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Abstract: In this study, molecular dynamics simulations were performed to study the uniaxial
compression deformation of bi-crystal magnesium nanopillars with a {1012} twin boundary (TB).
The generation and evolution process of internal defects of magnesium nanopillars were analyzed
in detail. Simulation results showed that the initial deformation mechanism was mainly caused
by the migration of the twin boundary, and the transformation of TB into (basal/prismatic) B/P
interface was observed. After that, basal slip as well as pyramidal slip nucleated during the plastic
deformation process. Moreover, a competition mechanism between twin boundary migration and
basal slip was found. Basal slip can inhibit the migration of the twin boundary, and {1011}〈1012〉
twins appear at a certain high strain level (ε = 0.104). In addition, Schmid factor (SF) analysis was
conducted to understand the activations of deformation modes.

Keywords: molecular dynamics; twin boundary; magnesium; twining; slip

1. Introduction

Recently, magnesium (Mg) alloys have attracted extensive attention due to their exceptional
and unique properties, such as low density, high strength, superior damping capacity, and efficient
recyclability [1–4]. However, the deformation behaviors of hexagonal-close-packed (hcp) metal
involved numerous twinning activities due to their insufficient slip systems [5,6]. Several types
of twins have been reported for Mg alloys, including {1011}〈1012〉, {1012}〈1011〉, {1013}〈3032〉,
{1014}〈2021〉, {2112}〈1123〉, {2113}〈2243〉, and {2114}〈2243〉 [7,8]. It is commonly recognized that
the {1012} twin is the most common type in hcp metals [9–11], which play an important role in the
deformation mechanisms of hcp metals [12–14].

Twin nucleation and twin growth mechanism has been theoretically studied in hcp metals [15–22].
In addition, Wang et al. [7,18,19] examined the atomic structures of the nucleus of {1012} and
{1011} twins in Mg by atomistic simulations. Some studies reported a positive grain size effect,
wherein twinning appears to form more easily in larger grains. Experimental observations indicate the
mechanism of {1012} twinning growth [20]. Furthermore, we have studied the twinnability of hcp
metals at the nanoscale, and presented an analysis on the size effects in deformation twinning [22,23].
Subsequently, we studied the [0001] compression deformation of magnesium nanopillars at various
temperatures, and found there was a strong competition mechanism between twins and slip at
300–500 K [24]. Thus, studying the characteristics of twins in Mg may provide a guideline for the
design of high-performance Mg, especially the effect of twin boundary (TB) on magnesium.
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Moreover, the influence of TB in polycrystalline magnesium has been investigated via
experimental methods [25–29], theoretical methods [30,31], and molecular dynamics simulations [32–36].
Experimental studies indicated that internal defect generation and evolution process in nanotwinned
Mg can be significantly influenced by TBs [28,29]. The TB itself can act as an obstacle, which can prevent
the dislocation from further expanding; it also stores dislocations [37–39]. Liu et al. [40] used in situ
scanning electron microscopy (SEM) compression test to examine the critical stress associated with
basal slip and twinning in bi-crystal Mg with pre-existing {1012} deformation twins. They further
interpreted the twinning phenomena and their effects on mechanical behavior. By molecular dynamics
simulations, Mei et al. [35] and Song et al. [32] studied the effects of {1012} TB on the compressive and
tensile yield strength of Mg nanopillars, respectively.

In addition, it was found that the interaction between dislocation and twin boundary was an
important factor to determine the macroscopic properties of nanocrystalline metals [41–43]. Many
molecular dynamics simulations and discrete dislocation dynamics simulations focused on twin
boundary migration and dislocation-twin boundary interactions have been reported [41–46]. Mayama
et al. [47] investigated the influence of grain boundary in bi-crystal Mg on the activation of slip systems,
and showed the calculation of Schmid Factor (SF) for slip systems and twin behavior. Hong et al. [48]
studied the role of {1012} twinning characteristics in the deformation behavior of polycrystalline
Mg alloy. It was found that the activation of different twin variants is governed by the Schmid law,
and consequently, gave rise to a different effect on the deformation.

In order to explore Mg nanopillars with better mechanical properties, the role of {1012} TB on the
deformation behaviors of bi-crystal magnesium nanopillars should be studied. In this paper, molecular
dynamics simulation was conducted to carry out related research. The deformation mechanisms in
bi-crystal Mg were found to be significantly influenced by the activation mode. In addition, the SF
was also used to understand the activations of deformation modes. By analyzing the influence of
pre-existing TB on the mechanical behavior of Mg nanopillars, it is very important to improve the
plasticity of Mg and large-scale application, and it also provides a scientific theoretical basis for the
preparation of high-performance nano-polycrystal Mg.

2. Methodology

The most commonly observed type of twin is the {1012} twin; the Mg bi-crystal nanopillar with
{1012} TB was built as shown in Figure 1. Compression was performed along [2113] and [2110]
orientation in bi-crystal Mg, and the red atoms represent the {1012} TB. As shown in Figure 1b,
the atomic configurations around the {1012} TB were shown. By studying the nanopillars with
different cross sections shapes and sizes, we found that they have similar deformation mechanism.
Thus, the simulation model with circular cross-sections (with a diameter of 12 nm) was established and
the number of atoms was 117,232. The height of nanopillar is about 2.3 times the nanopillar diameter in
order to avoid buckling effects. Free surface boundary conditions were applied in x, y, and z directions
in simulations. The embedded-atom-method (EAM) potential developed by Liu et al. [49] was used
to describe the atomic interactions in Mg. Liu’s potential has previously been used extensively to
study the deformation of Mg [18,32,36]. As summarized in [50], this potential agrees well with the
density functional theory and experimental measurements, in terms of lattice constants, stacking-fault
energy, dislocation nucleation, and twinning behaviors. Furthermore, preliminary simulations using
the EAM potential developed by Sun et al. [51] were also conducted, and indicate similar results
with Liu’s potential. Thus, only the simulation results based on Liu’s potential were presented in this
paper. The simulation was performed in a constant NVT ensemble (i.e., the number of particles N,
the volume V, and the temperature T of the model were kept constant) with velocity-Verlet integrator,
and a Nosé-Hoover thermostat was used to control the system temperature. The integration time step
was fixed at 3 fs.

Simulations were performed by Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [52], which is a classical molecular dynamics code. At the beginning, initial configurations
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were relaxed by the conjugate gradient algorithm to obtain a stable simulation configuration. Then,
the system was relaxed fully for 120 ps. The initial temperature was set to 10 K, and the NVT
ensemble (i.e., the number of particles N, the volume V, and the temperature T of the model were kept
constant) was adopted. After that, uniaxial compressions were performed by applying of 0.03% of
the compressive strain while keeping fixed the atoms in the top and bottom two layers. In previous
studies, the strain rates that have been reported ranged from 5 × 107 /s to 1 × 109 /s [16–22,30,33,34].
In this work, the strain rate was 1 × 109 /s. This compression and relaxation process was repeated
until the maximal strain reached about 25%. To identify the crystal defects in the Mg nanopillars,
colors were assigned to the atoms by common neighbor analysis (CNA) method [53] and visualized by
the Open Visualization Tool (OVITO 2.9.0) [54]. Atoms on hcp lattice were shown in blue while those
at TB were shown in red.
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Subsequently, the stress dropped suddenly; this indicated that plastic deformation began. In the 
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Figure 1. Atomic configurations of Mg bi-crystal nanopillars with {1012} twin boundary (TB). Blue
solid circles indicate perfect Mg atoms, while red ones at the {1012} TB.

3. Simulation Results

Figure 2 shows the stress-strain curve of an Mg bi-crystal nanopillar under compression. In the
elastic deformation process, the stress increases linearly with compressive strain increasing. When
the compressive strain reaches 0.035, the stress reaches the highest point (corresponding to point B).
Subsequently, the stress dropped suddenly; this indicated that plastic deformation began. In the stage
of plastic deformation, the curve was serrated. It was found that the stress curve had an obvious
fluctuation stage after point B.
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Figure 2. Strain–stress behavior during compression process.

Figure 3 illustrates the initial microstructure of bi-crystal Mg nanopillar with {1012} TB at different
compressive strain conditions when the temperature is 10 K. In the stage of elastic deformation,
we found that no obvious migration of the TB occurred during the deformation, as is evident by
comparing before (Figure 3a) and after (Figure 3b). After the stress reaches the highest point B
(1.19GPa), the TB begins to migrate along the 〈1100〉 direction. Compared to Figure 3a,b, the view
in Figure 3c–f was rotated 90◦ around the z-axis in order to show the migration process of the TB.
In Figure 3c,d, the TB of the side of the nanopillar gradually migrates and converges (marked by
yellow arrow). When the compression strain reaches 0.041, the TB completely converge (Figure 3e) and
begin to migrate up and down, respectively, until it is completely disconnected (Figure 3f). Figure 3f
shows the atomic configurations of the TB at ε = 0.044. Part I of the TB, which is marked in the black
dash-lines circle, was constrained on the upper part of the mode, while Part II (in the yellow dash-lines
circle) migrates down to the model along the 〈1100〉 direction.

In order to study whether all the migration mechanism described later was related to what was
initial happening in Part I of the TB in Figure 3, we built a model in which the atoms in the TB were not
fixed. In Figure 4, it is found that similar mechanism would occur in a geometry in which atoms in the
TB were not fixed. This means that the migration mechanism described previously was not affected by
the Part I of the TB.

As the strain increased, the TB structure of Part II migrates down to the middle of the nanopillar in
Figure 5a. Moreover, the migration of the TB (Part II) caused lattice reorientation and basal/prismatic
(B/P) interface, which connected the rotated crystal with the parent lattice, which can be observed
in the nanopillar. Figure 5b displays a slightly magnified picture of the atoms near the B/P interface.
In order to make the observation clear, the interface was plotted along the y-axis direction.
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Figure 3. Initial deformation behaviors of bi-crystal Mg nanopillar at different compressive strain level:
(a) 0.017; (b) 0.035; (c) 0.038; (d) 0.039; (e) 0.041; (f) 0.044. Snapshots in Figure 3a–f are related to the
tagged Points (A–F) in Figure 2.
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Figure 5. (a) Configurations shown for the TB migration at the compressive strain of 0.047. (b) A
magnified picture of basal/prismatic (B/P) interface.

As mention above, the initial plastic deformation was followed by a stress fluctuation stage.
Figure 6a shows that the pyramidal slip was observed in the upper part of nanopillar, and the Burgers
vector is 1/3 〈1210〉. Figure 6b–d display the microstructure related to Point H, M, and N. As the strain
increased to 0.053 (corresponding to Point H), the partial dislocation of basal slip occurred near the TB
and the slip direction was 〈1100〉 (Figure 6b). Subsequently, TB structure (yellow dash-lines circle),
which was not affected by the basal slip began to migrate in Figure 6c. Figure 6c,d show the migration
process of TB, and the migration of Part I (yellow dash-lines circle) was found to be prior to Part II (red
dash-lines circle). The different migration behaviors were caused by basal slip. The nucleation of basal
slip can inhibit the migration of TB to some extent.
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At a higher strain level (ε = 0.062), the TB migrated along the 〈2110〉 direction quickly (Figure 6e,f).
When the strain increased to 0.074 (corresponding to the Point M in Figure 2), full dislocation on
the basal plane occurred near the TB (Figure 6g). Thus, the dissociation of basal slip can be showed
as follows:

1
3
[2110]→ 1

3
[1100] +

1
3
[1010]
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As the strain continued to increase, the TB was affected by the basal slip, and the migration speed
was very slow. When the strain was 0.083 (corresponding to the Point N in Figure 2), a nucleation of
the basal dislocation was observed in the upper part of the nanopillar in Figure 6h.

As can be seen from Figure 7a, the basal dislocations appear in the nanopillar, and the twin
boundaries continue to migrate downward. Subsequently, as shown in Figure 7b, the basal slip
(Burgers vector is 1/3〈1210〉) led to lattice reorientation, and a new TB (highlighted in the yellow
frame) was observed in Figure 7a.
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The new twin grew rapidly (Figure 7c). For a better revealing of the new twin, the region on
the twin marked with yellow rectangular box in Figure 7c was selected to perform observation. The
corresponding image is presented in Figure 8b. By examining the orientation angle between the matrix
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and the twinned region, we identified that the new twin was a {1011}〈1012〉 twin. The twin grew
gradually while the strain increased, as seen in Figure 7d,e, eventually occupying half of the nanopillar.
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4. Discussion

In the previous section, simulation results showed that the plastic deformation mechanisms of the
bi-crystal Mg nanopillar were mainly TB migration, basal slip, and pyramidal twinning. Compression
was performed along [2113] and [2110] orientation in bi-crystal Mg. Thus, the Schmid factor (SF) of
different plastic deformation modes were calculated for [2113] and [2110], respectively, as shown in
Tables 1 and 2. SF [55] was calculated as follows:

m = cos φ× cos λ, (1)

where, φ is the angle between the loading directions and the slip (or twinning) plane normal and λ

is the angle between the loading directions and slip (or twinning) direction. Schmid and Boas [56]
established the SF expression:

σ = τCRSS/m, (2)

where, σ is the yield stress; τCRSS is critical shearing stress (CRSS); m is Schmid factor. It has been
widely accepted that the deformation modes are dependent on the SF [57,58]. The deformation mode
with a large SF is easier to initiate [59].

Table 1. Schmid factor (SF) of plastic deformation modes with loading axis [2113].

Deformation Modes Slip Plane Slip Direction SF

TB migration {1012} 〈1100〉 0.43
basal slip {0001} 〈2110〉 0.38

Table 2. Schmid factor (SF) of plastic deformation modes with loading axis [2110].

Deformation Modes Slip Plane Slip Direction SF

TB migration {1012} 〈1100〉 0.34
basal slip {0001} 〈2110〉 0
new twin {1011} 〈1012〉 0.37

Table 1 shows the SF of the plastic deformation modes for [2113] compression. The SF values of
TB migration and basal slip were 0.43 and 0.38, respectively. TB migration exhibited higher SF values
than basal slip. This means that the activation of TB migration may be prior to basal slip, which is in
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agreement with the simulation results in Section 3. According to Table 2, when the loading was along
the axis [2110], the SF values of TB migration, basal slip and the nucleation of new twin were 0.34,
0 and 0.37, respectively. Note that TB migration exhibited higher SF than basal slip, which means that
the activation of TB migration was prior to basal slip. Besides, the SF value of new twin nucleation had
a highest value of 0.37; however, the activation of new twin nucleation was later than TB migration
in our simulation. One reason is that compression was performed along [2113] (parent) and [2110]
(twin) orientation for the bi-crystal pillar, and the parent orientation underwent more deformation.
That means the analysis of parent orientation can be used to predict the deformation modes of the
whole pillar. According to Table 1, the SF of TB migration for [2113] compression had the highest SF
values of 0.43 and the activation of TB migration was prior to other deformation modes. Therefore,
the nucleation of new twin was observed in the later plastic deformation (ε = 0.104). On the other hand,
the activation of new twin nucleation may be later than TB migration, which is related to the lack of
nucleation source.

Above all, the SF value can be used to predict the activation of TB migration and basal slip. In this
work, the TB migrates in the initial plastic process, and the occurrence of basal slip can inhibit the
migration of the TB. However, Liu et al. [40] conducted in situ SEM micropillar compression, and
found that multiple basal slip events were observed in the middle of the pillar; no obvious migration of
the TB occurs during the deformation. The difference between experiment and simulation was because
the external environment in experiment and the impurities inside the specimen may contribute to the
nucleation of basal slip, and the basal slip inhibits the migration of the TB at the beginning. Simulation
results in this work have shown that the nucleation of the basal dislocation has a significant impact on
the migration of the TB.

5. Conclusions

In this work, molecular dynamics simulations were carried out to study the plastic deformation
behaviors of bi-crystal Mg nanopillars with a {1012} twin boundary. Schmid factor (SF) of the
deformation modes with two different uniaxial compression loading axis was also calculated. The main
results can be summarized as follows.

1. The initial plastic deformation was dominated by the migration of the twin boundary (TB), and
there is a mechanism for basal/prismatic transformation.

2. Obvious stress fluctuation during the plastic deformation was caused by competition between
TB migration and basal slip. Moreover, pyramidal slip was observed.

3. At a higher strain level (ε = 0.104), the {1011}〈1012〉, twin formation was observed due to the
lattice reorientation, and it grew rapidly.

Furthermore, simulations results show that other factors, such as temperature and boundary
conditions, may affect the plastic deformation mechanism of the bi-crystal Mg nanopillars. We will
conduct simulations and discussions on these influence factors in further work.

Author Contributions: X.Y. carried out the molecular dynamics simulations and wrote the paper. S.X. conceived
and designed the whole process of simulations. S.X. and Q.C. contributed to data analysis. All authors contributed
to discussion, paper writing and revising.

Funding: This research was funded by the National Natural Science Foundation of China (11402183 and 11602181)
and the Fundamental Research Funds for the Central Universities of China (WUT: 2017IA002, WUT: 2018IB005
and WUT: 2018III071GX).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Toghyani, S.; Khodaei, M. Fabrication and characterization of magnesium scaffold using different processing
parameters. Mater. Res. Express 2018, 5, 035407. [CrossRef]

http://dx.doi.org/10.1088/2053-1591/aab6db


Materials 2019, 12, 750 11 of 13

2. Rks, R.; Harandi, S.E. Resistance of Magnesium Alloys to Corrosion Fatigue for Biodegradable Implant
Applications: Current Status and Challenges. Materials 2017, 10, 1316.

3. Safia, A.; John, W.; Yang, L. Numerical Modelling of Effects of Biphasic Layers of Corrosion Products to the
Degradation of Magnesium Metal In Vitro. Materials 2018, 11, 1.

4. Venturi, F.; Calizzi, M.; Bals, S.; Perkisas, T.; Pasquini, L. Self-assembly of gas-phase synthesized magnesium
nanoparticles on room temperature substrates. Mater. Res. Express 2014, 2, 015007. [CrossRef]

5. Dong, S.; Yu, Q.; Jiang, Y.; Dong, J.; Wang, F.; Ding, W. Electron backscatter diffraction observations of
twinning–detwinning evolution in a magnesium alloy subjected to large strain amplitude cyclic loading.
Mater. Des. 2015, 65, 762–765. [CrossRef]

6. Ni, C.; Ding, H.; Jin, X. Super-plasticity via secondary twinning in magnesium nanowire revealed by
molecular dynamics simulations. Comput. Mater. Sci. 2016, 111, 163–174. [CrossRef]

7. Jian, W. Twinning nucleation mechanisms in hexagonal-close-packed crystals. Acta Mater. 2009, 57,
5521–5530.

8. Christian, J.W.; Mahajan, S. Deformation twinning. Prog. Mater. Sci. 1995, 39, 1–157. [CrossRef]
9. El Kadiri, H.; Barrett, C.D.; Wang, J.; Tomé, C.N. Why are {1012} twins profuse in magnesium? Acta Mater.

2015, 85, 354–361. [CrossRef]
10. Zhu, H.; Liu, S.; Liu, Z.; Li, D. Tailoring the stability of {1012} mathContainer Loading Mathjax twins in

magnesium with solute segregation at the twin boundary and strain path control. Comput. Mater. Sci. 2018,
152, 113–117. [CrossRef]

11. Yu, Q.; Qi, L.; Chen, K.; Mishra, R.K.; Li, J.; Minor, A.M. The nanostructured origin of deformation twinning.
Nano Lett. 2012, 12, 887–892. [CrossRef] [PubMed]

12. Wu, L.; Jain, A.; Brown, D.W.; Stoica, G.M.; Agnew, S.R.; Clausen, B.; Fielden, D.E.; Liaw, P.K.
Twinning–detwinning behavior during the strain-controlled low-cycle fatigue testing of a wrought
magnesium alloy, ZK60A. Acta Mater. 2008, 56, 688–695. [CrossRef]

13. Proust, G.; Tomé, C.N.; Jain, A.; Agnew, S.R. Modeling the effect of twinning and detwinning during
strain-path changes of magnesium alloy AZ31. Int. J. Plast. 2009, 25, 861–880. [CrossRef]

14. Chino, Y.; Kimura, K.; Mabuchi, M. Deformation characteristics at room temperature under biaxial tensile
stress in textured AZ31 Mg alloy sheets. Acta Mater. 2009, 57, 1476–1485. [CrossRef]

15. Matsubara, K.; Kimizuka, H.; Ogata, S. Formation of {1121} mathContainer Loading Mathjax twins from I 1
-type stacking faults in Mg: A molecular dynamics study. Comput. Mater. Sci. 2016, 122, 314–321. [CrossRef]

16. Capolungo, L.; Beyerlein, I.J. Nucleation and stability of twins in hcp metals. Phys. Rev. B 2008, 78, 1436–1446.
[CrossRef]

17. Yoo, M.H.; Lee, J.K. Deformation twinning in h.c.p. metals and alloys. Philos. Mag. A 1991, 63, 987–1000.
[CrossRef]

18. Wang, J.; Beyerlein, I.J.; Tomé, C.N. An atomic and probabilistic perspective on twin nucleation in Mg. Scr.
Mater. 2010, 63, 741–746. [CrossRef]

19. Wang, J.; Hoagland, R.G.; Hirth, J.P.; Capolungo, L.; Beyerlein, I.J.; Tomé, C.N. Nucleation of a twin in
hexagonal close-packed crystals. Scr. Mater. 2009, 61, 903–906. [CrossRef]

20. Tu, J.; Zhang, S. On the {1012} twinning growth mechanism in hexagonal close-packed metals. Mater. Des.
2016, 96, 143–149. [CrossRef]

21. Serra, A.; Bacon, D.J. A new model for {1012} twin growth in hcp metals. Philos. Mag. A 1996, 73, 333–343.
[CrossRef]

22. Guo, Y.F.; Xu, S.; Tang, X.Z.; Wang, Y.S. Twinnability of hcp metals at the nanoscale. J. Appl. Phys. 2014, 115,
224902. [CrossRef]

23. Guo, Y.F.; Xu, S.; Tang, X.Z.; Wang, Y.S.; Yip, S. Size effect on deformation twinning at the nanoscale in hcp
metals. Physics 2013, 21, 29–35.

24. Xu, S.; Guo, Y.-F. Molecular Dynamics Study on the Effect of Temperature on Deformation Mechanism of
Magnesium Nanopillars with Square Cross-Sections. Nanosci. Nanotechnol. Lett. 2016, 8, 603–606. [CrossRef]

25. Hazeli, K.; Cuadra, J.; Streller, F.; Barr, C.M.; Taheri, M.L.; Carpick, R.W.; Kontsos, A. Three-dimensional
effects of twinning in magnesium alloys. Scr. Mater. 2015, 100, 9–12. [CrossRef]

26. Somekawa, H.; Singh, A.; Schuh, C.A. Effect of twin boundaries on indentation behavior of magnesium
alloys. J. Alloys Compd. 2016, 685, 1016–1023. [CrossRef]

http://dx.doi.org/10.1088/2053-1591/2/1/015007
http://dx.doi.org/10.1016/j.matdes.2014.09.079
http://dx.doi.org/10.1016/j.commatsci.2015.09.016
http://dx.doi.org/10.1016/0079-6425(94)00007-7
http://dx.doi.org/10.1016/j.actamat.2014.11.033
http://dx.doi.org/10.1016/j.commatsci.2018.05.035
http://dx.doi.org/10.1021/nl203937t
http://www.ncbi.nlm.nih.gov/pubmed/22239446
http://dx.doi.org/10.1016/j.actamat.2007.10.030
http://dx.doi.org/10.1016/j.ijplas.2008.05.005
http://dx.doi.org/10.1016/j.actamat.2008.11.033
http://dx.doi.org/10.1016/j.commatsci.2016.05.033
http://dx.doi.org/10.1103/PhysRevB.78.024117
http://dx.doi.org/10.1080/01418619108213931
http://dx.doi.org/10.1016/j.scriptamat.2010.01.047
http://dx.doi.org/10.1016/j.scriptamat.2009.07.028
http://dx.doi.org/10.1016/j.matdes.2016.02.002
http://dx.doi.org/10.1080/01418619608244386
http://dx.doi.org/10.1063/1.4881756
http://dx.doi.org/10.1166/nnl.2016.2221
http://dx.doi.org/10.1016/j.scriptamat.2014.12.001
http://dx.doi.org/10.1016/j.jallcom.2016.06.267


Materials 2019, 12, 750 12 of 13

27. Liu, G.; Xin, R.; Liu, F.; Liu, Q. Twinning characteristic in tension of magnesium alloys and its effect on
mechanical properties. Mater. Des. 2016, 107, 503–510. [CrossRef]

28. Gu, C.F.; Toth, L.S.; Hoffman, M. Twinning effects in a polycrystalline magnesium alloy under cyclic
deformation. Acta Mater. 2014, 62, 212–224. [CrossRef]

29. Zeng, R.; Han, E.; Ke, W.; Dietzel, W.; Kainer, K.U.; Atrens, A. Influence of microstructure on tensile properties
and fatigue crack growth in extruded magnesium alloy AM60. Int. J. Fatigue 2010, 32, 411–419. [CrossRef]

30. Timár, G.; Barnett, M.R.; Fonseca, J.Q.D. Discontinuous yielding in wrought magnesium. Comput. Mater. Sci.
2017, 132, 81–91. [CrossRef]

31. Wu, P.D.; Guo, X.Q.; Qiao, H.; Lloyd, D.J. A constitutive model of twin nucleation, propagation and growth
in magnesium crystals. Mater. Sci. Eng. A 2015, 625, 140–145. [CrossRef]

32. Song, H.Y.; Li, Y.L. Effect of twin boundary spacing on deformation behavior of nanotwinned magnesium.
Phys. Lett. A 2012, 376, 529–533. [CrossRef]

33. Feng, H.; Fang, Q.H.; Liu, B.; Liu, Y.; Liu, Y.W.; Wen, P.H. Nucleation and growth mechanisms of nanoscale
deformation twins in hexagonal-close-packed metal magnesium. Mech. Mater. 2017, 109, 26–33. [CrossRef]

34. Li, B.; Ma, E. Zonal dislocations mediating {1012} twinning in magnesium. Acta Mater. 2009, 57, 1734–1743.
[CrossRef]

35. Mei, H.; Xu, S.; Liu, L.; She, W.; Li, J.; Fu, Z. Effect of twin boundary on the initial yield behavior of
magnesium nanopillars under compression: Molecular dynamics simulations. Mater. Res. Express 2018, 5,
026513. [CrossRef]

36. Zhou, L.; Guo, Y.F. Dislocation-Governed Plastic Deformation and Fracture Toughness of Nanotwinned
Magnesium. Materials 2015, 8, 5250–5264. [CrossRef] [PubMed]

37. Ovid’Ko, I.A.; Sheinerman, A.G. Mechanical properties of nanotwinned metals: A review. Rev. Adv. Mater.
Sci. 2016, 44, 1–25.

38. Lu, L.; You, Z. Plastic deformation mechanisms in nanotwinned metals. Acta Metall. Sin. 2014, 50, 129–136.
39. Kim, D.H.; Ebrahimi, F.; Manuel, M.V.; Tulenko, J.S.; Phillpot, S.R. Grain-boundary activated pyramidal

dislocations in nano-textured Mg by molecular dynamics simulation. Mater. Sci. Eng. A 2011, 528, 5411–5420.
[CrossRef]

40. Liu, Y.; Li, N.; Kumar, M.A. Experimentally quantifying critical stresses associated with basal slip and
twinning in magnesium using micropillars. Acta Mater. 2017, 135, 411–421. [CrossRef]

41. Serra, A.; Bacon, D.J. Interaction of a moving {1012} twin boundary with perfect dislocations and loops in a
hcp metal. Philos. Mag. 2010, 90, 845–861. [CrossRef]

42. Fan, H.D.; Aubry, S.; Arsenlis, A.; EL-Awady, J.A. The role of twinning deformation on the hardening
response of polycrystalline magnesium from discrete dislocation dynamics simulations. Acta Mater. 2015, 92,
126–139. [CrossRef]

43. Fan, H.D.; Aubry, S.; Arsenlis, A.; EL-Awady, J.A. Grain size effects on dislocation and twinning mediated
plasticity in magnesium. Scr. Mater. 2016, 112, 50–53. [CrossRef]

44. El-Awady, J.A.; Fan, H.D.; Hussein, A.M. Advances in Discrete Dislocation Dynamics Modeling of
Size-Affected Plasticity. In Multiscale Materials Modeling for Nanomechanics; Springer: Cham, Switzerland,
2016; pp. 337–371.

45. Cai, W.; Bulatov, V.V. Mobility laws in dislocation dynamics simulations. Mater. Sci. Eng. A 2004, 387,
277–281. [CrossRef]

46. Weinberger, C.R.; Cai, W. Orientation-Dependent Plasticity in Metal Nanowires under Torsion: Twist
Boundary Formation and Eshelby Twist. Nano Lett. 2010, 10, 139–142. [CrossRef] [PubMed]

47. Mayama, T.; Ohashi, T.; Higashida, K. Influence of Grain Boundary on Activation of Slip Systems in
Magnesium: Crystal Plasticity Analysis. Mater. Sci. Forum 2010, 654–656, 695–698. [CrossRef]

48. Hong, S.G.; Park, S.H.; Chong, S.L. Role of {1012} twinning characteristics in the deformation behavior of a
polycrystalline magnesium alloy. Acta Mater. 2010, 58, 5873–5885. [CrossRef]

49. Liu, X.Y.; Ohotnicky, P.P.; Adams, J.B.; Rohrer, C.L.; Hyland, R.W., Jr. Anisotropic surface segregation in
Al–Mg alloys. Surf. Sci. 1997, 373, 357–370. [CrossRef]

50. Tang, Y.; El-Awady, J.A. Formation and slip of pyramidal dislocations in hexagonal close-packed magnesium
single crystals. Acta Mater. 2014, 71, 319–332. [CrossRef]

http://dx.doi.org/10.1016/j.matdes.2016.06.073
http://dx.doi.org/10.1016/j.actamat.2013.09.048
http://dx.doi.org/10.1016/j.ijfatigue.2009.07.021
http://dx.doi.org/10.1016/j.commatsci.2017.02.010
http://dx.doi.org/10.1016/j.msea.2014.11.096
http://dx.doi.org/10.1016/j.physleta.2011.11.025
http://dx.doi.org/10.1016/j.mechmat.2017.03.015
http://dx.doi.org/10.1016/j.actamat.2008.12.016
http://dx.doi.org/10.1088/2053-1591/aaab91
http://dx.doi.org/10.3390/ma8085250
http://www.ncbi.nlm.nih.gov/pubmed/28793502
http://dx.doi.org/10.1016/j.msea.2011.02.082
http://dx.doi.org/10.1016/j.actamat.2017.06.008
http://dx.doi.org/10.1080/14786430903023901
http://dx.doi.org/10.1016/j.actamat.2015.03.039
http://dx.doi.org/10.1016/j.scriptamat.2015.09.008
http://dx.doi.org/10.1016/j.msea.2003.12.085
http://dx.doi.org/10.1021/nl903041m
http://www.ncbi.nlm.nih.gov/pubmed/20030357
http://dx.doi.org/10.4028/www.scientific.net/MSF.654-656.695
http://dx.doi.org/10.1016/j.actamat.2010.07.002
http://dx.doi.org/10.1016/S0039-6028(96)01154-5
http://dx.doi.org/10.1016/j.actamat.2014.03.022


Materials 2019, 12, 750 13 of 13

51. Sun, D.Y.; Mendelev, M.I.; Becker, C.A.; Kudin, K.; Haxhimali, T.; Asta, M.; Hoyt, J.J.; Karma, A.; Srolovitz, D.J.
Crystal-melt interfacial free energies in hcp metals: A molecular dynamics study of Mg. Phys. Rev. B 2006,
73, 024116. [CrossRef]

52. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics; Academic Press Professional, Inc.:
San Diego, CA, USA, 1995; pp. 1–19.

53. Honeycutt, J.D.; Andersen, H.C. Molecular dynamics study of melting and freezing of small Lennard-Jones
clusters. J. Phys. Chem. 1987, 91, 4950–4963. [CrossRef]

54. 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]

55. Agnew, S.R.; Duygulu, Ö. Plastic anisotropy and the role of non-basal slip in magnesium alloy AZ31B. Int. J.
Plast. 2005, 21, 1161–1193. [CrossRef]

56. Mishra, R.K. Plasticity of Crystals. Aeronaut. J. 1950, 54, 353–719.
57. Ando, D.; Koike, J.; Sutou, Y. Relationship between deformation twinning and surface step formation in

AZ31 magnesium alloys. Acta Mater. 2010, 58, 4316–4324. [CrossRef]
58. Nan, X.L.; Wang, H.Y.; Zhang, L.; Li, J.B.; Jiang, Q.C. Calculation of Schmid factors in magnesium: Analysis

of deformation behaviors. Scr. Mater. 2012, 67, 443–446. [CrossRef]
59. Wu, B.L.; Zhao, Y.H.; Du, X.H.; Zhang, Y.D.; Wagner, F.; Esling, C. Ductility enhancement of extruded

magnesium via yttrium addition. Mater. Sci. Eng. A 2010, 527, 4334–4340. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevB.73.024116
http://dx.doi.org/10.1021/j100303a014
http://dx.doi.org/10.1088/0965-0393/18/1/015012
http://dx.doi.org/10.1016/j.ijplas.2004.05.018
http://dx.doi.org/10.1016/j.actamat.2010.03.044
http://dx.doi.org/10.1016/j.scriptamat.2012.05.042
http://dx.doi.org/10.1016/j.msea.2010.03.054
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Simulation Results 
	Discussion 
	Conclusions 
	References

