (f) 500 K. The strain rates
changing from 0.001 to 100 ps−1 are denoted as high strain rates in this study. With an
increase in the strain rate, the stress at the corresponding strain before the UTS is larger
than that at a lower strain rate, and the plastic deformation is more significant at lower
strain rates. Despite this, elastic deformation is predominant at high strain rate stretching.
When elastic deformation is dominant in the stretching process (strain rate from 0.001 to
100 ps−1), the corresponding strain of the UTS increases with the increase in the strain
rate, which indicates that the tensile strength of the IMC at a high strain rate is higher than
that at a lower strain rate. However, the stress-train response at the strain rate of 100 ps−1

is very close to that at the strain rate of 10 ps−1. This means that when the strain rate is
sufficiently large, the effect of the stress–strain response is almost negligible in this study.

Young’s modulus and UTS were also calculated based on the stress–strain curves in
Figure 10. The results are shown in Figures 11 and 12. Logarithmic coordinates were chosen
for abscissa in both figures and the curves reveal the existence of logarithmic relationships
between both Young’s modulus and UTS to the strain rate. Moreover, they both increase
with increasing strain rates. The mechanical properties of Cu3Sn also exhibit a similar
logarithmic trend [22].

We can presume that due to fast stretching at high strain rates, dislocations among
grain boundaries occur later; thus, the effect of the dislocations is negligible. In this case,
the forces at all positions of the polycrystalline Cu6Sn5 are almost the same. Therefore,
the ability of the polycrystal to resist tensile deformation is enhanced, thus leading to an
increase in Young’s modulus and UTS.

To further evaluate the influence of the strain rate on the deformation of the poly-
crystalline Cu6Sn5, polycrystals with 0.25 and 0.5 strains at 300 K are shown in Figure 13.
All the grains are uniformly deformed when stretched at the strain rate of 1 ps−1, and
the defects between the grain boundaries, even the elongation up to 0.5, are negligible, as
shown in Figure 13a,b. This is because the polycrystals are destroyed before the dislocations
between the grain boundaries occur owing to the speed of the tensile velocity. However,
the deformation characteristics change exponentially with decreasing strain rate. When
the strain rate is reduced to 0.001 ps−1, there is adequate time for the grain boundaries to
dislocate, which leads to defects in the polycrystal, as shown in Figure 13c,d. In addition,
with a decrease in the strain rate, the dislocations are more significant among the grain
boundaries at the same strain, which results in a decrease in the UTS of the material, as
shown in Figure 12.

The radial distribution function (RDF) is the most common mathematical language
used to describe the microstructure of liquid and amorphous materials. It denotes the ratio
of the local density of a molecule to the bulk density at a distance of r around a central
atom. In the binary intermetallic compounds system, the RDF for atoms α and β can be
calculated as Equation (4) [16].

g(r) =
V

NαNβ

〈
Nα

∑
i=1

niβ(r)
4πr2∆r

〉
(4)

where V represents the volume of the system and n(r) the number of particles, which can
be found in the shell from r to r + ∆r [16].

The calculated RDFs at different strain rates when the strain is 0.1 are shown in
Figure 14. The peak value of the RDFs varies with the strain rates and then gradually
approaches 1 with increasing r. It can be seen from the local enlargement that the RDF
decreases with an increasing strain rate. This is because an increase in the strain rate causes
more disorder in the atomic structure, which increases amorphization and hinders the
formation of slip planes [34,35]. As there is no dislocation surface, the UTS improves [16].
The analysis results here are consistent with those shown in Figure 11. The energy absorbed
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by the system with different strain rates at the UTS is shown in Figure 15. As the strain rate
increases to a larger value, more energy is absorbed by the system when reaching the UTS.
Figure 10 shows that the corresponding strain value at the UTS changes over a small range;
thus, the increased stress causes more energy to be absorbed.
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Figure 10. Stress–strain curves with strain rate changing from 0.001 to 100 ps−1 at (a) 250 K, (b) 300 K, (c) 350 K, (d) 400 K,
(e) 450 K, and (f) 500 K.



Crystals 2021, 11, 1415 11 of 15

Crystals 2021, 11, x FOR PEER REVIEW 10 of 16 
 

 

  
(c) (d) 

 
(e) (f) 

Figure 10. Stress–strain curves with strain rate changing from 0.001 to 100 ps−1 at (a) 250 K, (b) 300 K, (c) 350 K, (d) 400 K, 
(e) 450 K, and (f) 500 K. 

Young’s modulus and UTS were also calculated based on the stress–strain curves in 
Figure 10. The results are shown in Figures 11 and 12. Logarithmic coordinates were cho-
sen for abscissa in both figures and the curves reveal the existence of logarithmic relation-
ships between both Young’s modulus and UTS to the strain rate. Moreover, they both 
increase with increasing strain rates. The mechanical properties of Cu3Sn also exhibit a 
similar logarithmic trend [22]. 

0.001 0.01 0.1 1 10 100
120

130

140

150

160

170

180

190

Y
ou

ng
's 

m
od

ul
us

 (G
Pa

)

Strain rate

 250K      
 300K   
 350K    
 400K
 450K 
 500K

 
Figure 11. Young’s modulus at different strain rates. 

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

16

18

20
350 K

St
re

ss
 (G

Pa
)

Strain

 100/ps
 10/ps
 1/ps
 0.1/ps
 0.01/ps
 0.001/ps

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

16

18

20
 400 K

St
re

ss
 (G

Pa
)

Strain

 100/ps
 10/ps
 1/ps
 0.1/ps
 0.01/ps
 0.001/ps

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

16

18

20
450 K

St
re

ss
 (G

Pa
)

Strain

 100/ps
 10/ps
 1/ps
 0.1/ps
 0.01/ps
 0.001/ps

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

16

18

20
500 K

St
re

ss
 (G

Pa
)

Strain

 100/ps
 10/ps
 1/ps
 0.1/ps
 0.01/ps
 0.001/ps

Figure 11. Young’s modulus at different strain rates.
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3.5. Low Strain Rate Effects on Tensile Properties of Polycrystalline Cu6Sn5

The stress-strain curves at 300 K with the strain rate from 0.00001 to 0.0005 ps−1 are
shown in Figure 16. When the strain rate is lower than 0.001 ps−1, the stress does not
decrease rapidly after the UTS but shows an obvious stage of plastic deformation. Within
this strain rate range, the UTS still decreases with a decrease in the strain rate. However, at
high strain rates, the relationship between UTS and strain rate is approximately logarithmic,
while at low strain rates, the relationship between UTS and strain rate is approximately
quadratic, as shown in Figure 17. As the strain rate decreases, the UTS gradually approaches
a constant. The polycrystals when the strain rate is 0.00001 and the strains are 0.2 and
0.4 are shown in Figure 18. It can be found that there are no obvious dislocations when
stretching at this strain rate. This is because when the tensile velocity is too low, there is
sufficient time for stress relaxation. As seen from the local magnification of Figure 14, with
a decrease in the strain rate, the plastic deformation of the polycrystalline Cu6Sn5 becomes
more significant.
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4. Conclusions

The tensile properties of the polycrystalline Cu6Sn5 were investigated at different
temperatures and strain rates via the MD simulation. Based on the polycrystalline Cu6Sn5
created through Voronoi tessellation by Atomsk, the stress–strain curves at different tem-
peratures and strain rates were obtained, from which Young’s modulus and UTS were
extracted. The stress–strain response could be affected by both the temperature and strain
rate. The conclusions are as follows:

(1) Young’s modulus and UTS decreased approximately linearly when the temperature
increased from 250 to 500 K at high strain rates. The effect of temperature was
relatively small compared with that of strain rate. The effect of temperature on
mechanical properties was approximately negative linear, while the effect of strain
rate on mechanical properties was approximately exponential with high strain rates.

(2) The strain rate affected the deformation characteristics of the IMC. When it ranged
from 0.001 to 100 ps−1, the elastic deformation was the dominant deformation in the
stretching process. On the other hand, with a decrease in the strain rate, the plastic
deformation was gradually more significant. When the strain rate was between
0.00001 and 0.0005 ps−1, the plastic deformation characteristics gradually appeared.

(3) The strain rate affected the tensile strength of the IMC. At high strain rates (from 0.001
to 1 ps−1), Young’s modulus and UTS decreased with decreasing strain rate, and they
exhibited exponential relationships with the strain rate. At low strain rates (from
0.00001 to 0.0005 ps−1), the relation between the UTS and strain rate was quadratic.
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