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Abstract 

Deformation twinning strongly affects the mechanical properties of magnesium (Mg) 

and its alloys, as well as other alloys with hexagonal close-packed (HCP) structures. The 

influence of solute atoms such as aluminum (Al), zinc (Zn), and yttrium (Y) on 

1012 twin nucleation and growth in magnesium alloys remains unclear. In this work, 

we perform energetics calculation for 1012 twin nucleation and growth using molecular 

dynamics (MD) simulations and Density Functional Theory (DFT) calculation for Mg 

and its alloys.  

For MD simulations, the embedded atom method (EAM) potential and modified 

embedded atom method (MEAM) potentials are used. All simulations are conducted with 

perfect single crystals with no defect in the initial systems. The result shows that the 

energy barrier for 1012 twin nucleation is approximately 33.5 meV/atom from the 

MEAM potential for pure Mg, which is close to 34.5 meV/atom from DFT calculation 

with 16 Mg atoms. The energy barrier for twin growth is approximately 12.2 meV/atom 

(EAM) and 18.8 meV/atom (MEAM) for pure Mg. The addition of solute atoms (Al, Zn, 

and Y) will decrease the energy barrier for twin nucleation at low concentration. In the 

Mg-12at%Al system, deformation twinning is dramatically suppressed in the MD 

simulation. The energy barrier for twin nucleation increases from 33.5 meV/atom (pure 

Mg) to 44.1 meV/atom (Mg-12at%Al), and the twin volume fraction decreases from 

72.6% (pure Mg) to 1.1% (Mg-12at%Al) at 10% tensile strain applied along the [0001] 

direction of the systems. It appears that 1012 deformation twinning is hindered by the 

addition of Al, Zn, and Y solute atoms in Mg alloys with high concentrations. Al and Y 
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atoms have a significant effect on suppressing twin nucleation. However, the effect of Zn 

contributes more to suppressing the twin growth because the energy barrier for twin 

growth increases from 12.2 meV/atom (pure Mg) to 28.9 meV/atom (Mg-3at%Zn).  

The stress-strain behavior obtained from MD simulations indicates that the addition of 

solute atoms will decrease the stress overshoot. The stress overshoot is much higher than 

the yield stress obtained from deforming the Mg single crystal in experiments. There are 

two main reasons for the above difference: 1) The initial structure in MD simulation is a 

perfect single crystal without any line defects and grain boundaries. 2) The strain rate in 

the MD simulation is 108/s, which is many orders of magnitude faster than that in the lab 

experiments. In MD simulation, the stress first increases with the strain increasing. The 

stress drops dramatically when dislocation or twin nucleates at the free surface. The 

nucleation of dislocation or twin causes the relaxation of the system and the stress drops. 

After the stress drop, a higher stress is required for twin growth in the system with a high 

content of alloying atoms. This result generally agrees with the experimental observation.  

The suppression of twinning behavior is due to the change in atomic bonding between 

Mg and solute atoms in terms of electron distribution. The charge density distribution 

results indicate that the addition of alloying atoms can change the charge density 

surrounding the alloying atoms. Electrons are more localized around Al and Y atoms. 

However, they are more delocalized around Zn atoms in Mg-Zn systems from the 

electron localization function (ELF) calculation. The crystal orbital Hamilton population 

(COHP) analysis indicates that the addition of Al and Y atoms will increase the average 

bond strength of Mg-Mg bonds in the alloy systems. The average Mg-Mg bond strength 
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increases with increasing solute concentration. The weak Zn-Zn bonding results in a 

lower energy barrier for twin nucleation in Mg-Zn systems compared to that of pure Mg. 

The strong Al-Al bonding, Mg-Y bonding, and Y-Y bonding results in the higher energy 

barriers for twin nucleation.  

The bonding analysis reveals that solute atoms significantly influence the energetics of 

1012 deformation twinning in Mg and Mg alloys. These results suggest that increasing 

the energy barrier for twinning with proper alloying may be an effective approach to 

designing and processing high strength commercial Mg alloys. 
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Chapter 1 Introduction  

1.1 Problem Statement 

The increasing demand for energy-efficient, environment-friendly, and lightweight 

engineering systems drives the search for new structural and functional materials [1]. In 

recent years, magnesium (Mg) and Mg alloys have attracted tremendous attention from 

both academia and industry due to their advantageous properties such as low density 

(1.74 g/cm3 for pure Mg), high specific strength, and good recyclability.  

Mg has a hexagonal close-packed structure (HCP). The lattice parameter a equals 

3.21 Å with a c/a ratio of 1.624. Both dislocations slip and twinning can be activated 

during deformation. The slip modes in Mg and Mg alloys have been well studied through 

both experiments and simulations [2ï13]. The (0001) basal plane is the close-packed 

plane for HCP structure, and strong basal texture is usually observed in wrought Mg and 

its alloys [14,15], see Figure 1.1. Deformation twinning is frequently and profusely 

observed in Mg and its alloys, irrespective of processing conditions. The most common 

twinning mode in HCP metals is 1012ộ1011Ớ, also called extension twinning [16]. The 

favorable loading direction to activate the extension twinning is either tension along the 

[0001] direction (i.e. c-axis) or compression perpendicular to the [0001] direction. When 

extension twinning occurs, the parent lattice will reorient approximately by 90°, an 

EBSD result showing the extension twins is provided in Figure 1.2 [17].  
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Figure 1.1 Three-dimensional stereograph of the original microstructure of rolled AZ31B 

magnesium plate. A strong basal texture along the normal direction (ND) can be seen. 

[15] 

 

Figure 1.2 EBSD maps of an AZ31 sample with different strain level: (a) the as-received 

rolled sample; (b) RD 3% compression strain sample; (c) 1012 tension twin boundaries 

are shown in red line (86.5°ộ1120Ớ±5°), which corresponds to the map of RD 3% 

compression strain [17]. (With the permission of Elsevier)  
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Because HCP structures lack enough easily activated slip systems, deformation 

twinning plays a vital role in the plastic deformation of Mg and its alloys. Kelley and 

Hosford [18] carried out plane-strain compression experiments for single crystal Mg and 

Mg alloys. Their results indicated that, when compressed along the [0001] direction, the 

stress-strain curve showed rapid work-hardening to about 44-47 ksi at 4% strain. 

However, 1012 twin was activated toward completion at ~6% compressive strain, as 

indicated by a low-stress stage when compressed perpendicular to an unconstrained 

[0001] direction, and this resulted in a sigmoidal curve, see Figure 1.3. Polycrystalline 

Mg and its alloys also presented tension-compression yield asymmetry when deformed 

along different orientations due to the strong basal texture and deformation twinning [19ï

22]. Figure 1.4 shows the mechanical behavior when ZK60 alloy samples were tested 

under tension and compression along the extrusion direction (ED) [19]. When tension 

along the ED direction, the plastic deformation is dominated by dislocation slip and 

results in a high yield stress. However, the yield stress is lower when compression along 

the ED direction. The plastic deformation under approximately 6% compressive strain is 

dominated by deformation twinning. The extension twinning can accommodate the strain 

along the c-axis. Therefore, a wrought Mg generally has a higher ductility during 

compression along the extrusion direction (ED) than that with tension along the ED, and 

the increasing ductility is related to the volume fraction of extension twins at room 

temperature [23]. However, Figure 1.4 indicates that the strain to fracture is lower in the 

sample with compression along the ED in ZK60 alloys, in which deformation twinning 

dominates the early stage plastic deformation. Therefore, other factors such as dislocation 

slips, texture, and alloying elements may affect the ductility of Mg alloys as well. 
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Figure 1.3 Stress-strain curves of pure Mg single crystals when deformed along different 

orientations [18]. (Used with permission of The Minerals, Metals & Materials Society) 

For sample E, the contribution of twinning for the plastic strain is negligible in stage I; 

the plastic deformation is dominated by deformation twinning in stage II; twinning is 

saturated, and the plastic deformation is mainly through dislocation slip in state III. 

Stage II Stage III 

Stage I 
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Figure 1.4 Mechanical responses of an extruded ZK60 alloy loaded along the ED. [19] 

(With the permission of Elsevier) 

 

To improve the mechanical properties of Mg and Mg alloys, extensive studies have 

been focused on how to reduce the yield asymmetry through various ways such as age-

hardening, twin-dislocation interaction, and twin-twin interaction [24ï26]. Chen et al. 

[27] showed that twin nucleation was suppressed by dislocations through prestraining of 

an AZ31B Mg alloy. However, the effect of twin-slip interaction on hardening was found 

negligible. They also conducted twin-slip interaction systematically in Mg through 

molecular dynamics simulations to confirm the above conclusion [28]. The results 

showed that the parent basal dislocation could be transmuted to a twin prismatic 

dislocation and vice versa when the Burgers vector was parallel to the ộ1120Ớ zone axis 

of the twins. The twin boundary acted as a dislocation sink and absorbed the parent basal 
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or prismatic dislocations when the Burgers vector was not parallel to the zone axis. 

Moreover, transmutation could occur in twin-slip interaction if the product dislocation is 

a real slip system. Yu et al. [29] studied the twin-twin interaction in single-crystal Mg, 

and they observed that one twin did not transmit across the twin boundary and into the 

other twin if these two twin variants shared the same ộ1120Ớ zone axis. However, one 

twin could only transmit into the other under some special loading conditions when two 

twin variants with different zone axis. Additionally, Chen et al.[30] showed that when 

two primary twin variants interacted to form a 60°ộπ110Ớ twin-twin boundary, the 

mobility of this boundary was limited. The contribution of the twin-twin interactions on 

the mechanical properties of Mg alloys needs to be studied further.   

Precipitation hardening is a method to improve the physical properties in Mg alloys. 

However, precipitation hardening is far less effective in Mg alloys compared to other 

structural materials such as aluminum (Al). Wang et al. [31] showed that a Mg17Al12 

precipitate could be entirely engulfed by a twin, and there was no twinning shear and 

twinning dislocation involved during twin-precipitate interaction through molecular 

dynamics simulation. Therefore, twin growth is not effectively hindered by both 

dislocations and precipitates in Mg-Al alloy. Liu et al. [32] studied twin-precipitate 

interaction in several Mg alloys using in situ transmission electron microscope (TEM). 

They observed that the extension twinning dominated in pure Mg, Mg-Al and Mg-Zn 

pillars. However, twinning was suppressed in yttrium (Y) containing alloys: WE54 with 

plate-network precipitates and GWZ931 with long-period-stacking-order (LPSO) 

lamellae. 
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With the addition of alloying elements, solid-solution hardening is another method to 

improve the mechanical properties in Mg alloys [33ï38]. The research related to the 

solid-solution hardening in Mg alloys is mainly focused on the effect of alloying 

elements on texture evolution [39], grain refinement [40], or dislocation slips [6]. Nie et 

al. [41] indicated that the Zinc (Zn) and gadolinium (Gd) solute atoms were segregated at 

1012 twin boundaries in Mg solid-solutions. Both solute atoms reduced the elastic 

strain of the twin boundary significantly, as well as the twin boundary energy. This 

segregation could affect the twinning behavior in Mg alloys. Somekawa et al. [42] 

showed that Y solute atoms weakened the basal texture and suppressed the twinning in 

Mg-Y solid solution.  

For other observed twinning modes in HCP metals, the nucleation and propagation 

are associated with twinning dislocation on the twinning plane [43ï47]. However, the 

mechanism for 1012 twinning mode is controversial. Wang et al. [48,49], Serra et al. 

[50,51], Hirth et al. [52], and Barnett [53ï55] suggested that the growth of the extension 

twin was accomplished through twinning dislocation or twinning disconnection. 

However, Liu et al. [56] and Zhang [57] indicated that the misorientation angle of this 

twinning mode could vary from 86.3° to 93°, which should not occur according to the 

classical twinning theory. Recently, Li et al. [57,58] proved that the nucleation and 

growth of 1012 twin were accomplished purely by atomic shuffles. 

In summary, the 1012 twinning plays a significant role in the plastic deformation 

of Mg and its alloy. The 1012 twinning is purely through atomic shuffling (also known 

as Li-Ma model [58]),  and there are no studies about the energetics for this twinning 
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mode for Mg solid solutions in terms of the pure-shuffle mechanism. Therefore, a 

systematic study of the energetics of 1012 twinning in Mg solid solution is necessary, 

which will be important for Mg alloy design in the future. 

 

1.2 Research Objectives 

The objective of this research is to calculate the energy barrier for 1012 twin 

nucleation and growth in Mg and Mg alloys. This information can be used for designing 

high strength Mg alloys through control 1012 twinning. First, the density functional 

theory (DFT) calculations and atomistic simulations are performed to study energetics for 

1012 twin nucleation and growth in pure Mg. Second, alloying elements such as 

aluminum (Al), zinc (Zn) and yttrium (Y) are added to study the effects of alloying 

elements on the 1012 twinning. Additionally, the effect of solute atoms on the bonding 

environment and the twinning behavior are investigated. Moreover, the effect of different 

alloy composition on the 1012 twinning behavior is studied as well. By understanding 

the mechanisms of this twinning mode and the effect of alloying elements, new insight 

for designing Mg alloys will be obtained.  

 

1.3 Research Contributions 

The main contributions achieved from this thesis are summarized as follows: 

¶ Calculated the energetics of 1012 twin nucleation and growth in Mg and Mg 

alloys through both MD and DFT. 
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¶ Understood the effect of alloying elements in 1012 twinning behavior in Mg 

alloys in terms of atomic bonding. 

¶ Correlated the simulation data with existing experimental results to guide Mg 

alloy design through controlling 1012 twinning by increasing the energy 

barriers for twin nucleation and growth. 

 

1.4 Thesis Outline 

The detail of this thesis is outlined as follows: 

In Chapter 2, an overview of the literature on deformation twinning in HCP Mg is 

presented. Both disconnection model and the Li -Ma pure shuffling model are reviewed in 

detail. The theoretical background of MD and DFT is reviewed as well.  

In Chapter 3, a detailed description of the methodology to perform the energetics 

calculation using MD and DFT is presented. The method of how to choose a suitable 

structure to obtain the energy barrier of twin nucleation energy is described. This chapter 

also includes the validation of setting up the input parameters for the calculations.  

In Chapter 4, the energetics of 1012 twinning for pure Mg and Mg-Al alloy are 

calculated through both MD and DFT. The comparison is made for MD simulations using 

EAM and MEAM potential. Detailed analysis on the obtained body-centered tetragonal 

structure in 16 atoms DFT calculation is conducted. The effect of Al solute atoms on the 

twinning behavior is studied through bonding analysis.  
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In Chapter 5, the effect of Zn and Y atoms on the 1012 twinning behavior is studied 

using similar methods shown in Chapter 4. The energetics results are compared to the 

Mg-Al system, and the difference is discussed. 

In Chapter 6, conclusions are drawn based on the calculation results. Future work is 

proposed. 
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Chapter 2 Theoretical background 

2.1 Dislocation slips in HCP Mg 

The mechanical properties of Mg are strongly affected by different dislocation slips 

systems. At room temperature, dislocation slip occurs on different crystallographic planes 

when Mg is deformed. Figure 2.1 shows the slip systems in Mg. The (0001) basal plane 

is the close-packed plane, and the basal slip is the most active slip mode with the lowest 

critical resolved shear stress (CRSS) in Mg [59]. The basal dislocation tends to dissociate 

in two Shockley partials, and a stacking fault is generated between two partials, which 

can be described as: 
1

3
2110Ÿ 

1

3
1010+SF+ 

1

3
1100.  

 

Figure 2.1 Slip systems in Mg on different crystallographic planes. 

 

For non-basal slip systems, the CRSS for prismatic slip is approximately 60~100 times 

to that of the basal slip in Mg single crystal [59]. However, the ratio of CRSS for 

prismatic slip to basal slip is significantly affected by the concentration of solute atoms in 

Mg alloys. In Mg-Zn alloys, this ratio decreases with the Zn concentration increasing. 

Unstable dissociation of the prismatic slip was observed in MD simulations [60]. Both 
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basal slip and prismatic slip have two independent slip systems, and the pyramidal <a> 

slip has four independent slip systems. According to the Von Mises criteria, at least five 

independent slip systems are required to accommodate incompatible strains at grain 

boundaries for a polycrystalline material to undergo plastic deformation without 

premature fracture [61]. Therefore, the first order pyramidal <c+a> (i.e. pyramidal I) and 

the second order pyramidal <c+a> (i.e. pyramidal II) slip systems are the only dislocation 

slip systems that can accommodate strain along the <c> direction, which are essential in 

Mg to achieve high ductility. The characteristic of different slip systems in Mg is 

summarized in Table I.  

Table I. Characteristics of common slip systems in Mg 

System Slip direction 

Number of 

independent slip 

systems 

Basal ộὥỚȟộ1120Ớ 2 

Prismatic ộὥỚȟộ1120Ớ 2 

Pyramidal I ộὥỚȟộ1120Ớ 4 

Pyramidal I ộὧ ὥỚȟộ1123Ớ 5 

Pyramidal II ộὧ ὥỚȟộ1123Ớ 5 

 

Mg has poor ductility at room temperature due to the transformation of pyramidal 

<c+a> dislocations to an immobile structure as claimed by Wu and Curtin [12]. Li et al. 

indicated that the pyramidal I dislocations interacted with basal dislocations and formed a 

sessile structure, which may impede dislocation slip and contribute to hardening [62]. Wu 
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et al. [12] showed that Y solute atoms could enhance cross-slip from pyramidal II to 

pyramidal I plane, resulting in an increase of ductility in Mg-Y alloy. They also 

conducted MD simulations with their recently developed pyramidal I favorable 

interatomic potential to study the double cross-slip between pyramidal I plane and 

pyramidal II plane [63]. Besides, an upper limit was estimated for the concentration of 

rare-earth (RE) solutes which could enhance the ductility of Mg-RE alloys.  

In addition to dislocation slips, twinning is profusely activated during deformation. 

The CRSS for 1012ộ1011Ớ extension twinning in Mg is much lower than that of non-

basal slip systems and close to that of basal slip. Therefore, deformation twinning has 

been observed extensively in experiments, which results in the asymmetric mechanical 

response in Mg and its alloys. Details will be discussed as follows. 

 

2.2 Theories of deformation twinning in HCP Mg 

In metals with hexagonal close-packed (HCP) structure, deformation twinning plays 

a crucial role due to the limited number of easy slip systems. In classical deformation 

twinning theory, there are four twinning elements to characterize a twinning mode [16]: 

(1) The first invariant plane or twinning plane K1; (2) The shear direction ɖ1; (3) The 

second invariant plane K2; (4) The conjugate shear direction ɖ2. During twinning, the 

parent lattice transforms to the twin lattice driven by homogenous simple shear. In Figure 

2.2, when a homogenous simple shear is applied on the K1 plane, the lattice points of the 

parent represented by the blue circles are moved to the positions of red circles which are 

the twin lattice points. The shear displacement of the atoms on the K1 plane is 
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proportional to the distance between the lattice points to the twin boundary. PQ 

represents a vector in the parent. After twinning, the atoms along PQ are sheared to the 

positions along PR which is the corresponding vector in the twin. PQ and PR are also the 

traces of two atomic planes of the parent and twin. Therefore, a lattice correspondence 

can be established to describe the transformation by homogenous simple shear [16]: 

v = Su      

where u and v are the corresponding lattice vectors of the parent and twin, S is a second 

rank tensor. Since the parent and twin have the same crystal structure, if vector u is in the 

basis of A, the vector v must have a relationship to A in a basis of B through rotation L. 

Therefore, the above equation can be derived as: 

Bv=LAv=LSAu=CAu     

where C is the corresponding matrix. The vector Bv in the twin lattice is related to the 

vector Au in the parent. The linear transformation relation as Bv = CAu. Thus, a unique 

lattice correspondence can be established between the parent and twin for any vectors 

[46]. 
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Figure 2.2 Illustration of twinning by simple shear. PQ and PR are vectors in parent and 

twin, respectively. 

 

For HCP metals, multiple twinning modes can be activated during deformation. All 

the HCP metals twin on the 1012 plane. There are several other twinning modes 

reported for Mg such as 1011 [64], 1013 [44],  112ρ [65].The axial ratio 

ɔ=c/a=1.624  Ѝ3 , which gives rise to the 1012 ñtension twinningò and drop to the 

1011 ñcompression twinningò for Mg [66], see Figure 2.3.  

Ű 
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Figure 2.3 1012 ñtension twinningò and 1011 ñcompression twinningò in Mg 

 

The 1012 twinning mode reorients the parent lattice in theory by 86.3° along the 

zone axis ộ112πỚ. Kihoôs [67] work described 1012 twinning mode with the following 

elements: 

K1= 1012, K2= 1012; ɖ1=ộ1011Ớ; ɖ2= ộ1011Ớ. 

Plane of shear=1210; s=‎ 3)/(Ѝ3 ɔ ; 

Since the 1012 twin is a q=4 twinning mode, where q is the number of K1 planes 

that the lattice points reach to an equivalent position after moving along the K2 plane, the 

lattice points of the parent cannot move to the twin position only through the 

homogeneous simple shear. Atomic shuffling must occur in this twinning mode. As 

indicated in Figure 2.4 [57], when the K2 (in green) reaches the position of K2ô (in blue) 

under the homogeneous simple shear, atoms 1, 2, and 3 on the basal plane of the parent 
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must be sheared to 1ô, 2ô, and 3ô position (represented by circles filled by yellow) such 

that all atoms experience the same homogeneous simple shear. However, they are not on 

the twin positions (blue dots) after the shearing. Therefore, atomic shuffles indicated by 

the black arrows are required to move these atoms to the correct twin positions. The 

lattice correspondence shows that the basal plane of the parent transforms to the prismatic 

plane of the twin, and the prismatic plane of the parent transforms to the basal plane of 

the parent in 1012 twinning. A 3-D analysis of lattice transformation is shown in Figure 

2.5. Thus, the twin lattice must be distorted in order to share the same 1012 twinning 

plane, which should be invariant (indicated by the shaded plane). However, the twin 

lattice cannot be distorted in reality; thus, the twinning plane must be distorted after 

twinning. Therefore, the 1012 twinning plane is not invariant, which makes 1012 

twinning a special twinning mode in HCP Mg.

 

Figure 2.4 Analysis of shear and shuffle in 1012 twinning. A homogeneous shear 

moves the K2 (in green) to the position of K2ô (in blue), atoms 1, 2, and 3 on the basal 
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plane of the parent are sheared to the 1ô, 2ô, and 3ô positions (represented by circles filled 

by yellow) by the same homogeneous shear. Atomic shuffles move these atoms to the 

correct twin positions (blue dots). [57] (With the permission of Elsevier) 

 

 

Figure 2.5 3-D lattice correspondence analysis of Figure 2.4. After a transformation of 

parent prismatic plane (red lattice) to twin basal plane (blue lattice), the blue lattice must 

be distorted in order to share the same 1012 twinning plane (represented by the shaded 

plane). Since the twin lattice cannot be distorted in reality, the twinning plane must be 

distorted, and thus it cannot remain invariant. [57] (With the permission of Elsevier) 
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2.3 Effect of deformation twinning on mechanical behavior of Mg and its alloys 

Magnesium and its alloys typically have lower ductility and strain to failure at room 

temperature if compared to other lightweight metals such as aluminum with FCC 

structures. The poor ductility for pure Mg is mainly due to the HCP crystal structure 

without sufficient easy activate slip systems. For wrought Mg and its alloys, they develop 

a strong basal texture. Mg and its alloys with this strong texture exhibit asymmetry in the 

stress-strain behavior during tension or compression. Barnett [53] conducted tension tests 

for extruded AZ31 samples under different temperatures. The stress-strain behavior was 

shown in Figure 2.6. The yield stress and the ultimate tensile stress were higher for 

samples with tension parallel to the extrusion direction (ED) than that with tension 

perpendicular to the ED at the same temperature. For extruded Mg alloys, the c-axis 

distribution is perpendicular to the ED. The CRSS for 1012 twin is much lower than 

that of <c+a> dislocations, and the favorable loading direction for activating 1012 twin 

is either tension along the c-axis or compression perpendicular to the c-axis. Therefore, 

1012 twinning is prevalent corresponding to the observations in Figure 2.6(b) and 

results in the lower yield stress. However, dislocation slip dominates the plastic 

deformation in the samples with tension parallel to ED. A high yield stress and ultimate 

tensile stress are observed in Figure 2.6(a).  
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Figure 2.6 Engineering stress-strain curves for AZ31 extruded bar tested (a) Tension 

parallel to the extrusion direction (b) Tension perpendicular to the extrusion direction. 

The strain rate is 0.01 sī1. [53] (With the permission of Elsevier) 
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The 1012 tension twin results in a sudden reorientation of the parent crystal 

approximately 86.3° around the ộ112πỚ (the zone axis), and generates a global misfit 

strain. The strain is calculated as Ů= 
Ѝ3-ɔ

ɔ
=
Ѝ3-1.624

1.624
=6.65% extension along the c-axis, and 

Ů= 
ɔ-Ѝ3

Ѝ3
=
1.624-Ѝ3

Ѝ3
=6.24% contraction perpendicular to the c-axis. Therefore, the maximum 

tensile strain is approximately 6.65% that 1012 tension twinning may accommodate, 

which allows further straining for Mg. Therefore, a higher strain to failure is observed in 

Figure 2.6(b) for tests under 100°C. 

Twinning and detwinning were observed in pure Mg under cyclic loading in fatigue 

tests by Murphy-Leonard et al. [68]. The loading direction was parallel to the ED. They 

calculated the twin volume fraction using the initial basal {0002} peak intensity of the 

parent grain in the normal direction and the basal peak intensity in the loading direction 

at maximum compressive strain during the cycle. The peak intensity obtained from in-

situ high energy X-ray diffraction, and the basal peak intensity in the loading direction at 

maximum compressive strain was the twin X-ray peak intensity. The result was shown in 

Figure 2.7. The twin volume fraction was nearly doubled in the first five cycles, then 

gradually increased to near completion of twinning at 100 cycles. The stress for twin 

initiation decreased and detwinning exhaustion increased with cycles in the first 100 

cycles. EBSD results indicated that twins formed in the same locations during the 

consecutive cycles, and residual twins remained after 100 cycles. A detailed study for the 

first several cycles for pure Mg mechanical behavior was conducted by Liu et al. using 

in-situ transmission electron microscope (TEM) [69]. In Figure 2.8, the twin boundary 

position was shown using TEM dark field imaging. Non-planar twin boundary was 
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shown in Figure 2.8(f), and this was attributed to the B/P interface on the twin boundary. 

The stress-strain behavior for each cycle was shown in Figure 2.9. The yield stress for 

twinning was decreased with increasing cycles, while the yield stress during detwinning 

decreased with increasing cycles. The yield stress for detwinning was higher than that of 

twinning. The decrease of the yield stress for twinning indicates other plastic deformation 

systems may be activated.  

 

Figure 2.7 (a) The X-ray peak intensity for twin (at the maximum compressive strain). (b) 

Twin volume fraction (at the maximum compressive strain) calculated at both 0.75% and 

0.52% total strain amplitudes. [68] (With the permission of Elsevier) 
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Figure 2.8 TEM dark field images. (a) Undeformed sample prepared by focused ion beam 

(FIB). (bïf) At the end of each loading cycle. The twin boundary is marked by a pair of 

white arrow heads. [69] (With the permission of Elsevier) 

 

Figure 2.9 Engineering stress-strain curves corresponding to the five consecutive cyclic 

loadings of the sample in Figure 2.8. (a) 1-Tension; (b) 2-Compression; (c) 3-Tension; 

(d) 4-Compression; (e) 5-Tension. The stress value at 0.5% offset strain (red lines) was 

defined as the yield stress. (f) All five curves are plotted in the same axis for comparison. 

[69] (With the permission of Elsevier) 

 

2.4 Texture evolution dur ing deformation twinning  

As-cast Mg and Mg alloys typically have random texture, while most wrought Mg 

alloys have strong basal texture after processing. The majority of the basal planes are 
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parallel to the fabrication direction, i.e., the (0001) basal plane is parallel to the extrusion 

direction or rolling direction. When compression applied to the extrusion direction of Mg 

and Mg alloys, a sigmoidal stress-strain curve is (shown in Figure 2.10) often obtained, 

and deformation twinning is the major plastic deformation mode at low strain / low stress 

stage [14]. The maximum strain accommodated by 1012 tension twin is approximately 

6.5%, and the amount of strain that tension twin accommodated is proportional to the 

twin volume fraction. Chen et al. [14] used electron backscatter diffraction (EBSD) to 

measure the twin volume fraction for extruded AZ31 alloys under compression at low 

stress stage. The texture evolution was shown in Figure 2.11. The twin volume fraction 

was generally increased with the applied plastic strain. At low strain, twins were 

nucleated at the grain boundary. As the strain increased, twins were nucleated at both 

grain boundary and inside the grain, then grew through the grain. At 6.65% strain, the 

parent grains were almost entirely twinned. They also calculated the contribution of 

twinning to the plastic strain. When the strain was less than 1%, the contribution of 

twinning was very small. After 1% strain, the contribution of twinning to the plastic 

strain was mainly due to twin growth. This result was similar to the observation in [69]. 

Although the extension twinning contributes 80~90% plastic deformation at low stress 

stage, the rest 10~20% of plastic deformation came from dislocation slip. The 

contribution from dislocation slip may come from the pre-existing mobile dislocations or 

newly activated dislocations.  
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Figure 2.10 Stress-strain curve under monotonic compression along the extruded 

direction (ED) for AZ31B. [14] (With the permission of Elsevier) 

 

Figure 2.11 EBSD maps at the selected six plastic strain levels (indicated by red dots in 

Figure 2.10). The corresponding plastic strain is (a) Ůp = 0.25%; (b) Ůp = 0.71%; (c) Ůp = 

1.37%; (d) Ůp = 2.47%; (e) Ůp = 3.72%; and (f) Ůp = 6.65%. At Ůp = 0.25%, some twins 

have already nucleated. The twin volume fraction increases with increasing plastic strain. 

[14] (With the permission of Elsevier) 
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For a cast AZ31 Mg alloy, the stress-strain behavior and strain hardening rate curve 

were shown in Figure 2.12 from the study by Park et al. [20]. Unlike wrought AZ31, no 

sigmoidal shape stress-strain behavior due to the random texture of cast Mg alloy. 

However, tension-compression yield asymmetry was still observed. After yielding, the 

strain hardening rate decreased. The EBSD results are shown in Figure 2.13. In the 

tension samples, multiple twin variants were activated. However, only one twin variant 

pair was activated in compression samples. The lower tensile yield strength was due to 

more grains with higher Schmid factors in the tension simples. Twin-twin interactions in 

magnesium was detailed studied by Yu et al. [29], and it was shown that Y affected the 

mechanical behavior for Mg and Mg alloys. 

 

Figure 2.12 Mechanical behavior of a cast AZ31 Mg alloy under tension and 

compression: (a) true stressïstrain curve and (b) strain hardening rate curve. [20] (With 

the permission of Elsevier) 
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Figure 2.13 EBSD observations of AZ31 Mg samples. (aïd) sample with tension to 4% 

strain and (eïh) compression to 2% strain: (a, e) inverse pole figure map; (b, f) the region 

marked by the yellow rectangle in (a) and (e), respectively; (c, g) crystallographic 

relationship between the parent and the twin variants; (d, h) crystallographic orientation 

of the parent relative to the twin variants. The loading direction is perpendicular to the 

image plane. [20] (With the permission of Elsevier) 

 

Liu et al. [70] indicated that the morphology of tension twin in fine grain (FG) 

samples and coarse grain (CG) samples were different in hot rolled AZ31. The EBSD 

maps were shown in Figure 2.14. The twin volume fraction was estimated to be 10% for 

FG sample and 15% for CG sample. In FG sample, many twins were connected to form 

long twin chains or twin bands. However, crossed twin patterns were observed in CG 

sample. They also found that the yield stress difference for the FG and CG sample was 

very small, and the CG sample achieved much higher elongation. When twin nucleated at 
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the grain boundary, dislocations or twins nucleated in the neighboring grains to 

accommodate the misfit strain at grain boundaries. The back stress, which had to be 

overcome by twins, was lower in FG sample than the back stress in CG sample, which 

led to the lower yield stress. 

 

Figure 2.14 EBSD maps of the tensioned samples with 4% strain: (a) Fine grain and (b) 

Coarse grain. The loading direction is along the processing direction (PD) in (a), and 

along the normal direction (ND) in (b) [70] (With the permission of Elsevier) 
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2.5 Impact of deformation twinning on ductility in Mg and Mg alloys 

The ductility and formability of Mg and Mg alloys are strongly determined by factors 

such as initial texture, strain rates, and deformation temperature. For plastic deformation, 

pyramidal <c+a> dislocation and deformation twinning are important deformation modes 

to accommodate the strain along c-axis.  Among the above deformation modes, 1012 

twinning has the lowest CRSS, which is easy to be activated. Typically, a wrought Mg 

sample with strong basal texture can be entirely twinned at approximately 6.5% 

compression strain along the extrusion direction and then achieves high strain to fracture. 

The tension twinning was slightly temperature-dependent in single crystal Mg, while the 

CRSS for compression twin and pyramidal II <c+a> slip decreased with increasing 

temperature [71]. Therefore, high ductility was obtained at a relatively high temperature. 

It should be noted that though extension twinning positively contributes to the ductility at 

room temperature, low yield stress and yield asymmetry due to extension twinning limits 

the application of Mg and Mg alloys. 

Lapovok et al. [72] achieved superplastic ductility in ZK60 alloy with a low strain rate 

at 220°C. The sample was prepared through six passes equal channel angular pressing 

(ECAP) to achieve a bimodal grain structure. Tension twins were observed in the first 

two passes, and then the twinning activity decreased for the rest four passes. 

Approximately 2040% tensile elongation obtained with the strain rate of 3 × 10-4/s. The 

contribution of twinning to the elongation should be very small. Zeng et al. [73] obtained 

super-formable pure Mg by extrusion at 80°C. The mechanical behavior was shown in 

Figure 2.15. The extruded bar at 80°C achieved over 80% height reduction without 
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fracture, whereas the extruded bar at 400°C fractured at about 20% height reduction. 

Almost no strain hardening was observed for the sample extruded at 80°C. The EBSD 

analysis was shown in Figure 2.16. The grain size was much larger for the extruded 

sample at 400°C. Twins were obtained under compression and rolling, which contributed 

to the plastic strain. However, twinning became less significant for the deformation inside 

grains when the grain size was reduced to approximately a micron.  

 

Figure 2.15 The mechanical behaviors for room temperature compression of specimens 

extruded at 80 and 400 °C. [73]  
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Figure 2.16 Microstructures before and after deformation. (aïe) EBSD maps for the 

microstructure of specimens extruded at 400 °C. (fïj) transmission Kikuchi diffraction 

maps for the microstructure of specimens extruded at 80 °C. (a, f) as-extruded state, (b) 

after 20% and (g) 50% compression, and (c) after 20% and (h) 50% cold rolling. (d, e, i, 

j) Maps showing orientation spread in individual grains for specimens corresponding to 

(b,c,g,h), respectively. Scale bars in (aïe) are 100 µm, and 2 µm in (fïj). [73] 
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2.6 Effect of alloying elements on deformation twinning 

In the previous section, Mg and Mg alloys can achieve superplasticity and formability. 

However, tension-compression yield asymmetry still remains as an issue. Since this issue 

is caused by the strong basal texture and the extension twinning, adding alloying 

elements may be a feasible way to weaken the texture or suppress twinning. 

Adding alloy elements such as Al, Zn, and Y to Mg can form secondary phase or 

precipitates. Precipitates of metallic compounds produced through aging solid solutions 

impede the movement of dislocations in the crystal [74ï77]. Therefore, precipitate 

hardening can effectively increase mechanical properties in other structural materials 

such as Al alloys or steel. Basal slip and 1012ộ1011Ớ extension twinning are the two 

easy deformation modes in Mg [14,46,53,61,78,79]. Therefore, precipitates strengthening 

for Mg should consider the interactions of precipitates with both dislocations and 

migrating twin boundaries. However, precipitate hardening of Mg alloys is far less 

effective than that of Al alloys, which has face center cubic (FCC) structures. One reason 

is the dislocations do not effectively shear the precipitates because the spacing between 

the precipitates is not small enough. Thus, the strengthening effect is limited [80]. 

Recently, Liu et al. [32] studied twin-precipitate interaction using in-situ TEM on micro-

pillars. They observed that the dispersed particles (rods or basal plates) were ineffective 

in suppressing TB migration. Wang et al. [81] also observed similar behavior that 

precipitates in a Mg-5Zn alloy could not suppress twinning during micropillar 

compression. However, the yield stress increased with the presence of the precipitates 

and no twinning was detected in WE54 pillar with plate-network [32].  
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Solid solution hardening through alloying elements also affects the mechanical 

behavior of Mg alloys. For Mg-Al alloys, Bohlen [82] conducted tension/compression 

experiments for AZ series Mg alloys, indicated that Al  led to a decrease in tension-

compression asymmetry, and the twinning activity decreased with increasing content of 

aluminum. Somekawa et al. [83] showed that the addition of Al solute atoms suppressed 

grain boundary migration as well as twin formation. They also conducted another study 

[42] indicating that the Hall-Petch relation was not influenced substantially by the 

alloying elements (Y, Zn). The basal texture was significantly weakened as Y adding, 

shown in Figure 2.17. After loading, lamella tension twin bands were observed in pure 

Mg, Mg-1at%Zn and Mg-1at%Y samples. The twin volume fraction seems no difference 

in pure-Mg and Mg-1at%Zn samples at 4% strain, see Figure 2.18. However, it was 

decreased significantly in Mg-1at%Y, showing that the addition of Y suppressed the 

tension twinning. Stanford et al. [65] obtained similar results that Y suppressed twinning. 

Additionally, they proposed that Y strongly hardened the extension twin as a result of 

energetic cost related to the atomic shuffling of Y atoms. 

 

Figure 2.17 EBSD observation for the initial microstructures of the alloys with an 

average grain size of around 15 µm: (a) pure magnesium; (b) Mgï1at%Zn; (c) Mgï
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1at%Y alloys. ED is the extrusion direction, and TD is the transverse direction. [42] 

(With the permission of Elsevier) 

 

Figure 2.18 EBSD observation for samples with compression along the extrusion 

direction. (a) pure magnesium with 1% strain; (b) pure magnesium with 4% strain; (c) 

Mgï1at%Zn with 4% strain; (d) Mgï1at%Y alloy with 4% strain; The blue lines indicate 

the extension twinning analyzed by the OIM software. [42] (With the permission of 

Elsevier) 
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2.7 Twin nucleation in Mg 

Orowan first introduced a homogeneous twin nucleation model, which considered 

twins grow from a lenticular-shaped twin volume under uniform twinning shear [84]. 

However, the stress to induce twinning by homogeneous nucleation in perfect crystals 

was very high [16]. Therefore, heterogeneous twin nucleation was proposed, such as 

nucleation at a grain boundary or a dislocation. The nucleation stress was much lower at 

these locations.  Most heterogeneous twin nucleation models consider stacking faults 

from the dissociation of partial dislocations as the twin nucleus. Thompson and Millard 

proposed a dislocation mechanism for twin growth [85]. While this model was later 

proved to be inappropriate for 1012 twinning of Mg through DFT calculation by Wang 

et al. [48]. They showed that a stable twin nucleus containing multiple twinning 

dislocations and partial dislocation with opposite signs by using simulations. However, 

Kim et al. [86] indicated that no zonal dislocations were involved in the formation of 

1012 twin in their MD simulations for [1120] textured nanocrystalline Mg. Capolungo 

and Beyerlein [87] proposed a twin nucleation model by a nonplanar dissociation of slip 

dislocation in a pile-up of <a> dislocations using continuum linear elasticity dislocation 

theory. Wang et al. [49] proposed a pure-shuffle nucleation mechanism for 1012 twin 

in Mg via DFT and MD simulation. Li and Ogata [88] also showed that the twin 

nucleation by shuffling-controlled was likely to be true through ab initio calculation. 

Khosravani et al. [89] observed that 1012 twin nucleated at a grain boundary or twin 

nucleation was triggered by another twin from the neighboring grain in polycrystalline 

AZ31 Mg alloy. They defined the above two types of twin nucleation as slip-assisted and 
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twin-assisted nucleation. At high angle grain boundary, the lattice misfit was high, which 

made the <a> dislocation harder to glide from one grain to another grain. Therefore, the 

dislocations were accumulated at this grain boundary with a high local stress. To 

accommodate the stress, the slip-assisted twin was nucleated at this grain boundary.  

 For extension twinning in Mg, multiple twin variants could be activated as tension is 

applied along the c-axis or compression perpendicular to the c-axis. For c-axis tension, 

the six 1012 twinning planes have the same Schmid Factor. The possibility to nucleate 

each twin variant was equal. However, high Schmid Factor twin variant was supposed to 

nucleate first, and then the low Schmid Factor twin variant nucleated later as the stress 

reached the CRSS. However, Lou et al. [90] indicated that the 1012 twinning behavior 

did not fully follow the Schmid law in the dynamic plastic deformation of hot-rolled 

AZ31. Some low Schmid Factor twin variants nucleated first during deformation. This 

may relate to the pure-shuffle twin nucleation in Mg. 

Ghaziseidi et al. [13] indicated solute Al and Zn atoms in Mg Alloys could 

strengthen the twinning dislocation on 1012 due to the solute-twin interaction. Thus, 

the critical resolved shear stress increased owing to the strengthening of twinning 

dislocation. Therefore, twin nucleation was suppressed. Guo et al. [91] studied the role of 

Al content on deformation behavior for hot rolling Mg-Al -Zn alloys through experiments, 

and found that the formation of lamellar twin structure was hindered when Al content 

was high. Robson et al. [92] showed that the rod-shape precipitate formed in Mg-

5wt%Zn on aging could increase twin nucleation. Sandlobes et al. [93] studied the non-
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basal deformation mechanism for Mg and Mg-Y alloy, indicated that the addition of Y 

changed the critical shear stress for compression and secondary twin nucleation.  

 

2.8 Twin growth in Mg  

For most twinning modes, twin growth is mediated by twinning dislocation. A 

twinning dislocation is observed as a step in a rational coherent twin boundary. For face-

centered cubic metals, twin nucleation and propagation are controlled by Shockley partial 

dislocations on the close-packed {111} plane, which is the twinning plane [94]. However, 

twinning does not occur on the close-packed (0001) plane for hcp metals. Li and Ma [64] 

observed that 1011 twin boundary in Mg migrated through the nucleation and slip of 

zonal dislocations along with atomic shuffling via MD simulation. Wang et al. [95] 

identified the elementary twinning dislocations were two-layer twinning dislocation for 

both 1011 and 1013 twinning models. 

The fact that 1012 twin boundaries were always incoherent led to the proposition 

of ñtwinning disconnectionò by Serra et al. [50]. The Burgers vector of the disconnection 

shown in Figure 2.19(b) is: 

b=t(ɚ) ï t(µ) 

where t(ɚ) and t(µ) are the transitional vectors of the two lattices. Twinning dislocations 

are unit disconnections responsible for twinning [52].  

Serra and Bacon [50] apply this concept to the migration of twin boundaries in 

1012 twinning mode. In their simulations, they define a Burgers vector bp/q for the step, 
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p and q represent the step height h(ɚ) and h(Õ) in units of d spacing of the twin boundary. 

Therefore, b1/0 means a basal dislocation. The most crucial defect is b-2/-2, which is the 

twinning dislocation shown in Figure 2.20. When a shear strain applied, this defect is 

very mobile. Any defects with the Burgers vectors, b2n/2n can decompose into multiple 

twinning dislocations -nb-2/-2 owing to symmetry. They claim that a basal dislocation 

moves towards and can be absorbed by a twin boundary, which results in a dissociation 

as, 

b1/0 = mb2/2 + b-(2m-1)/-2m 

They observe that most disconnection after dissociation is b-5/-6. Therefore, a basal 

dislocation decomposes to three twinning dislocation and remains with a disconnection, 

shown in Figure 2.21. When the stress is further applied, the disconnection serves as a 

source for new twinning dislocation loops going outward to migrate the twin boundary 

for 2d(101Ӷ2). See Figure 2.22. 

The b-5/-6 defect region shown in Figure 2.22, also known as basal-prismatic interface 

(B/P interface or disclination), is connected to two coherent twin boundary segments. 

Following the twinning disconnection, El Kadiri et al. [96] showed that the 1012 twin 

boundary acted as an effective sink of basal dislocations. They presented a growth model 

for the 1012 twinning showing how a twin boundary entirely converted the basal 

dislocation in B/P facet and the B/P facet did not obstruct the glide of twinning 

dislocation. The B/P facet contained a residual defect and a Burgers vector content of 

disclination dipole. The detailed illustration was shown in Figure 2.23. It should be noted 

that in the above growth model, multiple Burgers vectors were defined on the same twin 
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boundary, i.e. disclination, twinning dislocation b2/2
TB

 , residual defect br
4BP

and a Burgers 

vector content of disclination dipole f0
4BP

. Physically this is impossible because a Burgers 

vector corresponds to an exclusive twinning shear, but a twinning mode can only have a 

unique value of twinning shear. 

 

Figure 2.19 (a) Schematic view for matrix Õ and product ɚ crystals. The incompatible 

step on each crystal surface results in the formation of disconnection. (b) The crystal 

surfaces are bonded to form coherent terraces bounding a disconnection. A circuit that is 

clockwise about the sense vector ɝ and closed in the distorted crystal is indicated. [52] 

(With the permission of Elsevier) 
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Figure 2.20 ộ1120Ớ view of the dichromatic pattern associated with the 1012 in 

titanium. b1/0 means a basal dislocation. b-2/-2 is the twinning dislocation. [50] (With the 

permission from Taylor & Francis) 
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Figure 2.21 Cutting and joining procedure matrix µ and product ɚ crystals. The interface 

defect, formed during the above procedure, associated with a dislocation defined as b-5/-6. 

[50] (With the permission from Taylor & Francis) 
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Figure 2.22 The b-5/-6 disconnection as a new source for twinning dislocation through 

Serra-Bacon mechanism. When a stress is applied, new twinning dislocations expand 

outwards, and the twin boundary moves a distance of 2d(101Ӷ2) for each one created. [50] 

(With the permission from Taylor & Francis) 
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Figure 2.23 A schematical illustration for a growth model of 1012 twinning (a) The 

twin boundary (TB) meets with two basal dislocations. (b) The TB becomes a TB-BP-

PB-TB facet after interacting with the basal dislocation at early stage. The B/P facet 

containing a residual defect br
4BP

and a Burgers vector content of disclination dipole f0
4BP

. 

(c) The elimination of the PB facet, followed by the growth of the BP disclination dipole. 

The residual defect changed to br
5BP

, and the Burgers vector content of the disclination 

dipole changed to f0
5BP

. (d) An arbitrary twinning dislocation (TD) gliding toward the BP 

facet. (e) TD absorbed by the first BP facet. The increase in disclination energy caused 

the lower disclination to move up and thus emit a TD. (f) The emitted TD absorbed by 

the second BP facet. (g) The TD went across the facets eventually [96] (With the 

permission of Elsevier) 
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Li and Ma proposed the atomic shuffling mechanism for 1012 twinning mode by 

molecular dynamics study. They found that a preconstructed ñdouble stepò on the 

twinning plane was immobile as a shear strain was applied, which means the steps have 

no dislocation characteristic nor constitute a ñzonal dislocationò. The lattice 

transformation showed a basal/prismatic correspondence. The above structure 

reorientation was mediated by atomic shuffling. In [57], Li proved, both computationally 

and experimentally, that the twinning shear for 1012 twinning mode must be zero 

because of the breakdown of invariant plane strain condition. In Figure 2.24, the twin 

boundary consists of coherent segments parallel to the twinning plane, and the 

basal/prismatic segments which satisfy 101πP||(0002)T or (0002)P|| 101πT. During twin 

boundary migration, the above two parallelisms must remain unchanged. Since a 

twinning mode cannot have multiple values of twinning shear s. Therefore, s should 

always be zero and the Burgers vector of any twinning dislocation must be zero to 

maintain the two parallelisms. The twin boundary is incoherent; however, both the 

coherent segments and B/P segments of twin boundaries should have the same Burgers 

vector which must be zero. Transmission electron microscopy results indicate that the 

misorientation angle can be either close to theoretical value 86.3° or highly deviate from 

that as 93°, see Figure 2.25. The 93° misorientation angle lead to a 7° split in the 

twinning plane between the parent and twin. The invariant plane strain condition breaks 

down. Shuffles can be adjusted to move the parent atoms to the twin positions although 

the misorientation is not the theoretical value.  
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Figure 2.24 When the misorientation angle equals 90°, the twin boundary (red dashed 

line) contains both coherent TB segments and basal/prismatic interface. The Burgers 

vector for the twinning dislocation must be zero on the twin boundary to keep the two 

parallelisms between basal and prismatic. [57] (With the permission of Elsevier) 
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Figure 2.25 TEM micrograph of 1012 twin boundary deformed in AZ31 Mg alloy. (a) 

The misorientation angle is close to 86.3°, and the twin boundary consists of coherent 

segments and basal/prismatic segments. (b) The misorientation angle is 93°, and twin 

boundary is composed of nano-facets of B/P interfaces. [57] (With the permission of 

Elsevier) 

 

2.9 Molecular Dynamics simulations 

Molecular dynamics (MD) simulation is a powerful technique to solve the classical 

many-body problem at the atomistic level. Unlike the DFT calculation dealing with the 

Schrödinger equation at the electronic scale, the motion of the particles is governed by 

Newtonôs equation of motion in MD simulation.  

ά
Ὠὶ

Ὠὸ
Ὂ 



47 

 

The above Newtonôs equation is for one particle. If a system contains N particles, 

particles will interact with each other through the forces acting on the particles. It will be 

very computational expensive to solve the above equation for an N particle system. With 

the ñvelocity Verlet methodò [97], the MD simulation becomes a convenient and 

powerful tool to simulate both equilibrium and non-equilibrium physical phenomena.  

A typical MD simulation using the velocity Verlet method as following steps [97]: 

(1) Define the initial position and velocity of all particles. 

(2) Calculating the forces on the particles. 

(3) Calculating the positions and velocities of all particles at the next time steps. 

(4) Repeat the procedures from step 2 

MD simulation is widely used in the research on many fronts. Nogaret [98] study the 

edge and screw <c+a> dislocation in Magnesium. Chen et al. [30] and Sun et al. [99] 

investigate the twin-twin interactions in deformed magnesium and magnesium alloys. 

MD simulation can also be applied to study mechanical behavior such as fracture, 

surfaces. [100] 

Interatomic potentials are crucial for MD simulation to accurately describe the 

energetics and behavior for the materials. Embedded-atom method (EAM) [101] potential 

is perhaps the most important model in MD simulations for Mg alloys. The total energy E 

of a system of atoms is estimated by the following equation in EAM, 

Ὁ ВὊ”ȟ В ‰ Ὑȟ     

Where Ὂ is the embedding energy, ‰  is the short-range pair potential and Ὑ  is the 

distance between atom i and atom j. ”ȟ is the total host electron density at atom j. The 
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ground-state properties can be calculated from the above equation. The details of EAM 

was shown in [101]. The commonly used EAM Mg potentials were developed by Liu et 

al. [102] and Sun et al. [103]. Liuôs EAM can describe the bulk structural properties, 

stacking fault energy and thermal properties of Mg as well as surface segregation for Mg-

Al alloy. It also performs well in twin-slip interaction [28] and twin-precipitate 

interaction [31] study in Mg alloys. Sunôs EAM has a better description of mechanical 

behavior at high temperatures. When angular dependence is considered for electron 

density in the EAM framework, this leads to the modified EAM potential (MEAM). 

Ahmad et al. [63,104] developed pyramidal I favorable and pyramidal II favorable 

MEAM potentials to study the pyramidal slips in Mg which closely related to the 

ductility of Mg under deformation [12]. 

There is no EAM or MEAM potential calibrated specially for describing the twinning 

behavior in Mg and Mg alloys. Therefore, different twinning behaviors observed in MD 

simulation with different potentials will be expected.  

 

2.10 Density Functional Theory 

Density Functional Theory (DFT) is a very powerful and useful method used in 

many scientific fields [105]. In quantum mechanics, the Schrödinger equation describes 

the wave function or state function of a quantum system [106]. The solution to the 

Schrödinger equation is a wave function to describe the quantum behavior of a system. 

However, the full wave function for a single molecule of H2O is a 54-dimensional 

function. It is extremely complex and computationally expensive to solve even for this 
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one molecule system. The most important role of DFT is to build a connection between 

the wavefunction to the electron density. The Hohenberg-Kohn theorem shows that the 

ground-state energy from the Schrödinger equation is a unique functional of the electron 

density. Then, the 3N-dimensional many-body wavefunction problem is reduced to a 

three-dimensional electron density problem. With the Born-Oppenheimer approximation 

and the Kohn-Sham equation, DFT calculation could be performed through a good 

approximation of the exchange correlation potential. Local density approximation (LDA) 

was first used to define the approximate exchange-correlation functional. However, the 

solution obtained from LDA was not the solution to the Schrödinger equation because it 

is not the true exchange-correlation functional. Another approach is the generalized 

gradient approximation (GGA) [107]. This method considers both the local electron 

density and the local gradient of the electron density. DFT calculations with GGA are 

found to generate good results which are satisfactorily consistent with experimental data.  

For HCP metals, DFT calculations are applied to study the generalized-stacking-fault 

energy, surface properties, dislocation slips, and related fields. Considering the 1012 

twinning mode, Wang et al. studied 1012 twin nucleation via DFT [48,49], showing a 

pure-shuffle mechanism of twin nucleation as a crystal rotation of 90° along [1120] zone 

axis, the energy barrier is approximately 28 meV/atom, shown in Figure 2.12; Nieôs [41] 

work focuses on the alloy elements segregation on the twin boundary. 
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Figure 2.26 The DFT calculation for crystal rotation via a pure-shuffle mechanism. (a) 

The atomic structures for different strains, 0, 0.075 and 0.065. (b) Energy profile with the 

applied strain. (c) Tensile stress with applied strain. [49]  

 

The nudged elastic band (NEB) is a method to find saddle points and minimum 

energy paths (MEP) of the atomic-scale process in materials system. When the initial and 

final states are set up, NEB works by relaxing the intermediate images along the reaction 
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path. The general NEB algorithm is shown in Figure 2.13 [108]. The NEB force on image 

i is 

Fi
NEB=Fi

S||
+Fi
ᶯṶ 

Fi
ᶯṶ=Fi

ᶯ-(Fi
ᶯĀŰi)Űi 

Fi
ᶯṶ is the force due to the gradient of the potential perpendicular to the path; Fi

S||
 is the 

spring force. Fi
ᶯ is the potential force. Űi is an up-winding tangent defined by the adjacent 

image with higher potential energy [109]. The NEB force converges the atoms to the 

MEP. 

 

Figure 2.27 The NEB force projections for an image i and the climbing image l [108] 

(With the permission of AIP Publishing) 

The NEB method is applicable to both DFT calculation and atomistic simulation. Pei 

et al. [110] studied twin boundaries structures with NEB and indicated that the reflection 

twin boundaries were more stable in Mg, Ti and Y compared to glide twin boundaries. Li 
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and Ogata [88] performed NEB calculation to study the Mg twin nucleation. Their results 

showed the energy barrier was approximately 17 meV/atom, which was less than that in 

[49].  Figure 2.14 shows the atomic configuration for MEP at 0 GPa Cauchy shear 

stresses along twinning direction. In our simulations, the twin nucleation energetics will 

be calculated using the DFT-NEB method. 

With the DFT calculation, charge density distribution is used to explain the bonding 

nature between the atoms. Choudhuri et al. [111] performed the DFT calculation and 

found that the rare-earth element neodymium (Nd) in Mg-Nd-Zn alloy can increase the 

[0001] bond stiffness, which resulted in the improvement of high temperature creep 

response. Shang et al. [112] calculated the generalized stacking fault (GSF) energy in 

Mg-based dilute alloys. They showed that charge gained around Ti and Al alloying 

elements result in higher GSF values, and the spherical distribution of the charge around 

Cu caused the lower shear strength in Mg-Cu alloy compared to Mg-Al.  

Dronskowski et al. [113] derived the crystal orbital Hamilton populations (COHP) 

on the basis of a band structure energy. The COHP diagram can present the bonding, 

non-bonding, and antibonding energy region. Moreover, the integral of a COHP (ICOHP) 

diagram under fermi-level gives the information of a chemical bond between two atoms. 

Mahjoub et al. [114] used the above methodology to study the solute segregation on the 

specific grain boundary. They revealed that Zr had strongest bonding with matrix Mg 

compared to Gd and Zn, resulted in the highest segregation energy in the (1011) 

boundary.  
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Figure 2.28 Atomic configuration change along the MEP at 0 GPa shear stress along 

twinning direction. [88] (With the permission of Elsevier) 
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Chapter 3 Simulation methodology 

3.1 MD simulations 

The MD simulation system has a dimension of 321Å (X) ×333Å (Y) ×521Å (Z), 

which contains 2.4 million atoms. Periodic boundary condition was applied to the Z- 

[0001] direction, while free surfaces were used in the other two directions. The tensile 

strain was applied to the [0001] direction with a strain rate of 108 /s to activate 1012 

twinning. The timestep was 1 fs, and the simulations were performed under 5 K with 

NVE ensemble for both relaxation and deformation. Figure 3.1 shows the initial structure 

for pure Mg before relaxation. Fractions of pure Mg atoms will be substituted with 

alloying atoms randomly based on the concentrations of Mg-X alloys.  

 

Figure 3.1 The initial configuration of pure Mg for MD simulation. The basal layer atoms 

are colored in red and blue alternately. 

 

Z [ ]  Y [ ] 

 X [ ]  ʁ  ʁ
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Embedded atom method (EAM) [101] potential and modified embedded atom method 

(MEAM) [115] potentials were used for the atomistic simulations with LAMMPS codes. 

There are several interatomic potentials for the Mg-Al system. In this study, Liuôs [102] 

EAM potential and Dickelôs [116] MEAM potential were selected. Liuôs potential has 

been used in many MD simulations for studying the deformation behavior of Mg and 

Mg-Al alloys [28,31,117ï119]. Dickelôs MEAM potential is a newly developed Mg-Al -

Zn ternary MEAM potential, which worked well in estimating the twin boundary energy 

and other physical properties in Mg and Mg-Al alloys [120]. Four different Al 

concentrations were selected: Mg-3at%Al, Mg-6at%Al, Mg-9at%Al, Mg-12at%Al. 

Only two MEAM potentials are available for Mg-Zn system: Dickelôs Mg-Al-Zn 

potential and Jangôs Mg-Zn potential [121]. Zn has a HCP structure with the equilibrium 

c/a ratio of 1.856 [122]. The MEAM potentials cannot predict correct c/a for materials 

with c/a ratio larger than that for ideal packing (Ѝ8/3) [123]. Due to the formalism of 

MEAM, it is hard to calibrate a potential with the c/a ratio larger than Ѝ8/3 and a 

simultaneously lower hcp cohesive energy. Therefore, Jang et al. sacrificed the c/a ratio 

but maintained the HCP structure of Zn with the lowest cohesive energy. Dickelôs 

MEAM used a metastable structure for Zn which accurately predicted the c/a ratio, and 

the potential could describe many properties of pure Zn. In this study, the calculations 

only focus on the dilute solid solution for Mg-Zn alloys with the concentration up to 

3at%. The small amount of Zn alloying atoms is not expected to have a huge effect on 

changing the HCP crystal structure of the system. Besides, the cohesive energy 

calibration for Zn atoms with Dickelôs MEAM was better than that from Jangôs MEAM. 
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Therefore, Dickelôs MEAM was used for the energetics study in this study. Three 

different Zn concentrations were calculated: Mg-1at%Zn, Mg-2at%Zn, Mg-3at%Zn. 

For Mg-Y scenario, a few test simulations were performed using the following three 

Mg-Y interatomic potentials: (1) Peiôs Mg-Y EAM potential [124]; (2) Kimôs Mg-Y 

MEAM potential [125]; (3) Ahmadôs Mg-Y MEAM potential [104]. Depend on stress-

strain result (Figure 3.2) for pure Mg simulations with the above potentials, Ahmadôs 

Mg-Y MEAM potential was selected. The other two potentials may not describe the 

stress-strain behavior accurately as the strain level for the plastic deformation to occur 

either too early (~3.8% strain with Peiôs EAM) or too late (>10% strain with Kimôs 

MEAM). Three different Y concentrations were chosen: Mg-1at%Y, Mg-2at%Y, Mg-

3at%Y. 

 

Figure 3.2 The stress-strain curves for pure Mg simulations with the EAM and MEAM 

potentials. 
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3.2 DFT calculations 

The ab initio DFT calculations were conducted based on the projector augmented 

wave (PAW) methods [126] and Perdew-Burke-Ernzerhof generalized gradient 

approximation (PBE-GGA) [107] with VASP package [127,128]. The cutoff energy for 

the plane-wave basis set was 600 eV for all calculations, and a gamma centered 4 × 8 × 6 

k-points mesh was used. The energy difference was set to 1 × 10-7 eV for the electronic 

self-consistency loop, and the force difference was set to 1 meV/Å for the ionic 

relaxation loop. The structure containing 16 atoms is shown in Figure 3.3(a). To activate 

the extension twin, a uniform compression strain was achieved by constraining the length 

of the simulation cell along the [0110] direction. After the strain was applied, the 

simulation cell was allowed to relax in the other two directions, and all atoms were 

relaxed in all three directions. Up to two Mg atoms were replaced by Al atoms in the 

same basal layer to simulate the Mg-Al alloy system, namely Mg-6.25at%Al, Mg-

12.5at%Al, as shown in Figure 3.3(b)-(d).  

 

(a) (b) 

(c) (d) 

 [2110] 

 

 [0110]  

 [0001]  
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Figure 3.3 Relaxed structures for DFT. (a) 16 atoms pure Mg; (b) Mg-6.25at%Al (c) Mg-

12.5at%Al, Al1-Al2 align 30° to [0110]; (d) Mg-12.5at%Al, Al1-Al2 perpendicular to 

[0110]  

 

The energy of formation was calculated using the following equation: 

Ὁ ὉὓὫὢ άὉὓὫ ὲὉὢ 

where ὉὓὫὢ  is the cohesive energy of Mg system with substituted solute atom; 

ὉὓὫ is the cohesive energy per atom of Mg; Ὁὢ is the cohesive energy per atom of 

the alloy elements. In Mg-Al system with 16 atoms, ὉὓὫ  -1.529 eV/atom was 

obtained from a 16-atom Mg system, and Ὁὃὰ  -3.747 eV/atom from a four-atom 

FCC Al. 

The energy of formation for the Mg-Al alloys used in this study is shown in Table II. 

The energy required for forming the alloy structure with Al1-Al2 perpendicular to 

[0110] (shown in Figure 3.3(c)) is 0.027eV higher than the structure with Al1-Al2 in 30° 

to the [0110] (shown in Figure 3.3(b)). Therefore, the later structure was used for the twin 

nucleation energy calculation. 

Table II . Energy of formation for Mg-Al system with 16 atoms 

 Energy of formation (eV) 

Mg15Al1 Figure 3.3(b) 0.103 

Mg14Al2 Figure 3.3(c) 0.186 

Mg14Al2 Figure 3.3(d) 0.213 
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The maximum solubility was less than 4 at% for both Zn [129] and Y [130] in Mg. A 

structure with 64 atoms was used for Mg-X systems calculations, and up to two Mg 

atoms were replaced by alloy atoms (Zn and Y) in the same basal layer. The 

concentration would be Mg-1.5625at%X and Mg-3.125at%X. The structures are shown 

in Figure 3.4. Different from the 16 atoms Mg-Al case, the structure with X1-X2 bond 

perpendicular to [0110] direction would be used for Mg-3.125at%X scenario. The force 

difference was set to 5 meV/Å for the ionic relaxation loop. The gamma centered k-

points mesh was set to 2 × 2 × 2. Though the sparse k-mesh affects the energy results, it 

is the optimal k-mesh to obtain good convergence with a proper computational cost.  

NEB calculations were only performed for the 16-atom system as a comparison. The 

twin structure obtained through strain-method calculation was used as the final image. 

Six intermediate structures were then set up. The maximum number of ionic steps was set 

to 100. 

OVITO [131] and VESTA [132] were used for visualizing the structures obtained 

from the simulations. The bonding analysis was carried out using LOBSTER codes [133]. 

 

Figure 3.4 The 64-atom structures for DFT calculations. (a) Mg-1.5625at%X; (b) Mg-

3.125at%X. X1-X2 is perpendicular to the [0110] direction. 

(a) (b) 
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Chapter 4 Effect of Al solute atom on energetics of 1012 twinning 

4.1 Introduction 

Hexagonal close-packed (HCP) magnesium (Mg) and its alloys are used in the 

automotive, aerospace, and biomedical industries due to their low density, high specific 

strength, and biocompatible properties [1,134].  However, wrought Mg alloys have low 

ductility, and it is difficult to manufacture Mg components at room temperature. This 

limitation is owing to the lack of pyramidal <c+a> dislocations, which are the 

predominant contributor to c-axis strain [12,135,136]. The critical resolved shear stress 

(CRSS) for activating pyramidal dislocations was much higher than that for both basal 

slip and the 1012 extension twin in Mg [66,137]. Therefore, both dislocation slip and 

deformation twinning play a crucial role in the plastic deformation of Mg and its alloy. 

The 1012 extension twinning is the most observed twinning mode in Mg, and its 

preferred loading direction to activate this twinning mode is either tension along the 

[0001] direction or compression perpendicular to the [0001] direction. Consequently, 

tension-compression yield asymmetry is often observed in Mg and its alloys [19,21], and 

there are many studies focused on reducing this yield asymmetry through different means 

such as heat treating [22,24,25,138]. 

The 1012 twinning mode was first treated similar to other twinning modes in metals 

that a ñhomogeneous simple shearò must occur on the twinning plane for the formation of 

a twin. However, both experiments and simulations results indicated that the  1012 twin 

boundary (TB) contains multiple coherent segments and basal/prismatic interface 

segments, and the invariant plane condition does not hold [57,139,140]. That is, the 
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twinning plane is not an invariant plane. Serra et al. [50] proposed the ñtwinning 

disconnectionò to explain the migration for the above incoherent 1012 TB. The 

disconnection created by the incompatible steps of parent and twin crystal can serve as 

the source for twinning dislocation, which drives the movement of TB. Wang et al. [49] 

suggested a pure-shuffle mechanism for the 1012 twin nucleation, and then the TB 

would grow related to the glide of twinning disconnection. Contrary to these 

propositions, Li and Ma [58] proposed that the 1012 twinning via pure shuffle of the 

atoms. The atomic shuffling resulted in the transformation of the parent basal plane to the 

twin prismatic plane and the parent prismatic plane to the twin basal plane. Besides, there 

was no twinning shear involved in this transformation. Cayron [141] proposed a 

displacive model by replacing the shear matrices to an ñangular distortiveò [142] matrices 

to describe 1012 twinning, and indicated that the twinning plane was not fully 

invariant. As a result, extension twinning was not a shear mechanism. 

To improve the mechanical properties of Mg, aluminum (Al) is one of the most 

commonly used alloying elements, which can increase the strength and ductility of Mg 

alloy as a certain amount of Al is added. The alloy compositions do affect the mechanical 

behaviors for the Mg-Al alloys. The strain rate sensitivity decreased with increasing Al 

content for high pressure die-cast magnesium alloys [143,144]. Tahreen et al. [143] 

showed that both yield strength and ultimate compressive strength increased as the Al 

content increased for AZ series cast Mg alloys, while the strain to failure decreased due 

to the increasing amount of the precipitates. The rod-like precipitates parallel to c-axis of 

the parent materials were more effective in strengthening the alloy compare to plate-like 
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particles parallel to the basal plane [76,77]. Guo et al. [91] conducted experimental 

studies, and showed that higher Al contents would suppress both the twin nucleation and 

twin growth. Bian et al. [145] conducted visco-plastic self-consistent (VPSC) 

simulations, and indicated that the relative activity of extension twin decreased as the Al 

content increased in AM series Mg alloy. They also reported that the average grain size 

decreased with increasing Al content, which resulted improvement of uniform tensile 

elongation, strain hardening component, and yield anisotropy. Ghazisaeidi et al. [13] 

suggested that the Al solute could strengthen the twinning dislocation motion, and the 

twinning yield stress was increased as the Al content increased, through both first 

principle study and atomistic simulation. Therefore, twinning was suppressed by 

increased Al addition. This explanation was based on the ñtwinning disconnectionò 

mechanism. However, the extension twinning was not a shear mechanism but pure 

shuffle from Cayronôs [141] mathematical calculation and Li-Ma model [58].  

It is unclear how the Al content affects the 1012 twinning in terms of the pure-

shuffle mechanism or Li-Ma model. Therefore, we conducted the energetics study for 

both 1012 twin nucleation and propagation for single crystal pure Mg and Mg-Al solid 

solutions through density functional theory (DFT) calculations and molecular dynamic 

(MD) simulations. The aim of this study is to resolve the effect of Al content on the 

1012 twinning and provides guidance for alloy design through controlling 1012 

twinning by increasing the energy barriers for twin nucleation and growth in Mg and its 

alloys. 
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4.2 Results and discussion 

Stress-strain relationships are shown in Figure 4.1 for MD simulations using both 

Liuôs EAM and Dickelôs MEAM potentials. For pure Mg simulations, the stress 

overshoots are 5.06 GPa (EAM) and 4.61 GPa (MEAM). The elastic modulus calculated 

from the stress-strain curve for pure Mg is 74.3 GPa (EAM), which is higher than 49 GPa 

from the experimental result from nanoindentation [146], while the MEAM gives an 

elastic modulus of 50.3 GPa for pure Mg. As the stress increased with the strain, the 

1011 first-order pyramidal slip or 1012 twin was activated, and then the stress 

dropped dramatically. As the Al concentration increased, the stress overshoots generally 

decreased, and the stress drop occurred at an earlier strain level. In all the simulations 

with the EAM, the 1011 pyramidal I dislocation was first nucleated at the free surface, 

and then 1012 twin was formed connecting to the 1011 stacking fault. The above 

process is shown in Figure 4.2 with the Mg-3at%Al case. Wang et al. [147] studied that 

the effect of Al alloying element on the general stacking fault energy in Mg-Al -Zn solid 

solutions through the DFT, and found that the unstable stacking fault energy gradually 

decreased for the pyramidal 1011ộ1120Ớ slip system when adding more Al. Therefore, 

pyramidal I slip is easier to activate with higher Al content in Mg-Al alloy, which 

corresponds to the lower stress overshoot and stress drop at the earlier strain level. Due to 

the nucleation of pyramidal I slip, the above twin nucleation can be considered as slip 

assisted heterogenous twin nucleation. Therefore, the twin nucleation energy obtained 

from this simulation is the energy for heterogeneous nucleation.  
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Figure 4.1 Stress-strain curves for MD simulations using (a) Liuôs EAM potential and (b) 

Dickelôs MEAM potential. 

(a) 

(b) 
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Figure 4.2 For the Mg-3at%Al simulation (EAM), pyramidal I dislocation was activated 

at 632 ps, the leading partial (LP) came out from the free surface. At 634 ps, a 1012 

twin (marked in yellow) was nucleated connecting to the 1011 stacking fault. 
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After the twin was nucleated, the twin grew as the strain increased. Figure 4.1(a) 

indicates that a higher stress is needed for the higher Al content system for twin growth. 

The maximum strain applied was 10% in the MD simulations. Multiple 1012 twin 

variants were observed as well as the formation of 60° ộ0110Ớ boundaries through twin-

twin interaction [30] in all EAM simulations except the Mg-12at%Al case. Figure 4.3 

shows the above observation with the pure Mg case. The twin volume fraction at 10% 

strain for each EAM simulations is listed in Table II I. At a low concentration level, such 

as Mg-3at%Al, the twin volume fraction is higher than that of pure Mg. Then, the twin 

volume fraction decreases as the Al content further increases.  

Table III . Twin volume fraction at 10% strain for EAM simulations 

System Twin volume fraction 

Pure Mg 72.6% 

Mg-3at%Al 80.1% 

Mg-6at%Al 49.3% 

Mg-9at%Al 61.9% 

Mg-12at%Al 1.1% 
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Figure 4.3 Twin growth in atomistic simulations with Liuôs EAM potential for pure Mg. 

(a) At 7.6% strain, two twin variants (T1 in yellow and T2 in cyan) observed. (b) At 10% 

strain, T1 grows further, and the 60° ộ0110Ớ boundaries between two 1012 twin variants 

have limited mobility. 
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