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Abstract: Deformation twinning, i.e., twin nucleation and twin growth (or twin boundary migration, TBM) activated by impinged 
basal slip at a symmetrical tilt grain boundary in HCP Mg, was examined with molecular dynamics (MD) simulations. The results 
show that the }2111{ -type twinning acts as the most preferential mode of twinning. Once such twins are formed, they are almost 
ready to grow. The TBM of such twins is led by pure atomic shuffling events. A secondary mode of twinning can also occur in our 
simulations. The }2211{  twinning is observed at 10 K as the secondary twin. This secondary mode of twinning shows different 
energy barriers for nucleation as well as for growth compared with the }2111{ -type twining. In particular, TBMs in this case is 
triggered intrinsically by pyramidal slip at its twin boundary.  
Key words: magnesium; atomistic simulation; deformation twinning; twin boundary migration; dislocation-grain boundary 
interaction 
                                                                                                             
 
 
1 Introduction 
 

Magnesium and its alloys have been widely applied 
in many areas, especially attractive for automotive and 
aerospace applications [1]. As a typical ultra-lightweight 
material, it has extraordinarily properties such as low 
density (~1.74 g/cm3), high specific strength and 
stiffness, good high temperature mechanical properties, 
and outstanding recyclability [2]. The deformation of 
magnesium is very complex because of its hexagonal 
close-packed (HCP) structure with low crystal symmetry 
[3,4]. Thus, it often exhibits poor ductility and the plastic 
deformation mechanisms of Mg are not clearly 
understood. However, there are many twinning activities 
due to the limited number of slip systems for dislocation 
glide. For this reason, twinning is an important 
deformation mechanism in Mg alloys [5−8]. 

There are four major twinning modes related to 
plastic deformation: 〉〈 2110}1110{ , 〉〈 1110}2110{ , 

〉〈 6211}1211{  and 〉〈 3211}2211{ . To understand the 
mechanical behaviors of the Mg and its alloys, we aim to 

reveal atomic level mechanisms of deformation  
twinning. In particular, we pay our attention to the 
nucleation of micro-twins due to interaction between 
dislocation and grain boundary and the subsequent 
growth of micro-twin. 

Currently, much effort has been put into the 
mechanisms explanation of twin nucleation and growth 
in Mg, especially two dominant twinning modes, 

〉〈 2110}1110{ and ,1110}2110{ 〉〈 with 〉〈 1110}2110{  
being mentioned as the most common mode. Atomistic 
simulations are greatly used in this area [9−20]. 

WANG et al [13,14] proposed that the twin 
nucleation and growth were due to the movement of 
twinning dislocations on their twinning planes. They 
confirm the twin nucleation by pure shuffle mechanism 
and explain the growth of a twin by glide-shuffle 
mechanism [10−12]. As a result, the }2110{  twinning 
mode is the most common one for researches of twinning 
nucleation and growth. And there is controversy about 
the mechanism of twin nucleation and growth. However, 
in our simulations, two other twinning modes of the four 
major modes, }1211{  and }2211{ , were examined. The 
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molecular dynamics simulation results are hopefully 
useful to further clarify some twinning-related 
phenomena. 
 
2 Methods 
 

The sample consisted of multiple overlapping units 
along three orthogonal directions, as shown in   Fig. 
1(a). The unit was a rhomb containing e1, e2 and e3, as 
shown in Fig. 1(b). The sample contained a symmetry tilt 
grain boundary (GB). )2311(  plane was chosen as the 
GB plane and the tilt angle θ of basal planes is 47.2° (see 
Fig. 1(c)). The sample had two free surfaces in the z 
direction perpendicular to the GB normal. Periodic 
boundary conditions were used in both x and y directions 
so the sample represented a free-standing thin-film of 
“bicrystal” with a GB in between. A crack tip was 
introduced on one surface of the sample. The crack tip 
was used as a dislocation source when the slab was under 
 

 
Fig. 1 Sample description and simulation model building 
process: (a) Simulation model; (b) Atomic model; (c) Overall 
model for atomic simulation 

tensile loading. The samples were prepared by full 
relaxation at chosen temperatures (10 K in our case) in 
NPT ensemble using Nóse−Hoover algorithm with the 
MD codes LAMMPS. The sample was deformed by 
applying a homogeneous tensile strain in x direction at a 
constant rate of 108 s−1. The MD time step was set to be 
2.5 fs throughout this work. LEE’s potential was used to 
model the HCP metal Mg. Such MEAM potential was a 
modified one with angular dependence, and it has been 
widely used to study twin structures, deformation 
twinning and dislocation reactions. 
 
3 Observations 
 

In the MD simulations, the sample was subjected to 
tensile loading in the x (e1) direction. A low temperature 
was chosen for the experiment. The experiment was 
carried out at 10 K and the loading rate was 108 s−1, the 
ensemble was minimization.  
 
3.1 Interactions between dislocations and grain 

boundary 
Figure 2 shows the change of stress with applied 

strain along the x direction. With the increase of stress, 
dislocations are emitted from the crack tip and release 
concentrated stress there [21]. The interactions between 
dislocations and the symmetric tilt grain boundary can 
lead to twin nucleation at a certain applied stress [22]. 
From our simulation model, at 10 K temperature, the 
critical stress of dislocation emission from the crack tip 
is 1.443 GPa at point A (corresponding to Fig. 3(a)) in 
Fig. 2. When a dislocation is generated, the applied stress 
of this sample could be released and then continue to 
increase. The perfect dislocation moves along the basal 
plane and interacts with the symmetric tilt grain 
boundary. After four perfect dislocations are generated 
and interact with the pre-existed grain boundary, twin 
nuclei are formed at the interacting area with the highest 
1.664 GPa stress at point B (corresponding to Fig. 3(b)). 
As long as a twin is nucleated, the stress decreases 
rapidly to point C, 0.0743 GPa. This means that the twin 
nucleation can release the stress of the sample and lead 
to better deformation. After a primary twin is nucleated, 
the applied stress continues to increase and the twin 
grows. The emission of twinning dislocations from 
interactions between dislocations and grain boundary at 
each of the twin boundaries changes the direction of 
twinning planes, and there is an obvious rise of stress 
with the primary twin growth, so twin growth has a 
strengthening effect. With increasing stress and the 
changing orientation relationship from primary twin 
nucleation and growth, a secondary twin is nucleated 
later to better support the further deformation of the 
sample. 
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Fig. 2 Changes of stress with applied strain along x direction 
 

We can observe the primary and secondary twins 
clearly in Fig. 3. It contains different stages of the 
sample corresponding to different applied strains in   
Fig. 2. These dislocations glide on basal plane and will 
impinge at the grain boundary one by one (see       
Fig. 3(a)). Impinging dislocations lead to the generation 
of twin dislocations due to the interaction of glide 
dislocations with the grain boundary. Four dislocations 
are enough to nucleate a twin (see Fig. 3(b)) at 10 K 
temperature. In the meantime of twin nucleation, the 
stress decreases substantially because twin nucleation 
can release the stress of the sample to a certain degree. 
This first primary twin is }2111{  twin. With the 
growth of primary twin, many steps appear at the bottom 
of sample from the deformation caused by }2111{  
twin. Many partial dislocations are gathering together at 
the tip of this micro-twin. During this process, stress of 
grain A can be released by dislocation emission and 
transferred at the same time from grain A to grain B by 
twin nucleation at the grain boundary. When penetrating 
grain B, this twin grows wider under increasing stress 
(see Fig. 3(c)). And a secondary twin }2211{  is 
activated from these steps. Also, primary }2111{  twin 
growth makes the under surface of grain B deform 
severely, in this way, there are many steps which can be 
regarded as another dislocation source along the 
deformed area. When the primary twin grows to a certain 
degree, these steps turn into dislocations to form a 
secondary twin (see Fig. 3(d)). Then, with the growth of 
this twin, stress increases. And the secondary twin 

}2211{  is activated by the steps on the surface. 
Simulation results show that a slip dislocation can 

undergo a core reconstruction or dissociate into 
interfacial defects when meeting a particular grain 
boundary. The mechanisms of twinning nucleation and 
growth at 10 K can be explained by the generation and 
gliding of twinning dislocation and atomic shuffling 
around the twin boundary. Perfect dislocations emission 

 

 
Fig. 3 Dislocations interacting with grain boundary leading to 
twinning nucleation and growth: (a) εxx=4.867%, σxx=1.634 
GPa; (b) εxx=4.113%, σxx=0.864 GPa; (c) εxx=6.446%, σxx=0.523 
GPa; (d) εxx=8.992%, σxx=0.765 GPa 
 
comes from the crack tip along the ]0211[  direction of 
grain A. Then, this dislocation interacts with the grain 
boundary and dissociates into a partial dislocation and a 
twinning dislocation. 

As a result }2111{  twin appears as the primary 
twin while }2211{  is the secondary twin. To explain 
this result, we should further study the twin boundary 
migrations. Because the twin nucleation could not decide 
whether this twin can finally be formed. It is decided by 
the movement of twin boundary which can release the 
energy. 



Hong-lu XU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3804−3809 

 

3807

3.2 Mechanism of twin boundary migrations 
The twin boundary models of }2111{  primary 

twin and }2211{  secondary twin were built to analyze 
the methods and difficulties of twin boundary  
migrations, as shown in Fig. 4. Tensile loading stress was 
applied along the x direction to make the twin boundary 
migrate. In this way, we can observe and analyze their 
migration mechanisms and explain the difficulties for 
their formations. 
 

 
Fig. 4 Twin boundary migration models: (a) }2111{  primary 
twin migration model; (b) }2211{  secondary twin migration 
model 
 

The stress−strain curves in Fig. 5 show the 
migration process for two types of twins. After the stress 
increases to the highest point to activate the twin 
boundary migration, it falls rapidly to the lowest point 
and the stress releases. And then the stress continues to 
increase to activate another twin boundary migration. 
Such process happens repeatedly with the stress going up 
and down. From the stress curves, it can be seen that the 

}2111{  twin boundary is easier to migrate for it has a 
very low activating stress compared with }2211{  twin 
boundary. And once }2111{  twin boundary is activated 
to migrate, it moves very fast to release its stress. This 
may explain in a way that why }2111{  appears as the 
primary twin, and }2211{  is activated after the 
primary one. However, to better explain the difficulties 
to activate and form a twin, the mechanism of these twin 
boundary migrations should be discussed. 

The }2111{  twin boundary migration is explained 
by the pure-shuffle mechanism. Figures 6(c) and (d) 
shows the detailed part of Figs. 6(a) and (b) which 
represents one migration process for this twin boundary. 
The atoms marked in black lines are the same series in 
Fig. 6(c). We can see that once the grain boundary 
migrates, atoms at twin boundary just need to move very 
little to adjust their places and in this way complete the 
migration. We regard this process as pure-shuffle. The 
atomic shuffling occurs and is easily completed for it 
needs low energy to drive. 

 

 
Fig. 5 Stress−strain curves of three types of twin boundary 
migrations: (a) For }2111{ ; (b) For }2211{  
 

The mechanism of }2211{  twin boundary 
migration is because of the 〈a+c〉 dislocation type. Figure 
7 shows the migration process of atoms at the twin 
boundary. Also, the atoms marked in black lines are the 
same series during one migration. When the red atoms of 
upper row change to the lower line, they experience 
dislocations along ]3422[  and ]2011[  directions. 
The movement locus of those atoms in twinning 
boundary is a zigzag way. Two successive movements of 
each directions form a direct displacement along the 

]3211[  direction which is regarded as the type of 
pyramidal 〈a+c〉 slip. As a result, we can see that the 

}2211{  twin boundary migration is more complex than 
the }2111{  primary twin boundary migration. To 
accomplish the secondary twin boundary migration, they 
need to complete two types of dislocations along two 
directions as the pyramidal slip. This needs higher 
energy and stress to activate the migration. 

From the two migration models, the twin boundary 
migrations of primary and secondary twin are clearly 
observed. And the reason for }2111{  as the primary 
twin is because the mechanism of its twin boundary 
migration is pure-shuffle. This is an easily activated  
process during the migration. And the }2211{  twin 
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Fig. 6 }2111{  twin boundary migration (a), description of process of atomic shuffling (b) and detailed part (c, d) for (a) and (b) 
 

 
Fig. 7 }2211{  twin boundary migration 
 
boundary migration needs higher stress and energy, and 
is accomplished by pyramidal slip. This process needs 
higher stress and energy, and experiences a complex 
mechanism for twin boundary migration. As a result, the 

}2111{  twin is activated and formed as the primary 
twin and a secondary twin of }2211{  is produced 
afterwards. 
 
4 Conclusions 
 

1) The }2111{  primary twin boundary migration 
can be explained by pure-shuffle process while the 
secondary twin boundary migration of }2211{  is 
accomplished by the pyramidal slip. 

2) The mechanisms of the twin boundary migration 
can better explain the priority for the twins in the 
simulation. 

3) The twin nucleation and growth can be explained 
by atomic shuffling and glide-shuffle mechanisms. 
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摘  要：通过分子动力学模拟(MD)，研究在 HCP 镁中的一个对称倾斜晶界与基面滑移的位错相互作用而激发的

变形孪晶，也就是孪晶形核与长大的过程(或者是孪晶界迁移，TBM)。 }2111{ 孪晶在该过程中是最易被激发的孪

生模式。一旦这样的孪晶形成了，它们就会不断长大。该种孪晶界迁移是由单纯的原子位置局域调整造成的。在

模拟过程中同时也产生了二次孪晶 }2211{ 。该二次孪晶模型的孪晶形核与长大需要克服的能垒与 }2111{ 孪晶不

同。同时，二次孪晶的孪晶界迁移过程是通过孪晶界上的锥形滑移而激发的。 

关键词：镁；原子模拟；变形孪晶；孪晶界迁移；位错−晶界相互作用 
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