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Abstract: Intermetallic compounds (IMCs) are inevitable byproducts during the soldering of elec-
tronics. Cu6Sn5 is one of the main components of IMCs, and its mechanical properties considerably
influence the reliability of solder joints. In this study, the effects of grain size (8–20 nm) on the
mechanical properties (Young’s modulus, yield stress, ultimate tensile strength (UTS), and strain
rate sensitivity) of polycrystalline Cu6Sn5 were investigated using molecular dynamics simulations
at 300 K and at a strain rate of 0.0001–10 ps−1. The results showed that at high strain rates, grain
size only slightly influenced the mechanical properties. However, at low strain rates, Young’s
modulus, yield stress, and UTS all increased with increasing grain size, which is the trend of an
inverse Hall–Petch curve. This is largely attributed to the sliding and rotation of grain boundaries
during the nanoscale stretching process, which weakens the interaction between grains. Strain rate
sensitivity increased with a decrease in grain size.

Keywords: nanocrystalline Cu6Sn5; grain size; mechanic properties; molecular dynamics simulation

1. Introduction

Sn-Ag-Cu (SAC) and Sn-Cu (SC) series solders are commonly used for soldering
electronics [1–3]. At present, most electronic products involve copper pads; thus, the main
compositions of intermetallic compounds (IMCs) produced in the soldering process are
Cu6Sn5 and Cu3Sn [2,4]. IMCs are inevitable byproducts of the soldering process, and they
considerably influence the mechanical and electrical bonding.

The thickness of IMCs is usually only a few microns, and it is challenging to mea-
sure their mechanical properties using conventional experiments. At present, the only
alternatives are computer simulations. In terms of experiments: the hardness, Young’s
moduli, and creep properties of IMCs have been studied by nano-indentation methods at
different temperatures and loading rates [4–9]. In nano-indentation experiments, special
samples need to be prepared, and due to the limited thickness of IMCs, it is difficult to
obtain pure samples. Therefore, the reported hardness and Young’s moduli show consid-
erable variations [6,8,10,11]. In computer simulations, two main methods are typically
used to study the mechanical properties of IMCs, namely, first-principles calculations
and molecular dynamics simulations. Due to the large number of computing resources
required for first-principles calculations, the number of atoms able to be modelled is limited,
and the mechanical properties of only single-crystal materials can be investigated [12–16].
Moreover, the influence of temperature cannot be considered in the calculation process, be-
cause of which the modelling assumes a temperature of 0 K. Molecular dynamics methods
have greatly increased the number of atoms that can be calculated, even up to the micron
scale [17–23].
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A literature review showed that both experimental and computer models of IMCs
suggest relationships between mechanical properties and temperature [6,18,20] as well as
strain rate [8,18,20,24–27]. Studies have shown that grain size also affects the mechanical
properties of materials [18,28–36]. There is some evidence that the mechanical properties of
IMCs are also affected by grain size [18,35], but these studies are only based on single-crystal
analysis. However, IMCs produced in the soldering process are polycrystals. It is necessary
to study the effects of grain size on the mechanical properties of polycrystalline IMC.

In this study, the effects of grain size on the mechanical properties of polycrystalline
Cu6Sn5 were studied by molecular dynamics simulations. The previous studies suggested
that the mechanical properties of IMCs could be affected by strain rate [18,20,27]. Strain rate
effects on polycrystalline Cu6Sn5 have been studied in our previous work [20], and they
cannot be ignored. Therefore, in this study, the influence of grain size on the mechanical
properties of IMCs with different strain rates was also studied.

2. Methodology
2.1. MEAM Potential

The molecular dynamics simulation in this study was carried out in a large-scale
atomic/molecular massively parallel simulator (LAMMPS) [36], and the modified embed-
ded atom method (MEAM) potential proposed by Baskes was selected [37]. According to
the MEAM theory developed by Baskes et al., the total energy of the system (Etot) comprises
the energy embedding an atom in the background electron density and a pair interaction,
as shown in Equation (1).

Etot = ∑
i

Fi(ρi) +
1
2 ∑

j( 6=i)
∅ij
(

Rij
) (1)

where Fi is the embedding energy of the atom i, ∅ij is the interaction potential between
atoms i and j, and Rij is the distance between atoms i and j.

The Cu6Sn5 unit cell in this study is an η’ phase, which is a monoclinic crystal system
with the C2/c space group [38], as shown in Figure 1 [16] (gray atoms represent Sn,
and blue represents Cu). The parameters of the potential function selected refer to the
literature values [20,39], and the validity of the potential functions has been verified in
other studies [20].

Figure 1. Cu6Sn5 (η’ phase) cell structure [16].

2.2. Establishment of Polycrystals

Polycrystals can be simulated using ‘Atomsk’ with the Voronoi tessellation rule [40].
In the process of polycrystalline establishment, box side length and seed number are
chosen. In this study, a box with dimensions 200 Å × 200 Å × 200 Å was set, and the
number of seeds varied from 2 to 30. Due to the constant volume of the box, the higher
the number of seeds, the smaller the average size of the polycrystals. In this study, the



Materials 2022, 15, 3889 3 of 10

average grain size was calculated by dividing the box size by the number of seeds. Then the
average grain diameter was calculated, assuming a spherical volume to describe the grain.
The grain size range in this study was, therefore 8–20 nm. Figure 2 shows polycrystals
randomly generated when the numbers of seeds are 3, 6, 9, 12, 21, and 30, respectively. The
corresponding average grain sizes in Figure 2a–f displayed using the Open Visualization
Tool (OVITO) [41] are approximately 17, 14, 12, 11, 9, and 8 nm, respectively.

Figure 2. Polycrystalline Cu6Sn5 with average grain size of (a) 17 nm, (b) 14 nm, (c) 12 nm, (d) 11 nm,
(e) 9 nm, and (f) 8 nm.

2.3. Simulation Settings

Periodic boundary conditions were set in all x, y, and z directions in the simulation,
and the time step was set to 0.001 ps. First, the energy of the polycrystalline system was
minimized, and then, the system was relaxed in the micro-canonical ensemble (NVE),
canonical ensemble (NVT), and then the constant-pressure and constant-temperature en-
semble (NPT) in turn. After the system stabilized, the polycrystals were stretched in an
NPT ensemble. The ‘Fix deform’ command was adopted to allow the stretching of the
polycrystals (at 300 K) with strain rates of 0.0001–10 ps−1.

3. Results and Discussion

The polycrystals were allowed to relax in the NVE, NVT, and NPT ensembles with
1,000,000, 200,000, and 200,000 steps running, respectively, and then the system stabilized.
Taking the polycrystal with four seeds as an example, the results of energy, pressure, and
temperature after relaxation are shown in Figure 3. The total energy of the system stabilized
at a minimum (Figure 3a); the pressure in the x, y, and z directions also stabilized at ~0 MPa
(Figure 3b). In this study, polycrystals were stretched at 300 K, so the temperature of the
final system was also stable near 300 K (Figure 3c).
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Figure 3. System states after relaxation of (a) total energy; (b) pressures in x, y, and z directions; and
(c) temperature.

3.1. Stress-Strain Responses at Different Strain Rates

Polycrystalline Cu6Sn5 (average grain size = 8–20 nm) were stretched to study their
stress–strain response at different strain rates (Figure 4a–f). The tensile strain rates selected
in this study were 0.0001, 0.001, 0.01, 0.1, 1, and 10 ps−1, respectively. The variations in
stress–strain curves with grain size were almost identical; thus, only the stress-strain curves
with grain sizes of 8, 12, 16, and 20 nm were selected for further analysis. In the case of
higher strain rates (10, 1, 0.1 ps−1; Figure 4a–c), the differences of stress-strain curves with
different grain sizes were small. As the strain rate decreased (0.01, 0.001, and 0.0001 ps−1;
Figure 4d–f), the differences in the stress–strain curves under different grain sizes became
more obvious. These differences are discernible via the slope at the linear stage (Young’s
modulus) and via yield stress and the UTS when stretching. The influences of grain size on
Young’s modulus, yield stress, and UTS are analyzed in detail in the following sections.

Figure 4. Stress-strain response of polycrystalline Cu6Sn5 at strain rates of (a) 10 ps−1, (b) 1 ps−1,
(c) 0.1 ps−1, (d) 0.01 ps−1, (e) 0.001 ps−1, and (f) 0.0001 ps−1.

Studies have reported that when a polycrystal is stretched at a high strain rate,
elastic deformation is dominant and brittle failure occurs; however, when stretched at
a lower strain rate, the proportion of plastic deformation increases gradually before
cracking [20,24,27]. Therefore, we concluded that grain size considerably influences plastic
deformation under lower strain rate tension. This is attributed to the existence of grain
boundaries, which make polycrystalline Cu6Sn5 more prone to dislocation during plastic
deformation. When grain size changes, the proportion of grain boundary in the whole
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polycrystal will be different, which will eventually affect the degree of plastic deformation.
Therefore, grain size has a greater influence on the stress–strain curve at a lower strain rate.

3.2. Elastic Properties of Polycrystalline Cu6Sn5

According to the generalized Hooke’s law, the relationship between stress and strain
satisfies Equation (2), where E represents Young’s modulus, and σ and ε represent stress
and strain, respectively, under linear deformation. In this study, the slope of the stress-
strain curve was calculated in the strain range of 0–0.01 ps−1. The results are shown in
Figure 5a–f, which are the Young’s moduli calculated at strain rates of 10, 1, 0.1, 0.01, 0.001,
and 0.0001 ps−1, respectively.

σ = E · ε (2)

Figure 5. Young’s modulus of polycrystalline Cu6Sn5 at strain rates of (a) 10 ps−1, (b) 1 ps−1,
(c) 0.1 ps−1, (d) 0.01 ps−1, (e) 0.001 ps−1, and (f) 0.0001 ps−1.

Young’s moduli at strain rates of 10 and 1 ps−1 fluctuated between 187 GPa and
193 GPa (Figure 5a,b). However, as the strain rate decreased, Young’s moduli showed an
increasing trend with an increase in grain size (Figure 5c–f). In this study, the coefficient of
variation (CV, the ratio of standard deviation to average value) was used to measure the
dispersion degree of these Young’s moduli. The CVs of Young’s moduli are 0.01 at strain
rates of both 10 and 1 ps−1. Therefore, it was concluded that when polycrystalline Cu6Sn5
was drawn at higher strain rates (10 and 1 ps−1 in this study), its Young’s modulus was
almost unaffected by grain size, only fluctuating in a small range.

According to the iso-strain criterion, the Young’s modulus of a polycrystal can be
expressed as Equation (3) [42], where Ec represents the Young’s modulus of the polycrystal,
E1 and E2 represent the Young’s modulus of grain and grain boundary, respectively, and
V1 and V2 represent the volume fraction of grain and grain boundary, respectively. With
an increase in grain size, the volume proportion of the grain boundaries in the whole
polycrystal is larger. The grain boundaries comprise disordered atoms with weaker in-
teractions between these atoms compared to the grain, so the Young’s modulus of the
grain boundaries is lower than the Young’s modulus of the grain itself. Therefore, with the
increase in grain size, the proportion of the grain boundaries in the polycrystal becomes
smaller, and thus, the total Young’s modulus of the polycrystal increases.

Ec = E1V1 + E2V2 (3)
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The growth rate of Young’s modulus with grain size at strain rates of 0.0001–0.1 ps−1

is shown in Figure 6. The average Young’s modulus increased when the average grain
size increased by 1 nm (Figure 5a–f: 0.33255, 0.65244, 0.76375, 1.50395 GPa at strain rates
of 0.1, 0.01, 0.001, and 0.0001 ps−1, respectively). Therefore, Young’s modulus increases
faster with increasing grain size at lower strain rates than that at higher strain rates. It was
therefore concluded that the effect of grain size on Young’s modulus is greater at lower
strain rates, which in turn means that it is more easily affected by grain size at a lower
strain rate.

Figure 6. Growth rates of Young’s modulus with increasing grain size at varying strain rates.

3.3. Yield Stress of Polycrystalline Cu6Sn5 with Different Grain Sizes

Since there is no obvious yield point during stretching, it is difficult to determine the
maximum stress at which permanent deformation begins to occur. Thus, the 0.2% offset
yield stress was used in this study. The results are shown in Figure 7. When the strain
rate is 10 ps−1, the yield stress fluctuates randomly with changes in grain size. When the
strain rate decreases from 1 to 0.0001 ps−1, the yield stress increases proportionally with an
increase in grain size. As the strain rate decreases, the stability of this trend improves. The
trends of yield stress with changing grain size at different strain rates closely mirror those
of Young’s modulus.

Figure 7. Yield stress of polycrystalline Cu6Sn5 at strain rates of (a) 10 ps−1, (b) 1 ps−1, (c) 0.1 ps−1,
(d) 0.01 ps−1, (e) 0.001 ps−1, and (f) 0.0001 ps−1.



Materials 2022, 15, 3889 7 of 10

3.4. Grain Size Effects on UTS of Polycrystalline Cu6Sn5

The effects of grain size on UTS at different strain rates were also analyzed. The results
are shown in Figure 8. It was determined that UTS is almost unaffected by grain size
when stretched at higher strain rates (10,1,0.1, 0.01, 0.001 ps−1: Figure 8a–e). The UTS
fluctuated within the range of 16.0–16.5, 14.5 to 15.2, 12.4 to 13.2, 8.3 to 10.9, and 6.2 to
9.0 GPa with strain rates of 10,1,0.1, 0.01, and 0.001 ps−1, respectively. With a decrease in
strain rate, the fluctuation range of UTS gradually increased. The CVs at the five strain rates
mentioned above were found to be 0.008, 0.013, 0.018, 0.078, and 0.109, respectively. The
corresponding mean UTS values are 16.16, 14.90, 12.83, 10.28, and 8.18 GPa, respectively.
The UTS of the polycrystalline Cu6Sn5 with different grain sizes only fluctuated randomly
within a very small range at rapid stretching (10 ps−1). As the strain rate decreased, the
fluctuation range of UTS increased gradually (determined from the CV), but there was still
no obvious trend. A likely explanation for this effect is plastic deformation increasing in
polycrystals during the stretching process with a decrease in strain rate. Therefore, the
plastic deformation which leads to a random fluctuation of UTS in a large range is not
completely dominant (Figure 4a–e). At a strain rate of 0.0001 ps−1, the UTS increases with
the increasing grain size, which conforms to the inverse Hall–Petch curve [28]. This is
largely due to the plastic deformation of polycrystalline Cu6Sn5, which is dominant before
it reaches UTS when stretched (Figure 5f). Grain boundary sliding and rotation, which
weaken the nanocrystal [28,43,44], are the main mechanisms for the mechanical properties
with grains < 30 nm [28].

Figure 8. UTS of polycrystalline Cu6Sn5 at strain rates of (a) 10 ps−1, (b) 1 ps−1, (c) 0.1 ps−1,
(d) 0.01 ps−1, (e) 0.001 ps−1, and (f) 0.0001 ps−1.

3.5. Strain Rate Sensitivity of Polycrystalline Cu6Sn5

The above results demonstrate that the mechanical properties of polycrystalline
Cu6Sn5 are affected by strain rate during tensile processes. Thus, strain rate sensitiv-
ity, m, is used to measure sensitivity, as shown in Equation (4) [45], where σ and

.
ε represent

flows stress and strain rate, respectively. Since the effects of grain size are more obvious
at lower strain rates, the strain rates used in this calculation were 0.001 and 0.0001 ps−1,
respectively. The strain range corresponding to flow stress is 0.02–0.08 (Figure 4e,f). Poly-
crystals with four grain sizes (20, 16, 14, and 8 nm) were selected for analysis. The results
are shown in Figure 9. The results showed that the strain sensitivity of small grain size
polycrystals is greater than that of larger grain size polycrystals. The strain rate sensitivity
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decreases with increasing grain size. At the same time, the strain rate sensitivity increases
with increasing strain with the four-grain size polycrystals.

m =
ln(σ2/σ1)

ln
( .
ε2/

.
ε1
) (4)

Figure 9. Strain rate sensitivity of polycrystalline Cu6Sn5 with varying grain sizes.

4. Conclusions

In this study, the effects of grain size on the mechanical properties of polycrystalline
Cu6Sn5 were investigated. The results showed that the grain size affected both elastic and
plastic deformation. Therefore, the grain size effects are different at different strain rates.
The conclusions are as follows.

1. The effect of grain size on the stress-strain curve increases with decreasing strain rate
and is practically invisible at high strain. This conclusion can be particularised for
Young modulus, yield stress, and UTS.

2. Young’s modulus, yield stress, and UTS increase with the increasing grain size at a
lower strain rate. Moreover, the growth rate of the Young’s modulus increases with a
decrease in strain rate.

3. Polycrystals with a small grain size are more sensitive to strain rate than those with a
large grain size. The strain rate sensitivity of polycrystalline Cu6Sn5 increases with
increasing strain rate.

Author Contributions: Conceptualization, W.H. and K.P.; Funding acquisition, K.P. and Y.G.; Inves-
tigation, W.H. and B.W.; Methodology, W.H. and K.P.; Software, W.H.; Validation, B.W.; Writing—
original draft, W.H.; Writing—review & editing, K.P. and Y.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was sponsored by Basic Scientific Research Program of China under Grant
(JSZL2018204B003), and Self-Topic Fund of Engineering Research Center of Electronic Information
Materials and Devices Nos. EIMD-AA202007.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All of the data supporting the reported results can be found in
this manuscript.

Conflicts of Interest: The authors declare that they have no conflict of interest.



Materials 2022, 15, 3889 9 of 10

References
1. Xiong, M.-y.; Zhang, L. Interface reaction and intermetallic compound growth behavior of Sn-Ag-Cu lead-free solder joints on

different substrates in electronic packaging. J. Mater. Sci. 2018, 54, 1741–1768. [CrossRef]
2. Qiu, H.; Hu, X.; Li, S.; Wan, Y.; Li, Q. Shear strength and fracture surface analysis of lead-free solder joints with high fraction of

IMCs. Vacuum 2020, 180, 109611. [CrossRef]
3. Zhao, M.; Zhang, L.; Liu, Z.Q.; Xiong, M.Y.; Sun, L. Structure and properties of Sn-Cu lead-free solders in electronics packaging.

Sci. Technol. Adv. Mater. 2019, 20, 421–444. [CrossRef]
4. Marques, V.M.F.; Johnston, C.; Grant, P.S. Nanomechanical characterization of Sn–Ag–Cu/Cu joints—Part 1: Young’s modulus,

hardness and deformation mechanisms as a function of temperature. Acta Mater. 2013, 61, 2460–2470. [CrossRef]
5. Chen, Z.; Liu, C.; An, B.; Wu, Y.; Liu, L. Evolution of the hardness and Young’s moduli of interlayers in Sn99Cu1/Cu solder joints

subjected to isothermal ageing. J. Mater. Sci. Mater. Electron. 2017, 28, 17461–17467. [CrossRef]
6. Yin, Z.; Sun, F.; Guo, M. Investigation of elevated temperature mechanical properties of intermetallic compounds in the Cu-Sn

system using nanoindentation. J. Electron. Packaging 2020, 142, 021004. [CrossRef]
7. Zhang, A.Q.; Peng, P.; Zheng, W.C.; Yang, J.R.; Zhang, X.D.; Xu, Y.L. Phase selection and nano-mechanical properties of

intermetallic compounds in directionally solidified Cu-68at.%Sn peritectic alloy. J. Alloys Compds. 2021, 859, 157866. [CrossRef]
8. Haseeb, A.S.M.A.; Rahman, A.Z.M.S.; Chia, P.Y. Nanoindentation creep on Cu3Sn, Cu6Sn5 and (Cu, Ni)(6)Sn-5 intermetallic

compounds grown in electrodeposited multilayered thin film. J. Mater. Sci. Mater. Electron. 2018, 29, 1258–1263. [CrossRef]
9. Feng, J.; Hang, C.; Tian, Y.; Wang, C.; Liu, B. Effect of electric current on grain orientation and mechanical properties of Cu-Sn

intermetallic compounds joints. J. Alloys Compds. 2018, 753, 203–211. [CrossRef]
10. Rahman, A.Z.M.S.; Chia, P.Y.; Haseeb, A.S.M.A. Mechanical properties of intermetallic compounds in electrodeposited multilay-

ered thin film at small scale by nanoindentation. Mater. Lett. 2015, 147, 50–53. [CrossRef]
11. Mo, L.; Chen, Z.; Wu, F.; Liu, C. Microstructural and mechanical analysis on cu-sn intermetallic micro-joints under isothermal

condition. Intermetallics 2015, 66, 13–21. [CrossRef]
12. Zhang, W.W.; Ma, Y.; Zhou, W.; Wu, P. The structural, elastic and electronic properties of ni3−xcuxsn4 (x = 0, 0.5, 1 and 1.5)

intermetallic compounds via ab initio calculations. J. Electron. Mater. 2019, 48, 4533–4543. [CrossRef]
13. Bi, X.; Hu, X.; Jiang, X.; Li, Q. Effect of Cu additions on mechanical properties of ni3sn4-based intermetallic compounds:

First-principles calculations and nano-indentation measurements. Vacuum 2019, 164, 7–14. [CrossRef]
14. Lee, N.T.S.; Tan, V.B.C.; Lim, K.M. First-principles calculations of structural and mechanical properties of Cu6Sn5. Appl. Phys. Lett.

2006, 88, 031913. [CrossRef]
15. Ghosh, G.; Asta, M. Phase stability, phase transformations, and elastic properties of cu6sn5: Ab initio calculations and experimental

results. J. Mater. Res. 2005, 20, 3102–3117. [CrossRef]
16. Huang, W.; Pan, K.; Zhang, J.; Gong, Y. Effect of in-doping on mechanical properties of Cu6Sn5-based intermetallic compounds:

A first-principles study. J. Electron. Mater. 2021, 50, 4164–4171. [CrossRef]
17. Liang, L.; Zhang, J.; Xu, Y.; Zhang, Y.; Wang, W.; Yang, J. The effect of pressure and orientation on Cu-Cu3Sn Interface reliability

under isothermal ageing and monotonic traction via molecular dynamics investigation. Mater. Des. 2018, 149, 194–204. [CrossRef]
18. Cheng, H.-C.; Yu, C.-F.; Chen, W.-H. Size, temperature, and strain-rate dependence on tensile mechanical behaviors of ni3sn4

intermetallic compound using molecular dynamics simulation. J. Nanomater. 2014, 2014, 1–17. [CrossRef]
19. Gao, F.; Qu, J. Calculating the diffusivity of Cu and Sn in Cu3Sn intermetallic by molecular dynamics simulations. Mater. Lett.

2012, 73, 92–94. [CrossRef]
20. Huang, W.; Pan, K.; Zhang, J.; Gong, Y. Strain rate and temperature effects on tensile properties of polycrystalline Cu6Sn5 by

molecular dynamic simulation. Crystals 2021, 11, 1415. [CrossRef]
21. Motalab, M.; Paul, R.; Saha, S.; Mojumder, S.; Ahmed, T.; Suhling, J.C. Atomistic analysis of the thermomechanical properties of

Sn-Ag-Cu solder materials at the nanoscale with the MEAM potential. J. Mol. Model. 2019, 25, 59. [CrossRef]
22. Etesami, S.A.; Baskes, M.I.; Laradji, M.; Asadi, E. Thermodynamics of solid Sn and Pb Sn liquid mixtures using molecular

dynamics simulations. Acta Mater. 2018, 161, 320–330. [CrossRef]
23. Liu, B.-H.; Chen, Y.-L.; Hsu, Q.-C. Study on bonding and shear flow phenomena of shear probe test for BGA solder joint in

nano-scale analysis. ASME 2016. [CrossRef]
24. Hu, X.; Xu, T.; Keer, L.M.; Li, Y.; Jiang, X. Shear strength and fracture behavior of reflowed Sn3.0Ag0.5Cu/Cu solder joints under

various strain rates. J. Alloys Compd. 2017, 690, 720–729. [CrossRef]
25. Cheng, H.C.; Yu, C.F.; Chen, W.H. Strain- and strain-rate-dependent mechanical properties and behaviors of Cu3Sn compound

using molecular dynamics simulation. J. Mater. Sci. 2012, 47, 3103–3114. [CrossRef]
26. Yu, C.F.; Cheng, H.C.; Chen, W.H. Molecular Dynamics Calculations and Nanoindentation Testing of the Strain-Rate and Size

Dependent Material Properties of Cu3Sn IMC. In Proceedings of the 2010 5th International Microsystems Packaging Assembly
and Circuits Technology Conference, Taipei, Taiwan, 20–22 October 2010.

27. Qin, F.; An, T.; Chen, N. Strain rate effects and rate-dependent constitutive models of lead-based and lead-free solders. J. Appl.
Mech. 2010, 77, 011008. [CrossRef]

28. Naik, S.N.; Walley, S.M. The Hall-Petch and inverse Hall-Petch relations and the hardness of nanocrystalline metals. J. Mater. Sci.
2020, 55, 2661–2681. [CrossRef]

http://doi.org/10.1007/s10853-018-2907-y
http://doi.org/10.1016/j.vacuum.2020.109611
http://doi.org/10.1080/14686996.2019.1591168
http://doi.org/10.1016/j.actamat.2013.01.019
http://doi.org/10.1007/s10854-017-7680-1
http://doi.org/10.1115/1.4045980
http://doi.org/10.1016/j.jallcom.2020.157866
http://doi.org/10.1007/s10854-017-8030-z
http://doi.org/10.1016/j.jallcom.2018.04.041
http://doi.org/10.1016/j.matlet.2015.01.127
http://doi.org/10.1016/j.intermet.2015.06.019
http://doi.org/10.1007/s11664-019-07239-x
http://doi.org/10.1016/j.vacuum.2019.02.049
http://doi.org/10.1063/1.2165280
http://doi.org/10.1557/JMR.2005.0371
http://doi.org/10.1007/s11664-021-08929-1
http://doi.org/10.1016/j.matdes.2018.04.004
http://doi.org/10.1155/2014/214510
http://doi.org/10.1016/j.matlet.2012.01.014
http://doi.org/10.3390/cryst11111415
http://doi.org/10.1007/s00894-019-3939-1
http://doi.org/10.1016/j.actamat.2018.09.036
http://doi.org/10.1115/IMECE2016-66773
http://doi.org/10.1016/j.jallcom.2016.08.168
http://doi.org/10.1007/s10853-011-6144-x
http://doi.org/10.1115/1.3168600
http://doi.org/10.1007/s10853-019-04160-w


Materials 2022, 15, 3889 10 of 10

29. Zhou, X.-Y.; Zhu, J.-H.; Wu, H.-H. Molecular dynamics studies of the grain-size dependent hydrogen diffusion coefficient of
nanograined Fe. Int. J. Hydr. Energy 2021, 46, 5842–5851. [CrossRef]

30. Ma, Z.; Pathegama Gamage, R.; Zhang, C. Effects of temperature and grain size on the mechanical properties of polycrystalline
quartz. Comput. Mater. Sci. 2021, 188, 110138. [CrossRef]

31. Zhou, K.; Liu, B.; Yao, Y.; Zhong, K. Effects of grain size and shape on mechanical properties of nanocrystalline copper investigated
by molecular dynamics. Mater. Sci. Eng. A 2014, 615, 92–97. [CrossRef]

32. Alizadeh, J.; Salati, A.; Ebrahimi Fordoei, M.R.; Panjepour, M. Investigation of grain boundary influence on the thermodynamic
phase stability of nanocrystalline iron by using the molecular dynamics simulation method. J. Mater. Eng. Perform. 2021, 30,
4681–4690. [CrossRef]

33. Armstrong, R.W. Size effects on material yield strength/deformation/fracturing properties. J. Mater. Res. 2019, 34, 2161–2176.
[CrossRef]

34. Naughton-Duszova, A.; Csanadi, T.; Sedlak, R.; Hvizdos, P.; Dusza, J. Small-Scale Mechanical Testing of Cemented Carbides from
the Micro- to the Nano-Level: A Review. Metals 2019, 9, 502. [CrossRef]

35. Chen, W.-H.; Yu, C.-F.; Cheng, H.-C.; Lu, S.-T. Crystal size and direction dependence of the elastic properties of Cu3Sn through
molecular dynamics simulation and nanoindentation testing. Microelectron. Reliab. 2012, 52, 1699–1710. [CrossRef]

36. Plimpton, S. Fast parallel algorithms for short-range molecular-dynamics. J. Comp. Phys. 1995, 117, 1–19. [CrossRef]
37. Baskes, M.I. Modified embedded-atom potentials for cubic materials and impurities. Phys. Rev. B Condens. Matter 1992, 46,

2727–2742. [CrossRef]
38. Larsson, A.K. The superstructure of domain-twinned η’-Cu6Sn5. Acta Crystallogr. B 1994, 50, 636–643. [CrossRef]
39. Aguilar, J.F.; Ravelo, R.; Baskes, M.I. Morphology and dynamics of 2D Sn-Cu alloys on (100) and (111) Cu surfaces. Model. Simul.

Mater. Sci. Eng. 2000, 8, 335. [CrossRef]
40. Hirel, P. Atomsk: A tool for manipulating and converting atomic data files. Comput. Phys. Commun. 2015, 197, 212–219. [CrossRef]
41. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO–the open visualization tool. Model. Simul.

Mater. Sci. Eng. 2010, 18, 2154–2162. [CrossRef]
42. Hill, R. The elastic behaviour of a crystalline aggregate. Proc. Phys. Soc. A 1952, 65, 349–354. [CrossRef]
43. Chokshi, A.H. Grain boundary processes in strengthening, weakening, and superplasticity. Adv. Eng. Mater. 2020, 22, 1900748.

[CrossRef]
44. Pan, H.J.; He, Y.; Zhang, X.D. Interactions between dislocations and boundaries during deformation. Materials 2021, 47, 14–1012.

[CrossRef] [PubMed]
45. Meyers, M.A.; Mishra, A.; Benson, D.J. Mechanical properties of nanocrystalline materials. Prog. Mater. Sci. 2006, 51, 427–556.

[CrossRef]

http://doi.org/10.1016/j.ijhydene.2020.11.131
http://doi.org/10.1016/j.commatsci.2020.110138
http://doi.org/10.1016/j.msea.2014.07.066
http://doi.org/10.1007/s11665-021-05743-y
http://doi.org/10.1557/jmr.2018.406
http://doi.org/10.3390/met9050502
http://doi.org/10.1016/j.microrel.2012.03.009
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1103/PhysRevB.46.2727
http://doi.org/10.1107/S0108768194004052
http://doi.org/10.1088/0965-0393/8/3/313
http://doi.org/10.1016/j.cpc.2015.07.012
http://doi.org/10.1088/0965-0393/18/1/015012
http://doi.org/10.1088/0370-1298/65/5/307
http://doi.org/10.1002/adem.201900748
http://doi.org/10.3390/ma14041012
http://www.ncbi.nlm.nih.gov/pubmed/33669924
http://doi.org/10.1016/j.pmatsci.2005.08.003

	Introduction 
	Methodology 
	MEAM Potential 
	Establishment of Polycrystals 
	Simulation Settings 

	Results and Discussion 
	Stress-Strain Responses at Different Strain Rates 
	Elastic Properties of Polycrystalline Cu6Sn5 
	Yield Stress of Polycrystalline Cu6Sn5 with Different Grain Sizes 
	Grain Size Effects on UTS of Polycrystalline Cu6Sn5 
	Strain Rate Sensitivity of Polycrystalline Cu6Sn5 

	Conclusions 
	References

