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Abstract 

Long BP facets bounding *   ̅ +〈 ̅   〉 twins in Mg ( 4nm) have been observed 

experimentally. However, the formation of these long BP facets has not been studied 

and their contribution/role to the twin growth remains unclear. We observed a long 

straight BP facet (27 nm) using high-resolution transmission electron microscopy 

(HRTEM) and investigated its formation, stability, and mobility by atomistic simulations. 

Experimentally, a serrated twin interface containing short CTBs and short BP facets 

near a (   ̅ ) twin tip is observed to transform under the effects of the electron beam 

into a long straight semi-coherent BP facet that contains disclination dipoles. Molecular 

dynamics (MD) simulations of the relaxation of a 3D twin domain reveals another 

process whereby a long partially-relaxed BP interface forms and contains an I2 stacking 

fault. A comparison between the energy of these configurations as obtained by atomistic 

simulations suggests that these transformations occur in two steps: (1) serrated 

interfaces composed of coherent BP segments with lengths less than 2 nm combine 

and form a long and straight coherent BP facets and (2) these long coherent BP facets 

quickly transform into relaxed ones with misfit defects. Importantly, it is found that long 

BP facets are relatively immobile, and upon reloading, decay into more mobile serrated 

interfaces prior to migrating. The work presented suggests that the atomistic 

configurations of BP facets during twin growth processes differ significantly from relaxed 

BP interfaces that would be observed by TEM.   

 

Keywords: Twinning, Basal Prismatic Interface, Molecular Dynamics, HRTEM  
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1. Introduction 

 Twinning is an important deformation mode in hexagonal close packed (hcp) 

metals. Specifically, *   ̅ +〈 ̅   〉 twinning is the most prevalent twinning mode in hcp 

metals and is readily activated in Mg. Its prevalence is typically attributed to the small 

twinning Burgers vector and high mobility of  twinning disconnections (TD) which 

mediate the twin growth process [1,2]. In practice, though, twin domains are necessarily 

3 dimensional and therefore bounded by interfaces.  With the intent to further study twin 

growth kinetics, focus has been placed on two interfaces: the coherent twin boundaries 

(CTBs) and basal-prismatic/prismatic-basal (BP/PB) interfaces [1–21].  BP/PB 

interfaces (referred to as BP interfaces in this work) are interfaces where the basal 

plane in the twin or the matrix is nearly aligned with the prismatic plane in the matrix or 

the twin. To accommodate for the crystallographic mismatch between the basal and 

prismatic plane, the interface should contain misfit defects every 15-16 basal planes (~4 

nm) [9,19,22]. Experimentally, short (<4nm) and long ( 4nm) BP interfaces have been 

observed in high-resolution transmission electron microscopy (HRTEM) [8,16,17,23–

25]. While short BP interfaces are coherent [2,6,20], long BP interfaces can exist in one 

of two configurations: (1) serrated interfaces with multiple steps where each BP facet 

segment is coherent with length shorter than 4 nm or (2) straight semi-coherent facets 

with a series of misfit defects to maintain the coherency. The formation of these long BP 

facets has not been studied and their contribution/role to the twinning transformations 

remains unclear. 

On the other hand, the formation mechanism of interfaces with short BP facets 

has been explored using atomistic simulations by several authors. Serra et al. reported 
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the formation of short BP facets with different configurations as a result of interactions 

between crystal dislocations with the *   ̅ + CTB in Ti [1]. More recently, similar results 

were reported in the case of 3D twin/dislocation interactions [26]. El Kadiri and 

collaborators found stable BP facets with lengths of 10 d(0002) when a 60o <a> 

dislocation interacted with a *   ̅ + CTB in Mg [2]. Another recently proposed BP 

interface formation mechanism is based on the successive gliding of TDs. If the leading 

TD is slowed or stopped by local barriers, lagging TDs can catch up, form a tilt wall, and 

eventually relax into a BP facet [6,20]. Ostapovets and Gröger illustrated this process 

using an atomistic simulation with an obstacle introduced by zeroing the atomic forces 

in several successive (   ̅ ) planes [6].  

In parallel, the mobility and growth of BP interfaces have also been studied by 

means of atomistic simulations [2,10–12,17,20,21,27]. Irrespective of their formation 

process, short BP interfaces are mobile. For instance, using MD simulations of 2D twin 

domain growth, Ostapovets and Serra showed that the twin domain grew indefinitely in 

the shear direction, while the BP facets remained coherent with relatively constant 

length ranges from 6-10 d(0001) similar to the previously reported result [21]. While these 

previous simulations provide insights into the formation and mobility of short BP 

interfaces, they do not provide a comprehensive understanding of the observed long BP 

interfaces in experiments [23,24]. One speculation was that these long BP interfaces 

are corrugated with coherent short BP facets connected by smaller CTBs in between 

[28]. 

In this work, the formation, stability, and mobility of long BP interfaces are 

investigated using the combined approach of experiments and atomistic simulations. 
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Experimentally, HRTEM is used to analyze the structure of a *   ̅ + twin tip. The 

formation of a 27-nm long and straight semi-coherent BP facet is observed under the 

effects of the electron beam. This long facet forms from a serrated interface and is 

found to contain interfacial defects in the form of disclination dipoles. In parallel, 

atomistic simulations are performed to explore additional formation processes. A novel 

method is used to generate a 3D twin whereby the domain is created from a stack of 

circular dislocation shear loops. The 3D twin domain is monitored during stress driven 

growth and upon relaxing this structure. The atomistic simulations suggest that the 

formation of long BP facets occur in two steps: (1) serrated BP interfaces with short 

coherent segments combine and form longer coherent BP facets and (2) these long 

coherent BP facets transform into relaxed facets with either disclination dipoles or I2 

SFs.  Interestingly, it is also found that long BP facets, upon reloading, decay into 

serrated interfaces prior to migrating. In consequence, the work presented suggests that 

the atomistic configurations of relaxed interfaces oserved in TEM could significantly 

differ from those of defects mediating twin growth. 

 

2. TEM experiments 

2.1 Experimental setup 

Samples with dimensions of 8×9×10 mm were cut from a commercially pure, fully 

recrystallized polycrystal Mg plate with the basal (0001) plane normal of most grains 

being within approximately 30º of the plate through-thickness (TT) direction (10 mm). 

These cuboidal samples were compressed to a total engineering strain of 1.3% along 

the 8 mm direction, approximately perpendicular to the basal pole for most grains, 

                  



6 
 

resulting in *   ̅ + twinning activity in most grains. The compressed samples were cut 

into approximately 1.2 mm thick slices in the direction which is perpendicular to the 

compression and TT directions. The slices were thinned to 150 μm thick using 10% 

nitric acid and punched into 3 mm diameter discs using a Gatan TEM sample punch. 

The 3 mm discs were electropolished to perforation in a solution of 2% nitric acid and 

water at a voltage of 0.1V and temperature of 2oC. TEM and HRTEM investigations 

were conducted on a FEI Titan TEM with an imaging aberration corrector and an 

accelerating voltage of 300 KV. 

2.2 Formation of long BP facet with disclination dipoles 

Fig. 1 shows two HRTEM images from the same *   ̅ +  twin tip acquired at 

different time. Figs. 1a and 1b are the morphology of the twin tip at the beginning of 

TEM characterization and after 12 minutes under the electron beam, respectively. The 

boundaries are comprised of many CTB segments (indicated by the red dashed line) 

and many short BP facets (indicated by yellow dashed lines) at the beginning. However, 

under the combined effects of the electron beam and free surfaces of the thin sample, 

some of the CTB segments transform to BP facets and the short BP facets grow into 

long straight BP facets (shown in Fig. 1b). Note that long BP facets (>4 nm) have been 

observed for several material systems [23,25]. The observed process differs from 

scenarios proposed in the literature whereby long straight BP facets are postulated to 

form rearrangements of a pinned stack of TDs [6]. It is speculated that the electron 

beam provides sufficient energy to the system to mediate the observed rearrangement 

process leading to a straight stable BP facet with a length of 27 nm as characterized in 

Fig. 1b. 
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Fig. 2 shows the structural analysis for part of the 27nm- straight BP facet (within 

the white square area of Fig. 1b). As shown in Fig. 2b, the net translation within the BP 

facet is analyzed using the Burgers circuit construction across an interface according to 

the method developed by J.P. Hirth and R.W. Balluffi based on the Frank-type definition 

[29]. “S” and “F” denote the beginning and ending points in the circuit. The red and 

green dislocation symbols indicate the locations of the extra basal plane in the matrix 

and twin domain, respectively. The distances between every two “red” adjacent misfit 

defects are 17, 14 and 17 layers of (0002) plane from left to right of Fig. 2a. For the 

“green” extra basal planes in the twin domains, the spacings are 14 and 16 layers of 

(0002) plane from left to right. Due to the extra half-planes, the net translation is 

approximately . 
√  

 
  

 

 
  /.  

Importantly, two distinct possible misfit defects configurations could rationalize 

the observed lattice translation: misfit dislocations and disclination dipoles. These 

interfacial defect constructs are shown in Fig. 3a and 3b. A topological analysis of the 

*   ̅ + twin is performed to determine which defect configuration best explains the 

observed long BP facet. 

 

3. Topological analysis 

A topological analysis, relying on the use of a coherent dichromatic complex 

(CDC) of the *   ̅ + twin, is shown in Fig. 4. Four different types of atoms can be 

categorized based on their coordinates along the 〈   ̅ 〉 directions.  Solid blue atoms 

are matrix atoms, while red hollow atoms are twin atoms. Circles and triangles 

represent the A- and B- layers, respectively. The left inset of Fig. 4 shows the enlarged 
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e-cell that captures both the twinning disconnection (TD) and corresponding shuffle 

displacements for the *   ̅ + twin similar to previous studies [9,22,30]. The shear and 

shuffle displacements in this work are summarized in Table 1. Note that the shuffle 

displacements reported include the effects of the twinning shear similarly to that done in 

[31]. The CDC analysis shown in Fig. 4 also captures the net Burgers vector to 

accommodate the mismatch between the basal and prismatic planes of the matrix and 

twin (BP interface), respectively. The CDC shows that this mismatch has a disclination 

dipole character characterized by =3.71o for Mg (with a = 3.203 Å and c = 5.2 Å). The 

coherency is almost restored after 16 basal planes with the Burgers content of 

.   
 

 
           

  √  

 
  /

  
 .   

 (      )

 (      )
   

  √  

 
  /

  
 . 

√  

 
  

 

 
  /

  
, which 

is consistent with the net translation within the straight BP facet observed in TEM. Note 

that the average numbers of basal planes to fully accommodate for the mismatch in the 

X and Y directions are 16.5 and 14.9 basal planes, respectively. The difference in the 

repetition distance of the misfit dislocations between experiments and the topological 

analysis can be due to (1) the effects of stress state on the formation of the disclination 

dipoles that slightly deviates their locations from the fully relaxed structure and (2) the 

inherently non-integer number of basal planes to fully accommodate the mismatches. 

Here, the horizontal component is the extra half plane due to the mismatch in the lattice 

spacing, and the vertical component is due to the misalignment between basal and 

prismatic planes. The BP subscript denotes the coordinate systems where X, Y, and Z 

directions are the ,    -, ,   ̅ -, and ,  ̅  - of the matrix, respectively. This coordinate 

frame is used to directly compare with results from TEM. 
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All configurations shown in Fig. 3 have a similar net translation with the Burgers 

content obtained from the CDC. Since the analysis from TEM shows non-periodic 

spacings between the extra half-planes (in both twin and matrix), it would necessarily 

induce local variations in the crystal lattice rotations if one were to represent the 

interface with misfit dislocations. Figs.3a and 3b show two possible of such 

constructions. For the configuration shown in Fig. 3a, the misorientation would be equal 

to     
    

 
, with bnet is the net Burgers vector to accommodate for the misfit.  For the 

arrays of dislocations in Fig. 3b, the misorientation would be equal to     
   

 
, with bi 

is the Burgers vector of the individual dislocations, N is the number of dislocations within 

the array. Since the spacing (L) is non-periodic, this would induce local variations in the 

crystal lattice rotations. A back of the enveloped estimate would yield expected 

fluctuations in the crystal orientation in the order of 0.47o. Opposite to that a non-

periodic arrangement of disclination dipoles of equal strength and character would not 

lead to local misorientation changes. Further analyses using the inverse FFT and line 

tracking algorithm (Canny edge detection [32] and Hough transformation [33] 

algorithms) are performed to determine any changes in the orientations of the BP 

interface. However, since the error of this analysis can be up to 1o, it is inconclusive to 

determine which configuration in Fig. 3 is the most likely based on the current evidence. 

For this work, the disclination dipole construct is utilized due to its mathematical 

convenience.  

4. Molecular dynamics simulations 

The classical atomistic simulation code LAMMPS is utilized for all atomistic 

simulations in this work [34]. The modified embedded atom method (MEAM) interatomic 
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potential developed by Wu et al. [35] is used to model Mg systems due to its accurate 

reproduction of the lattice parameters, defect energies, and cohesive energy. Results 

from atomistic simulations are visualized using the Open Visualization Tool (OVITO) 

[36] and its Dislocation Extraction Algorithm (DXA) feature [37].  

4.1. Simulation setup 

To further study the formation of long BP facets, the growth and relaxation of a 

3D twin domain is investigated using MD simulations. Here, a novel method is 

developed to generate 3D twin domains. The approach uses both the shear and the 

shuffle of atoms corresponding to the twinning shear. The shear is modelled using the 

displacement field of a circular dislocation shear loop [38,39] while the subsequent 

shuffle vectors are determined based on topological analysis (see Fig. S1). Dislocation 

loops are inserted every two *   ̅ + planes and subsequent shuffle displacements are 

applied to atoms within the twin domain (see left inset of Fig. 4). The 3D twin is 

stabilized under an applied shear stress.  The stabilizing shear stress and configuration 

is determined via a bisection algorithm similar to the one described in Fig. 2 of [38] for 

dislocation shear loops. For each trial stress, energy minimization is conducted using 

the conjugate gradient algorithm. 

For the *   ̅ + twin, the simulation cell is oriented such that the X, Y, and Z axes 

are along , ̅   -n(*   ̅ +),and, ̅  ̅ - directions, respectively. Periodic 

boundary conditions (PBCs) are employed for all directions. This coordinate system is 

denoted as TW. BP interfaces obtained from MD are also analyzed using the Burgers 

circuit construction developed by Hirth and Balluffi [29] and directly compared with TEM 

images. The simulation cell for the 3D twin study contains 46,080,000 atoms and is 
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approximately 151 x 113 x 61 nm in the X, Y, and Z directions, respectively. This large 

simulation box is used to alleviate the effects of PBCs. The initial twin is modelled using 

the displacement field of 30 circular dislocation shear loops with radius linearly 

interpolated between the maximum radius (rmax) at the center of 10 nm and the 

minimum radius (rmin) at the boundaries of the twin domain of 5 nm. To grow the 

stabilized twin, a constant shear stress (xy) of 1.8 GPa is applied using a Nosé-Hoover 

style thermostat and barostat [40] at 10 K for 30 ps. This large shear stress allows the 

stabilized twin to grow in all directions. Then, the twin is relaxed by removing the shear 

stress while maintaining the temperature at 10 K for 400 ps. The structure of BP 

interfaces is analyzed during and after the relaxation process such as to propose a 

formation process for long BP facets.  

Finally, to assess the stability of long BP facets under shear, and therefore 

rationalize their potential role on twin growth, the relaxed twin is subjected to a shear 

stress triggering its growth and the BP interface structure is monitored. Specifically, 

maintaining temperature at 10K, a constant shear stress of 1.8 GPa is applied via a 

Nosé-Hoover style thermostat and barostat [40] for 20 ps. 

4.2 Formation of long BP facets  

Figure 5 shows the snapshots of the twin initially, at 8, and after 20 ps, 

respectively. The stabilized twin in Fig. 5a contains commonly observed interfaces that 

have been previously characterized such as the CTB, PB, BP, pyramidal – pyramidal 

(PyPy1), and twist prismatic – prismatic (PrPr2) interfaces [6,21,22,41,42]. The 

dimension of the stabilized twin is 16.0, 8.5, and 20.0 nm in the , n, and , 

respectively. Under the applied shear stress, the 3D twin domain grows by nucleating 
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and propagating disconnection loops on all interfaces. This process is similar to that 

recently reported for the *   ̅ + CTB [42]. Furthermore, the twin grows anisotropically. 

During growth, the PyPy1 and PrPr2 on the lateral side of the twin are consistently the 

most mobile interfaces. For instance, at 4 ps, the length of the twin domain along  is 

approximately 2.64 times the original length of the stabilized twin, while this ratio is 2.35 

for the length along n and 2.21 for the length along . Moreover, the 3D twin domain in 

Fig. 5b clearly shows distinct topology for each interface, which is indicative of different 

growth mechanism. Specifically, CTBs remain relatively flat, while the BP interfaces are 

more corrugated. This indicates that the disconnection loop migration is faster than 

nucleation for CTBs, while nucleation outpaces migration for the BP interfaces. The BP 

interface consists of short (i.e. < 2nm) coherent BP facets connected by CTB segments. 

Interestingly, the overall length of the BP interface is seen to increase due to the 

nucleation and growth of b2/2 loops on the CTB which eventually meet the CTB/BP 

junction. These results differ from other 2D MD simulations of twin growth where the 

length of the BP interfaces remain relatively constant [10,21]. The difference is possibly 

due to the much larger driving force imposed to activate the motion of both the CTB and 

BP interfaces. Due to its higher mobility, the lateral side of the twin interacts with itself 

over the PBC resulting in the twin configuration shown in Fig. 5c. This semi 2D 

configuration is used as a starting configuration for the relaxation as larger dimensions 

are preferred in the n and  to reduce the effects of PBCs on the motion and 

transformation of BP interfaces during relaxation.  

Figure 6 shows the topological evolution of the twin interfaces observed along 

the  direction during relaxation. Initially, CTBs are flat, while the BP interfaces are 

                  



13 
 

serrated with multiple steps as discussed earlier. After 2 ps relaxation, the coherent 

small BP facets combine and form straighter and longer BP facets. Specifically, a 

straight BP facet with a length of approximately 6 nm forms as a result of the relaxation 

process (see yellow arrow in Fig. 6b). A Burgers circuit analysis performed in this facet, 

see Fig. 7a, shows no net dislocation content, indicating that thus far it remains 

coherent. However, this long coherent BP facet is metastable and transforms into a 

partially relaxed BP facet with a length of approximately 5 nm as shown in Fig. 6c. The 

Burgers circuit analysis in Fig. 7b confirms that the newly formed BP facet relaxes by 

the formation of an I2 SF right below the interface and a boundary step. The I2 fault is 

bounded by partial dislocation with Burgers vector of either 
 

 
,   ̅ -  or 

 

 
, ̅   - , which 

approximates to . 
 √ 

 
    /

  
 or .

 √ 

 
    /

  
 in the BP frame, while the boundary step 

has a height of 
 

 
. Combining them gives the Burgers vector content of 

. 
 √ 

 
    /

  
   

 

 
  This is consistent with the Burgers vector of the edge 

disconnections  . 
√ 

 
 
      √ 

 
 
√   

 
  /

  
   

 

 
  . 

√ 

 
    /

  
   

 

 
 discussed in 

previous atomistic simulations [19]. The formation of these partial edge dislocations 

relieves the misfit strain between the basal and prismatic planes. However, their 

Burgers vectors are different from those associated with disclination dipoles and 

observed in HRTEM . 
√  

 
  

 

 
  /

  
. This suggests that the BP facet in MD 

simulations is only partially relaxed. The formation of I2 SF is in agreement with previous 

TEM results where basal SFs are observed near the CTB and BP interfaces [13,43]. 

While the I2 SF has a higher SF energy than I1 SF, its formation is conservative [44,45]. 
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Therefore, the formation of I2 SF is preferred over I1 SF for a strain relaxation process. 

In parallel, an I2 SF is emitted from another BP facet into the matrix and an FCC domain 

is formed within the twin domain during relaxation (see Figs. 6c and 6d). The FCC 

phase transformation is due to the high misfit strain at the BP facet [9,46,47]. These 

defects are far away from the long BP facet and does not contribute to its formation 

process.  

Once formed, the relaxed BP facet with the I2 SF remains stable during the 

relaxation process (after 400 ps as shown in Fig. 6d). The stability of the twin domain 

during the relaxation without an applied shear stress indicates that the newly formed 

relaxed BP facets and faults is less mobile than the serrated BP interfaces with short 

coherent facets. Interestingly as shown in Fig. 8, upon reloading the relaxed twin 

domain, the long partially relaxed BP facets dissociate back to a serrated interface with 

multiple steps. Figure 8a shows the structure of the matrix-twin interface viewed along 

the direction after 10 ps. Here, the BP interface is composed of multiple small 

coherent BP facets similar to the original configuration during the initial growth of the 

twin domain shown in Fig. 6. The transformation of the partially relaxed BP facets to 

corrugated interfaces with short coherent BP facets involves the depinning of the facet 

from the I2 SF. This SF is left behind and bounded by the partial edge dislocation,  

 

 
,   ̅ -  and connected to the twin/matrix interface on the other end. Further 

migrations of the BP facets elongate the I2 SF and form multiple SFs in both the twin 

and matrix. These results are consistent with observations of wide SFs during migration 

of BP interfaces in TEM and MD simulations [43]. 

4.3 Discussion 
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Figure 9 summarizes the transformation of BP interfaces during twin growth and 

relaxation. First, during growth, BP interface appears as serrated with multiple short 

coherent BP facets. This is shown in Figs. 1a and 6a. Interface serration results from 

the fact that b2/2 terrace nucleation is preferred over the propagation. However, during 

relaxation, this configuration evolves following a 2-step process. Initially, the short BP 

facets composing the serrated BP interface combine and form a straight coherent BP 

facet as shown in Fig. 9b. This configuration is metastable and transforms into a long 

facet with defects. Here, two final BP configurations are observed: (1) one containing 

disclination dipoles with a Burgers vector content of  . 
√  

 
  

 

 
  /

  
 (see Fig. 9c) and 

(2) one with an I2 SF and a boundary step with a net Burgers vector of 

. 
 √ 

 
    /

  
   

 

 
 (see Fig.9d). The main difference in the two final configurations is 

that the former (which is observed in TEM) is fully relaxed while the latter (obtained in 

MD simulations) is only partially relaxed. Specifically, the Burgers vector of the 

disclination dipoles accommodate fully for the misfit strain of the BP interface, while the 

Burgers vector of the partial edge dislocations that bound the I2 SF only partially relieve 

the misfit strain. The results from MD and TEM raise further questions such as (1) why 

these reactions are likely to happen and (2) what causes differences between MD and 

TEM final configurations. Additional MD simulations are performed to, partially, address 

these questions.  

To understand the transformation between BP interfaces, the energies and 

mobilities of three BP configurations (long coherent, serrated, and fully relaxed BP 

interfaces) are investigated. For simplification, the fully relaxed BP interface is 
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generated with misfit dislocations with the same net Burgers vector of the disclination 

dipoles. Construction of all configurations starts from a            nm bi-crystal with 

( ̅   ) twinning orientation under the convention that the X axis is along ,   ̅ - 

direction,  the Y axis is normal to ( ̅   ) plane and the Z axis is along ,  ̅  - direction. 

Boundaries in X and Y directions are fixed, while PBC is implemented in the Z direction. 

The long coherent BP interface is constructed via the introduction of 15 TDs with 

Burgers vector     (         )   nm onto BP planes by applying the anisotropic 

Barnett-Lothe solutions [48] followed by shuffle operation [22]. A serrated BP interface 

with 5 TD steps (chosen arbitrarily) is generated via a similar process with the steps 

located 0.753, 1.07, 2.27, 2.59, and 3.35 nm away from their original positions in the 

long coherent BP facet after energy minimization. The fully relaxed BP interface is 

constructed by the introduction of basal dislocations in matrix onto the BP interface 

using the Barnett-Lothe displacement fields of dislocation in a bi-crystal [48]. In the 

twinning frame, a1 and a2 dislocations in the matrix have Burgers vectors of 

. 
   

 √      
 

√   

 √      
 
 

 
/
  

 and . 
   

 √      
 

√   

 √      
  

 

 
/
  

. In the twin domain, a1 and 

a2 dislocations have Burgers vectors of . 
   

 √      
  

√   

 √      
 
 

 
/
  

 and 

. 
   

 √      
  

√   

 √      
   

 

 
/
  

. Each configuration is relaxed with energy minimization 

until the maximum force is less than 5 pN. The energy associated with each type of 

interface (referred as total interface energy) is calculated by summing the excess 

energy of each atom over the region with a radius of r (nm) from the center of the 

interface. The values of r range from 1 to 25 nm with increment of 0.5 nm.  
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Figure 10 shows the total excess energy evolution with respect to ln(r) for all 

three configurations. The total excess energy for each configuration can be attributed to 

the surface energy (which is nonlinear with respect to ln(r)) and elastic strain energy. 

The latter is expected to scale linearly with ln(r) for all configurations. Indeed, the TDs 

and misfit dislocations on the interface can be treated as a large zonal dislocation with 

Burgers B and step height h, whose elastic energy is linearly scaled with B [49]. As 

shown in Figure 10, above a critical radius r, all curves indeed follow a linear scaling 

with ln(r). Below this value, the fully relaxed configuration has higher energy than the 

coherent and serrated configurations as a direct consequence of the presence of misfit 

defects within the relaxed interface. This is consistent with previous reported surface 

energies for the coherent and fully relaxed BP is 97 [25] and 170 mJ/m2 [44], 

respectively. However, the strain energy of the fully relaxed BP interface is much lower 

than that of the coherent and serrated ones. As shown in Fig. 10, the slopes for the 

coherent and serrated BP interfaces are identical and much steeper than that of the fully 

relaxed configuration. This indicates that the elastic energies of the long coherent and 

serrated BP configurations are similar and much higher than the fully relaxed interface. 

Insets in Figure 10 also shows the 12 stress fields of long coherent and fully relaxed BP 

interfaces. While the stress field of a long coherent BP interface is long range due to 

large misfit energy, the stress field of a fully relaxed BP configuration is only short range 

due to the misfit defects within the interface. Overall, the total energy of the fully relaxed 

BP facet is much lower than the coherent interfaces. Therefore, it is energetically 

favorable for the coherent interfaces to transform into fully relaxed BP interface during 

relaxation as seen in HRTEM. 
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To assess the energy cost associated with the transformation from the serrated 

state to the long coherent state, the Nudge Elastic Band (NEB) method is employed. 

For simplification, the serrated BP configuration contains only one TD step at the lower 

corner, which is located 0.757 nm away from its original position (see inset of Fig.11). 

Here, 8- and 15-TD BP interfaces are investigated to explore the role of the facet length 

on the energy barrier. The 15-TD BP interfaces at different 12shear strain (0, 0.2, and 

0.4%) is also studied to understand the effects of shear strain/stress on the energy 

barrier. The NEB calculations are performed with 19 intermediate states until the 

nudging forces are less 0.0002 eV/Å. Fig. 11 shows the minimum energy paths (MEPs) 

between the long coherent and serrated BP interfaces. The long coherent BP interface 

has slightly higher potential energy compared to the serrated one (i.e.  0.07-0.075 

eV/nm), which indicates that the dissociation of coherent BP facet into TDs is easier 

than the formation of BP facet from multiple TDs. This is consistent with reported results 

for the BP facet in Ti [50]. Moreover, the energy barriers between these two 

configurations are relatively small with values of 0.07/0.0064 and 0.075/0.001 eV/nm for 

1 TD step combination/dissociation of 15 and 8-TD BP facets, respectively. Fig. 11a 

also shows that the longer the straight coherent BP facet is, the easier it is to dissociate 

into the configuration with a step. In addition, Fig. 11b and Table 2 show the reduction in 

the energy barrier for the combination of a TD and conversely the increase in the 

energy barrier for the dissociation of a TD with decreasing shear strain. Therefore, the 

rate of combination of TDs to form straight long BP facets is expected to be moderately 

higher during relaxation. Clearly, given the lower barrier for recombination one could 

postulate that the rate limiting step should be related to the frequency at which twinning 
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disconnections enter in contact with the PB facet. This is consistent with previous MD 

results where the formation of a long BP facet via the glide of successive TDs is only 

achievable with the introduction of either a barrier [6] or free surface [20] to slow down 

the first TD. Results from the NEB calculations show that while it is more energetically 

favored for the dissociation process, the energy barrier for the combination process is 

much lower than the energy difference between coherent and fully relaxed BP 

interfaces (see Fig. 10). Therefore, once overcoming the small barrier for TD 

combination, the long coherent BP interface will quickly transform into relaxed 

configuration whose energy is much lower.  

As shown earlier in this section, results from MD and TEM show two different end 

configurations. We postulate that limited twin size, simulation time, and difference in 

local stress state all contribute to preventing the BP interface from achieving the fully 

relaxed state within the MD simulations. It is speculated that the formation of I2 SF 

observed in MD is only part of the relaxation process (see Fig. 12). As the I2 SFs reach 

a critical length, partial screw dislocations with Burgers vectors of 
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will nucleate and propagate to reduce the I2 SF. Combining 

with the partial edge dislocations, this reaction results in formation of basal dislocations 

with Burgers of 
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 (see Fig. 12b) . 

The emission of these basal dislocations leaves a net Burgers vector of 

. 
√  
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, which is consistent with the disclination dipole.  
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As per Figure 9, to rationalize the transformation from a fully relaxed state to a 

serrated state (upon remobilizing a long BP facet), the following simulations were 

performed. The mobility of each configuration is calculated by determining the minimum 

shear stress required for it to move at 10, 100, 200, and 300K. As shown in Table 3, 

fully relaxed BP facets require larger shear stress to move compared to the long 

coherent and serrated BP facets. Specifically, the shear stress required to move the 

fully relaxed BP facets is approximately 8-10 times larger than the long coherent 

configuration. Data from Table 3 also shows that higher temperature reduces the 

required shear stress to move BP facets. This is similar to the role of temperature on the 

mobility of < c + a > dislocations on second-order pyramidal planes at temperatures less 

than 400K [51]. These results indicate that the low-mobile relaxed BP facets must 

disintegrate into high-mobile serrated coherent BP interface during twin growth. 

5. Conclusion 

This study provides a comprehensive understanding of the mobility of BP 

interface and its role to the *   ̅ + twin growth. During twin growth, BP interfaces are 

serrated and composed of multiple small coherent segments since b2/2 disconnection 

loop nucleation is preferred over propagation of BP interfaces. During relaxation as 

observe via HRTEM and MD simulations, this configuration transforms into straight 

semi-coherent BP facets with either I2 SF or disclination dipoles every 14 to 17 basal 

planes to accommodate for the net Burgers vectors of . 
√  

 
  

 

 
  /

  
. Importantly, this 

transformation provides an alternative mechanism for long BP facet formation where the 

misfit defects rather than the junctions between different facets serve as the pinning 

points [6]. Moreover, the straight and long relaxed BP facets degenerate back into 
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serrated facets to promote twin growth under further loading. Regardless of the 

differences in the final configurations, results from HRTEM and MD simulations 

demonstrate that the relaxed configuration of the facets is not the configuration that 

facilitates growth of *   ̅ +  twin domains as the long BP facets are seen to degenerate 

into their serrated configuration prior to migrating. This highlights the importance of in-

situ characterization techniques and computational methods when studying the mobility 

of individual facet during twin growth.  
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Table 1. TD and shuffle vectors for the *   ̅ + twin in the following coordinate system 

where X, Y, and Z axes are along , ̅   -n(*   ̅ +),and, ̅  ̅ - directions. 

btw s1 s2 s3 s4 

(
      

√      
    ) (

      

 √      
    ) (

      

 √      
    ) (  

√   

 √      
  ) (0, 

√   

 √      
  ) 

 

Table 2. Energy barrier of the 1-TD combination and dissociation from coherent BP 

facets (unit:eV/nm) 

 Dissociation Combination 

8-TD (no strain) 0.0110 0.075 

15-TD (no strain) 0.0064 0.070 

15-TD (0.2% strain) 0.0051 0.075 

15-TD (0.4% strain) 0.0043 0.076 

 
Table 3. Minimum required shear stress to move long coherent and fully relaxed BP 
interfaces (unit: MPa) 
 

 10K 100K 200K 300K 

Serrated  <1 <1 <1 <1 

Long coherent <1 <1 <1 <1 

Fully relaxed  879 538 281 238 
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Figure 1. The morphology of a *   ̅ +  twin tip acquired at different times: (a) at the 
beginning of TEM characterization and (b) after 12 minutes under the electron beam. 

 

Figure 2. (a) Part of straight BP facets (the white square area of Fig. 1b) with misfit 

dislocations (red dislocation symbols) and twinning disconnections (green dislocation 

symbols). (b) Burgers circuit for the area denoted by the white arrow in (a) including a 
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misfit dislocation (red dislocation symbol) and a twinning disconnection (green 

dislocation symbol).  

 

 

Figure 3. Possible BP facet configurations based on net translation observed from 

TEM: (a) with infinite wall of discrete misfit dislocations, (b) with infinite wall of arrays of 

misfit dislocations, and (c) with infinite wall of disclination dipoles. 

 

Figure 4. The CDC of the *   ̅ + twin viewed in the    〈   ̅ 〉 direction. Blue solid 

atoms are matrix. Red hollow atoms are twin. The black dash dot line is along the 

〈   ̅ ̅〉 direction. The red and blue dash lines are the basal plane of the matrix and the 
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prismatic plane of the twin, respectively. Left inset: CDC for the CTB with shuffle and 

Burgers vectors. Right inset: CDC for the BP facet with the misfit dislocation. 

 

 

 

Figure 5. 3D twin growth (a) initially, after (b) 8 ps, and (c) 20 ps, respectively. HCP 

non-defected atoms are removed. Atoms are colored by their potential energies. 
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Figure 6. The transformation of the of the *   ̅ + twin-matrix interface (viewed along the 

 direction) during relaxation. The BP facet region indicated by the yellow arrow is 

analyzed in Fig. 8. Basal SFs and dislocation are indicated by black and red arrows, 

respectively. 
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Figure 7. Structure and Burgers circuit analysis of the (a) coherent (at t = 2 ps) and (b) 

semi-coherent (at t = 400 ps) BP facets observed during the twin growth in Fig. 7. 
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Figure 8. (a) The *   ̅ + twin-matrix interface (viewed along the  direction) after 10 ps 

regrowth at 1.8 GPa. Atoms are colored by potential energy with the same scale used in 

Fig. 6. (b) Zoom-in view of the BP facet denoted by the dashed rectangle in (a). Atoms 

are colored by structure type (green: FCC, blue: BCC, white: unknown). HCP atoms are 

removed to show the structure of the defects. 
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Figure 9. Schematic of long BP facet formation via 2 steps. The first step is from (a) 

serrated BP interface with short coherent BP facet to (b) long coherent BP facet. The 

second steps is from (b) long coherent BP facet to either long semi-coherent BP facet 

with (c) I2 SFs or (d) disclination dipoles. 
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Figure 10. (a)Total excess energy as a function of ln(r). The 12 stress field of (b) 

coherent, (c) serrated, and (d) fully relaxed BP interfaces. 

 

 

Figure 11. Minimum energy path (MEP) between the straight coherent BP facet and the 

one with one TD shown in Fig. 9b.  
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Figure 12. Schematic of the formation of long semi-coherent BP facet from long 

coherent BP facet. (a) Step 1: emission and elongation of I2 bounded by partial edge 

dislocations in both the twin and matrix. (b) Step 2: screw partial dislocations are 

emitted and combine with partial edge dislocations to form basal dislocations in both 

twin and matrix.  
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