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Fig.1.1 Deformation modes in HCP Mg: (a) slip systems and (b) twinning modes. 
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Fig. 1.2 Dissociation of perfect dislocation, b1, into partial dislocations, b2 and b3, in basal slip. 
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Fig. 1.3 Invariant planes, K1 and K2, and directions, η1 and η2, in twin deformation. 



1.  

7 
 

Mg

Rare Earth: RE [1.42-1.47]

Mg Y Mg

[1.46] RE

[1.48] Y

Density Functional Theory: DFT

Y CRSS

Y

[1.48]

Mg Y c+a [1.46, 1.49, 

1.50] Mg Y I1 Stacking Fault Energy: 

SFE I1 I1 Stacking Fault: I1 SF

c+a Transmission Electron Mi-

croscope: TEM DFT [1.49] I1 SF

1.4 I1 SF …ABABABAB… A

BB Shockley 1 3 11 0

…ABABCBC… FCC I1 SF

c+a c+a c

 

Fig. 1.4 Schematic illustration of intrinsic I1 stacking fault. 
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Fig. 2.1 (a) Periodic boundary condition and (b) interatomic interaction within cutoff distance. 
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Table 2.1 Parameterization of the potential function representing the EAM potential developed 

by Sun et al. [2.17] for Mg. The units of energy and distance are eV and Å, respectively. 

Function Value Cutoffs 

ϕ(r) (2073.5651906182/r) 

×[0.1818exp(−22.115115867102r) 

+0.5099exp(−6.5122105254908r) 

+0.2802exp(−2.7844313071423r) 

+0.02817exp(−1.3932522996274r)] 

 

+exp(13.795119773576−14.238449227620r 

+5.8113719144770r2−0.92541810687079r3) 

 

−4.0533531215168(3.7−r)4 

+6.9691501349841(3.7−r)5 

−6.6468685095783(3.7−r)6 

+2.1727482243326(3.7−r)7 

−0.12374960403430(3.7−r)8 

 

−1.0210685145201(6.0−r)4 

−0.81665230208338(6.0−r)5 

−1.0553724438859(6.0−r)6 

−0.34513757618316(6.0−r)7 

−0.055196787794434(6.0−r)8 

 

+0.17225753251414(7.5−r)4 

−0.52595300571381(7.5−r)5 

+0.60129012186016(7.5−r)6 

−0.29986451887671(7.5−r)7 

+0.055188968432433(7.5−r)8 
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ρ(r) 0.00019838398686504(2.7−r)4 

+0.10046581263528(2.8−r)4 

+0.10054028073177(2.9−r)4 

+0.099096119019299(3.0−r)4 

+0.090021476664876(3.3−r)4 

+0.0068621909217769(3.8−r)4 

+0.012393768072070(4.7−r)4 

−0.0047476810373812(5.3−r)4 

+0.0012360476552220(6.2−r)4 

+0.00062141449488021(7.5−r)4 
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Table 2.2 Parameters of the MEAM potential developed by Wu et al. [2.19] for Mg. The units of 

cohesive energy Ec, equilibrium nearest-neighbor distance re, and bulk modulus B are eV, Å, and 

1012 dyne/cm2, respectively. 

 Ec re B A β(0) β(1) β(2) β(3) t(1) t(2) t(3) Cmin Cmax d 

Mg 1.51 3.19 0.37 0.52 2.00 1.30 1.30 1.00 5.55 3.00 −7.40 0.49 2.90 0.00 
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Table 2.3 Calculated physical properties of Mg by the EAM and MEAM potentials and experi-

ments [2.20, 2.21]. Values listed are lattice parameters a, r and elastic constants Cij. 

 
a 

[nm] 

r 

[-] 

C11 

[GPa] 

C33 

[GPa] 

C44 

[GPa] 

C12 

[GPa] 

C13 

[GPa] 

Exp. 0.321a 1.624a 59.43b 61.64b 16.42b 25.6b 21.4b 

EAM 

[2.17] 
0.3184 1.628 69.6 69.5 12.8 25.3 16.0 

This 

work 
0.3184 1.628 70.3 69.3 12.8 27.2 17.3 

MEAM 

[2.19] 
0.3187 1.623 64.3 70.9 18.0 25.5 20.3 

This 

work 
0.3197 1.623 62.3 69.5 18.2 25.1 20.3 

a reference [2.20] 
b reference [2.21] 
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Fig. 2.2 Schematic illustration of the NEB method. 

 

 
Fig. 2.3 Forces acting on replica i. 
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Fig. 3.1 Resolved shear stress under uniaxial loading. 
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Fig. 3.2 Schematic illustration of our simulation model. 
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Fig. 3.3 GSFE curves on basal plane along (a) 1120  and (b) 1010  directions, (c) first-

pyramidal plane along 1120  direction, and (d) prismatic plane along 1120  direction for 

the EAM and MEAM potentials. (Reprinted from Ref. [3.6].) 
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Fig. 3.4 MEPs on Gibbs energy landscape along (a) 1102 1101   twinning and 1101  

twinning in (b) b2 direction and (c) b4 direction for the EAM and MEAM potentials. (Reprinted 

from Ref. [3.6].) 
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Table 3.1 USFE for basal slip, first-pyramidal slip, and prismatic slip and Gibbs energy barrier 

for 1102  twinning, 1101  twinning in b2 direction, and 1101  twinning in b4 direction by 

the EAM and MEAM potentials. The USFE or Gibbs energy barrier ration between the potentials 

for each deformation mode is also listed. For the basal slip, the value listed is USFE of partial 

dislocation. 

 USFE [mJ/m2] Gibbs energy barrier [meV/atom] 

Deformation 

mode 
Basal slip 

First-py-

ramidal 

slip 

Prismatic 

slip 

1102  

twinning 

1101  b2 

twinning 

1101  b4 

twinning 

EAM 82.3 267.3 170.0 15.8 17.3 22.6 

MEAM 136.4 364.0 229.1 33.0 47.3 50.8 

DFT 92a, 92b 344c 218a, 265c 17d   

MEAM/EAM 

ratio 
1.66 1.36 1.35 2.10 2.73 2.25 

a reference [1.12] 
b reference [3.7] 
c reference [3.8] 
d reference [3.4] 
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γzx 3.5(a) (b)
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τzx 3.5(c)-(e) 3.5(c) (d) EAM
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Fig. 3.5 Stress components as a function of the shear strain for the 0001 1120  basal slip in 

the case of εz = 0 for (a) the EAM and (b) MEAM potentials. Snapshots near the drop in the 

shear stress for (c, d) the EAM and (e) MEAM potentials: generation of (c) partial dislocations 

and (d, e) I2 SFs inside of the atomic model. Atoms are colored by (c) the coordination number 

and (d, e) the centrosymmetric parameter. 
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Fig. 3.6 Shear stress-shear strain curves for the 0001 1120  basal slip under the various 

normal stresses for (a) the EAM and (b) MEAM potentials. (Reprinted from Ref. [3.6].) 
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Fig. 3.7 Stress components as a function of the 1101 1120  first-pyramidal slip in the case 

of εz = 0 for (a) the EAM and (b) MEAM potentials. Snapshots near the drop in the shear stress 

for (c) the EAM and (d) MEAM potentials. 
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Fig. 3.8 Shear stress-shear strain curves for the 1101 1120  first-pyramidal slip under the 

various normal stresses for (a) the EAM and (b) MEAM potentials. (Reprinted from Ref. [3.6].) 
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Table 3.2 The highest RSS value and activated twinning mode under the various normal stress 

conditions for the EAM and MEAM potentials. The RSS value in the parenthesis are for the 

1101  first-pyramidal plane in the 1120  direction. 

 Normal stress [MPa] Twinning mode RSS [MPa] 

EAM 

220 (εz = 0) 1101 b2 871 (950) 

−300 1101 b2 848 (925) 

0 1101 b2 861 (939) 

300 1101 b2 875 (954) 

MEAM 

−130 (εz = 0) 1101 b2 1806 (1969) 

−300 1101 b2 1787 (1949) 

0 1101 b2 1820 (1984) 

300 1101 b2 1862 (2030) 
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Fig. 3.9 Stress components as a function of the shear strain for the 1100 1120  prismatic 

slip in the case of εz = 0 for (a) the EAM and (b) MEAM potentials. (Reprinted from Ref. [3.6].) 
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Fig. 3.10 Snapshots near the rapid drop in the shear stress for the 1100 1120  prismatic slip 

in the case of εz = 0 for (a-d) the EAM and (e) MEAM potentials: (a) the atomic model before 

deformation, (b) generation of 1101  twin, (c) dislocation gliding, and (d) the atomic model 

after deformation. 
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Fig. 3.11 Shear stress-shear strain curves for the 1100 1120  prismatic slip under various 

normal stresses for (a) the EAM and (b) MEAM potentials. (Reprinted from Ref. [3.6].) 
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Fig. 3.12 Snapshots near the drop in the shear stress for the 1100 1120  prismatic slip under 

(a) σz = − 300 MPa, (b) σz = 0 MPa, and (c) σz = 300 MPa. The yz cross-sectional views are also 

shown. 
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Table 3.3 The highest RSS value and activated twinning mode under the various normal stress 

conditions for the EAM potential. The RSS value in the parenthesis are for the 1100  prismatic 

plane in the 1120  direction. 

Normal stress [MPa] Twinning mode RSS [MPa] 

− 1061 (εz = 0) 1101 b2, 1101 b2 687 (1065) 

− 300 1101 b2, 1101 b2 640 (852) 

0 1101 b2, 1101 b2 637 (786) 

300 1101 b2, 1101 b2 642 (731) 
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Mg

a   Burgers

MD

EAM MEAM

MD

 

Fig. 3.13 Change in engineering strain components along the MEP for the 1101  twinning 

in the b2 direction by (a) the EAM and (b) MEAM potentials. (Reprinted from Ref. [3.6].) 
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Fig. 4.1 (a) Simulation model and (b-e) considered crystallographic geometry; the shear plane 

and the SF plane are indicated by light gray and dark gray, respectively. The considered shear 

planes are (b) the 0001  basal, (c) 1126 , (d) 1122  second-pyramidal, and (e) 1101  

first-pyramidal planes. The segment between the shear plane and the SF plane is denoted by 

black line. 
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Table 4.1 Shear factors for representative deformation modes. 

Shear direction Deformation mode Shear factor 

0001 1120  basal plane 

1122 1123  second-pyramidal slip 0.450 

1122 1123  second-pyramidal slip 0.450 

1121 1126  twinning 0.827 

1126 1121  plane 

1122 1123  second-pyramidal slip 0.994 

1122 1123  second-pyramidal slip 0.504 

1121 1126  twinning 0.923 

1121 1126  twinning 0.019 

1122 1123  second-py-

ramidal plane 

1122 1123  second-pyramidal slip 0.596 

1122 1123  second-pyramidal slip 1 

1121 1126  twinning 0.131 

1121 1126  twinning 0.874 

1122 1123  second-py-

ramidal plane 

1122 1123  second-pyramidal slip 0.596 

1122 1123  second-pyramidal slip 1 

1101 2113  first-pyrami-

dal plane 

1101 2113  first-pyramidal slip 1 

1101 1213  first-pyramidal slip 0.862 

1101 2113  first-pyramidal slip 0.392 

1101 1213  first-pyramidal slip 0.316 

1102 1101  twinning 0.765 

1102 1101  twinning 0.835 

1101 2113  first-pyrami-

dal plane 

1101 2113  first-pyramidal slip 1 

1101 1213  first-pyramidal slip 0.862 

1101 2113  first-pyramidal slip 0.392 

1101 1213  first-pyramidal slip 0.316 

1101 1102  twinning 0.965 

1101 1102  twinning 0.367 
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Fig. 4.2 Snapshots of the MD simulation under shear stress on the 0001  basal plane along 

the 1120  direction. Atoms are colored according to CNA [4.6]. The corresponding HCP unit 

cell is shown by the insertion. 
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Fig. 4.3 Snapshots of the MD simulation under shear stress on the 1126  plane along the 

1121  direction. Atoms are colored according to CNA [4.6]. The corresponding HCP unit cell 

is shown by the insertions. Black dash line represents 1122  second-pyramidal plane. 
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Fig. 4.4 Snapshots of the MD simulation under shear stress on the 1122  second-pyramidal 

plane. Each shear direction corresponds to (a) the 1123  and (b) 1123  directions. Atoms 

are colored according to CNA [4.6]. The corresponding HCP unit cell is shown by the insertion. 

 
Fig. 4.5 Illustration of atomic shuffling motion. Circles described by solid line and dash line 

represent on-lattice atom and off-lattice atom, respectively. Long arrow and short arrow corre-

spond to Burgers vector from on-lattice position to off-lattice position and atomic shuffling 

motion, respectively. (Reprinted from Ref. [4.7].) 
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Fig. 4.6 Snapshots of the MD simulation under shear stress on the 1101  first-pyramidal 

plane. Each shear direction corresponds to (a) the 2113  and (b) 2113  directions. Atoms 

are colored according to CNA [4.6]. The corresponding HCP unit cell is shown by the insertion. 
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Fig. 4.7 Generalized stacking fault energy surface on the first-pyramidal plane. Solid arrow 

and dash arrow on map denote the Burgers vectors of 1 3 2113  and of SF2 and SF3 posi-

tions, respectively. (Reprinted from Ref. [4.7].) 
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Fig. 5.1 Schematic illustration of atomic model containing a 1012  twin. The enlarged view 

indicates the statically relaxed 1012  twin. 
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Table 5.1 Elastic constant C44, twin boundary energy ETB, and twin dislocation energy ETD calcu-

lated by the MEAM potential. 

 C44 [GPa] ETB [mJ/m2] ETD [meV/Å] 

MEAM 18.17 154.6 22.81 
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Fig. 5.2 (a) Energy curves obtained by the NEB method and (b) energy curves as a function of 

the twinned area along homogeneous nucleation of the 1012 1011  twin under each applied 

shear strain. 

 

Fig. 5.3 Atomic structures of the final state under each applied shear strain. 
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Fig. 5.4 (a) Energy curves as a function of the 2-norm of the 3N-length distance vector, ob-

tained by the NEB method, and (b) energy curves as a function of the twinned area along 

homogeneous nucleation of the 1012 1011  twin under each applied shear strain. 

 

Fig. 5.5 Atomic structures of twin embryo observed in each intermediate state under each ap-

plied shear strain. 
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