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Abstract: First-principles calculations were performed to investigate the structures and energetics of {101 }n  coherent 
twin boundaries (CTBs) and glide twin boundaries (GTBs) in hexagonal close-packed (hcp) Ti. The formation 
mechanism of GTBs and their correlation with twin growth were fundamentally explored. Results suggested that GTBs 
can form from the gliding of CTBs, through their interaction with basal stacking fault. The gliding eventually restored 
the CTB structures by forming a pair of single-layer twinning disconnections. The pile-up of twinning disconnections 
should be responsible for the wide steps at twin boundaries as observed in high-resolution transmission electron 
microscopy, which can further promote twin growth. Possible effects of various alloying elements on pinning twin 
boundaries were also evaluated, to guide the strengthening design of Ti alloys. 
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1 Introduction 
 

Twins are prone to form in crystals with low  
or medium stacking-fault energies [1], usually 
through the nucleation of faulted layers during the 
solidification [2], vapor deposition [3], or annealing 
recrystallization [4]. When crystal formability 
suffers seriously from a lack of independent slip 
systems (such as in plastically deformed hcp 
metals), or from the sharply increased stress of 
dislocation slip especially at low temperatures (such 
as in impact-loaded fcc-Cu [5] and bcc-Fe [6]), 
deformation twinning can also be induced. 
Deformation twins can even turn the unfavourably 
oriented grains to a more favourable slip  
orientation [7]. Typical twinning modes in the   
hcp crystals are {10 11} 1012 ,  {10 12} 10 11 ,   
{1121} 1126  and {1122} 1123   [7,8]. The 
formation of twins has been generally believed to 

be closely related to partial dislocations and 
twinning disconnections (TDs) on non-basal 
twinning planes [7,9−12]. For instance, {10 12}  
twins can nucleate from the simultaneous nucleation 
of multiple TDs, or perhaps more energetically 
favourably, from the simultaneous nucleation of 
non-basal partial dislocations and multiple TDs [12]. 
Such TDs can nucleate from non-planar 
dissociations of a, a+c, or c dislocations [13−16]. 
The twin can grow as TDs glide at the {10 12}  
twin boundary. The core structure and high  
mobility of TDs have been identified by high- 
resolution transmission electron microscopy 
(HRTEM) [17,18]. Other mechanisms based on 
atomic shuffling and zonal dislocations also   
exist [19,20], but still have many details in debates. 

Coherent twin boundary (CTB) is the simplest 
structural version of twin boundaries (TBs), where 
the twin lattice is exactly a mirror reflection of   
the parent lattice [7,21]. Considerable theoretical 
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efforts have been devoted to the structures and 
energetics of {101 }n  and {112 }n CTBs in hcp 
Mg, Zr, and Ti, using various numerical methods 
including molecular statics (MS) [22], molecular 
dynamics (MD) [23], and first-principles density 
functional theory (DFT) [21,24,25]. Another major 
form of TBs is the glide twin boundary (GTB).  
The concept of GTB was firstly proposed       
for {10 12} 10 11   twins [26], where GTBs were 
modeled by shifting one side lattice of CTB against 
the other along 10 11   on the twinning plane of 
{10 12} . Soon later, {10 12}  GTBs were observed 
by HRTEM characterizations in hcp Zn, and 
energetics calculations suggested that the GTBs 
could be preferred to forming under non- 
equilibrium conditions [27]. Recently, energetics 
calculations have been further extended to the 
{10 12}  GTBs in hcp Mg and Au, as well as the 
{10 11}  GTBs in hcp Mg and Au [28−31]. These 
GTBs were all predicted as high energy and 
metastable, as compared to their CTB counterparts, 
and their formation mechanism remains unclear. 

Basal dislocations can induce basal stacking 
faults (SFs) during deformation [32]. However, in 
contrast to a number of studies on non-basal partial 
dislocations, the roles of basal partial dislocations 
(and basal SFs) in twin growth are rarely studied. 
Very recently, the connection between basal SFs 
and twins has been experimentally suggested, based 
on the high-density presence of basal SFs    
inside {10 12} 10 11   deformation twins under 
HRTEM [33]. Besides, profuse I1 SFs (defined   
as in hcp systems by removing one basal      
layer followed by a slip of 1/3 01 10  ) induced  
by basal dislocations were observed closely 
accompanying the growth of {1012}  twins in pure 
Mg using in-situ tension experiments under 
transmission electron microscopy (TEM) [34]. MD 
simulations [35,36] also suggested that the 
intersection of one I1 SF with a {10 11}  TB could 
emit a single-layer TD, which cannot glide    
along the TB but move by climbing to facilitate  
the development of twin embryos [35]. No 
first-principles efforts have been made to explore 
the complex interplays among basal SFs, TB 
gliding, TDs, and further twin growth, especially 
for both CTBs and GTBs in hcp systems. 

In this work, we take hcp Ti as an exemplary 
system and investigate the structures and energetics 
of {101 }n  CTBs and GTBs from the first- 

principles, to gain important insights into the 
formation mechanism of GTBs and also its 
profound correlation with basal partial dislocations/ 
SFs, TDs, and twin growth. 
 
2 Methods 
 

Experimental samples with dimensions of 
40 mm × 10 mm × 3 mm were cut from a 
commercially pure Ti plate, annealed in vacuum  
at 650 °C for 1 h, and then cold-rolled to 40% 
thickness reduction. TEM specimens were then cut 
from the transverse section of the rolled sheets  
and ground to 50 μm in thickness. The HRTEM 
characterization was performed using a FEI Titan 
G2 60−300 TEM with an image spherical aberation 
corrector operated at 300 kV. 

All the DFT calculations were conducted using 
Vienna ab-initio simulation package (VASP) [37] 
with the plane-wave basis sets and periodic 
boundary conditions. The electron-core interaction 
was described by the Blöchl projector augmented 
wave method (PAW) within the frozen-core 
approximation [38]. The Perdew−Burke−Ernzerhof 
(PBE) generalized gradient approximation was 
employed for exchange-correlation functions [39]. 
Sandwich supercell models were employed to 
calculate the {10 11} , {10 12}  and {1013}  TB 
interfaces. All the ground-state configurations were 
optimized using a high energy cutoff of 475 eV for 
the plane-wave basis sets until the total energy was 
minimized and the total force on each ion 
converged within 0.02 eV/Å.  
 
3 Results and discussion 
 
3.1 Basic structures and energetics 

Figure 1(a) schematically illustrates the major 
twinning modes in hcp Ti lattice. Figures 1(b−d) 
show the projections of the corresponding CTBs 
along a1= 1210  . Hollow and solid balls denote 
atoms on two different neighboring {1100}  planes. 
Dashed lines represent {0001} planes with an 
-ABABAB- stacking sequence, and solid frames 
highlight the conventional unit cells as viewed 
along a1. Interface formation energy ( CTBγ ) was 
then calculated as 
 

CTB CTB bulk

1
( )

2
γ E E

A
                        (1) 
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Fig. 1 Schematics for {10 11} 10 12  , {10 12} 10 11  , and {10 13} 3032   twinning modes in hcp Ti (a) and 1210   

projections of {10 11} , {10 12} , and {10 13}  CTBs (b−d) 

 
where ECTB and Ebulk are the total energy of a fully 
relaxed CTB supercell and a pure bulk supercell 
with the exact same number of atoms, respectively, 
and A is the boundary area. The {10 11} , {10 12} , 
and {1013}  CTB supercells contain 64, 88, and 64 
Ti atoms with periodic boundary conditions, 
respectively. Each supercell hosted two identical 
twin boundaries with a separation of at least 10 Å.  
Their dimensions along 1210  are all equal to the 
unit lattice parameter a. The other dimension along 
10 12  , 10 11  , or 3032   was chosen to equal 

2 23 4 ,a c  
2 212 4 ,a c  or 2 227 4a c  for {10 11} , 

{10 12} , or {10 13}  CTBs, respectively, to 
sufficiently cover one stacking period and retain the 
inversion symmetry. Accordingly, the Brillouin- 
zone integrations employed a 4×13×1, 4×8×1, and 
2×15×2 Γ-centered Monkhorst−Pack K-mesh, 
respectively. Each supercell hosted two identical 
twin boundaries with a separation distance of more 
than 10 Å, to minimize the possible interaction.  
The calculated results are summarized in Table 1, 
 
Table 1 Calculated interface energies of {10 1 }n  

CTBs in hcp Ti 

CTB type 
γCTB/(Jꞏm−2) 

This work Others 

{10 11}  0.090 
DFT: 0.107 [40], 0.075 [21] 
MD: 0.184 [37], 0.280 [37] 

{10 12}  0.302 
DFT: 0.307 [28], 0.298 [21] 

MD: 0.273 [28] 

{10 13}  0.343 DFT: 0.327 [21] 

showing good agreement with all previous DFT 
calculations. The {10 11} 1012   CTB has the 
lowest formation energy of 0.09 J/m2 only. The 
{10 12} 10 11   and {10 13} 3032   CTBs require 
higher formation energies but still lower than those 
of many symmetric-tilt grain boundaries (normally 
in the order of ~1 J/m2). 

Recall that GTBs can be constructed by 
gliding along the CTBs. Figure 2(a) shows the 
supercell for modeling {10 11}  CTB in hcp Ti. 
Gliding the left half lattice by 1/ 2 1012b     
leads to a high energy and metastable {10 11}  
GTB in Fig. 2(b). After a full relaxation, the    
high energy {10 11}  GTB can transform favorably 
back into the original CTB structure (with the 
lowest formation energy of γ=0.09 J/m2 only), 
accompanying with a left-shift of the twin boundary 
(Fig. 2(c)). Once such a gliding-and-shifting 
process occurs continuously, the {10 11}  CTB can 
move consistently to the left. An opposite gliding of 
the left half lattice by 1/ 2 1012   , however, 
cannot restore the original {10 11}  CTB structure 
but can result in a new and high energy structure of 
γ=0.635 J/m2. Opposite gliding of the left half 
lattice of a {10 12}  CTB by 1/ 2 1011b    can 
also fully restore the original {10 12}  CTB 
structure after relaxation, accompanying with a 
left-shift of the twin boundary. The {1013}  CTB 
is similar with the {10 11}  case: only the 
1/ 2 3032   gliding can restore the {1013}  CTB 
structure with a left-shift of the twin boundary. 

We have manifested that all the {101 }n  
GTBs are high energy, metastable structures  
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Fig. 2 Supercell model for {10 11}  CTB in hcp Ti (a), 

{10 11}  GTB (b) resulted from gliding of b=1/ 2 10 12   

from (a), restored {10 11}  CTB (c) after full relaxation 

of (b), accompanied with left-shift of twin boundary, pair 

of {10 11}  GTBs (d) resulted from gliding on both 

sides of twin, and resulted widening of {10 11}  CTB (e) 

after full relaxation of (d) 

 
compared to their CTB counterparts. It is easy to 
deduce that simultaneous operation of opposite 
gliding on both sides of a {101 }n  twin may cause 
a direct widening of the twin. This has been also 
manifested by calculations for a {10 11}  twin 
supercell (Figs. 2(d) and (e)) employing 80 Ti 
atoms and a 4×10×1 Γ-centered Monkhorst−Pack 
K-mesh for Brillouin-zone integration. A twin 
growth mechanism can be thus suggested as the 
continuous opposite gliding on both sides of    
the twin. We notice that the above gliding     
twin modes of {10 11} 1012 ,   {10 12} 10 11 ,   and 
{10 13} 3032   are not among common slip systems 
in hcp Ti, and one may thus expect that such gliding 
could be hardly induced by shear strains in real 
practice. 
 
3.2 Roles of basal stacking faults (SFs) 

Considering the important role of SFs in twin 
growth in cubic metals [41,42] and the relatively 
low formation energy of basal SFs in hcp Ti 

(~0.150 J/m2 for SF-I1, 0.260−0.350 J/m2 for SF-I2, 
~0.360 J/m2 for SF-E [43,44]), we turned to explore 
the implications of basal SFs on GTB formation 
and the subsequent twin growth in hcp Ti. A basal 
edge dislocation with a unit Burgers vector can 
dissociate into two Shockley partial dislocations  
a s  1/3 1120 1/3 10 10 1/3 0110       [4 5 ]  ( s ee 
Fig. 3(a)). Three basic types of basal SFs can result 
in Fig. 3(b): (1) extrinsic SF-E, having a stacking 
sequence of -(ABABCABAB)-, formed by 
inserting an extra basal plane, (2) intrinsic SF-I2, 
having a stacking sequence of -(ABABCACA)-, 
formed from a slip of 1/3 01 10  , and (3) intrinsic 
SF-I1, having a stacking sequence of 
-(ABABCBCB)-, formed by removing one basal 
layer followed by a slip of 1/3 01 10  . Using a 
{10 11}  twin as an illustrative example, the 
1210   projections of these basal SFs and 

SF-impacted TBs are shown in Figs. 3(c−e). 
Introducing either an SF-E or an SF-I2 to the left 
side lattice (see Fig. 3(c) or (d)) led to a high energy 
TB structure after relaxation, while the TB with an 
SF-I1 in Fig. 3(e) reproduced exactly the {10 11}  
GTB structure of Fig. 2(b). This GTB can then 
favorably relax into the original, low energy CTB 
structure, accompanying with moving of the 
boundary (see Fig. 2). Such a structural correlation 
between SF-I1 and CTB was also predicted for 
{10 12}  and {10 13}  twins, which strongly 
suggests that SF-I1 could induce the gliding, to 
initiate twin widening and growth. Recall that the 
formation of SF-I1 involves partial dislocations on 
basal slip planes (see Fig. 3(b)). We can thus deduce 
that, on {10 1 }n  twin planes, by inducing basal 
SF-I1 (Fig. 3(b)), basal partial dislocations may 
cause the TB gliding in favor of the widening and 
growth of {101 }n  twins. 
 
3.3 Twinning disconnections (TDs) 

Figure 4 schematically reviews how basal 
SF-I1 can induce twin widening and growth. When 
basal SFs (SF-I1) reach a {10 11}  twin from both 
sides, high energy GTB segments form in Fig. 4(b). 
Each segment relaxes back to a low energy CTB 
structure, causing the TB gliding and also leaving 
behind a pair of single-layer TDs. Clearly, the 
distance between I1 SFs determines the initial 
separation distance of the TD pairs, and the twin 
thus becomes serrated with TD steps in Fig. 4(c). 
Please note that this kind of TD steps have been 
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Fig. 3 Schematic for basal edge dislocation dissociation into two Shockley partials (a), formation of basal SFs I1, I2, and 

E (b), SF-E (c), SF-I2 (d), and SF-I1 (e) impacted {10 11}  CTBs (Blue atoms represent perfect matrix lattice, and black 

atoms represent SF-free segment of {10 11}  CTB) 

 

 
Fig. 4 {10 11}  twin embedded in hcp Ti matrix (a), supercell model for {10 11}  twin with SF-I1 generated on both 

sides (b) and formation of TDs and twin widening (c) induced by SF-I1 after full relaxation from (b) (Green shadows 

highlight SF-I1 regions and red bars locate single-layer TD steps) 

 

observed very recently in Mg and its roles on twin 
boundary mobility have also been suggested [46]. 
Also, the single-layer TDs in Fig. 4(c) can be 
labelled as {0001}matrix//{10 11} twin basal-pyramidal 
(BPy) steps, where the basal plane {0001} of the 
matrix (the red lattice) is exactly parallel to the 
pyramidal plane {10 11}  of the twin (the blue 
lattice). It can be naturally deduced that an 

accumulation of basal SFs could induce the pileup 
of TDs, leading to the formation of multiple wide 
BPy steps at the twin boundary. This has been 
confirmed in our pure Ti samples using HRTEM, as 
observed for {10 11}  twins under the zone axis  
of hcp[1210]  in Fig. 5. The coherent {10 11}  twin 
boundaries and multiple wide BPy steps are marked 
using yellow and red dashed lines, respectively. 
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Fig. 5 HRTEM images of {10 11}  CTB with single, 

two-layer TD, or basal-pyramidal (BPy) step (Twin 

orientation relation was verified by the inserted Fast 

Fourier Transformation (FFT) pattern) (a) and serrated 

{10 11}  CTB featured with multiple, wider BPy steps (b) 

 
The formation energy of TD can be further 

predicted as 
 
γTD=[ECTB+TD−(γCTBACTB+γSFASF+nμTi)]/(mATD)  (2) 

where ECTB+TD is the total energy of the supercell in 
Fig. 4(c); γCTB is the interface formation energy of 
the CTB as calculated using Eq. (1); γSF is the 
energy of SF per unit area, using 0.150 J/m2 [40,41]; 
ACTB, ASF, and ATD are the areas of the CTB, the SF, 
and the TD step, respectively; μTi is the chemical 
potential of Ti in its pure bulk; m is the total number 
of TDs in the supercell, i.e. m=4; n is the total 
number of Ti atoms in the supercell. The {10 11}  
twin supercell in Fig. 4(c) employed 128 Ti atoms, 
i.e. n=128. Brillouin-zone integration employed an 
1×7×1 Γ-centered Monkhorst−Pack K-mesh. Using 
Eq. (2), the formation energy of the TD step was 
predicted to be 0.572 J/m2, much higher than that  
of the {10 11}  CTB. This is simply due to the 
incoherent boundary feature of the TD (or BPy) 
steps as clearly seen in Fig. 4(c) and Fig. 5. 
 
3.4 Pinning effect of segregated solutes 

In Ti-based alloys, the formation of TDs 
through the SF-I1 induced gliding could be affected 
by alloying solutes. We further evaluated the pinning 
effect of segregated solutes on the gliding of a 
{10 11}  CTB by calculating the corresponding 
energy change as 
 

b GTB CTB( ) x xE x E E                        (3) 
 
where CTB

xE  and GTB
xE  are the total energies of 

single solute x segregated CTB before and after the 
gliding, respectively. As the direct consequence of 
gliding, the CTB involves into its GTB counterpart 
that has a high energy and metastable structure. 
Various solutes that are commonly added into Ti 
alloys have been considered, including α-Ti 
stabilized solutes Al and Ge, β-Ti stabilized  
solutes Ag and V, and neutral solutes Y and      
Zr. Figure 6 shows possible segregation sites  
(sites 1−6) on the CTB plane and its neighbourhood. 
It should be noted that the relaxed structures and the 

 

 
Fig. 6 Possible sites for solute segregation on {10 11}  CTB plane or its first or second neighboring plane 
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Table 2 Calculated energy change ΔEb for gliding of {10 11}  CTB with different segregation concentrations 

Solute concentration/% 
ΔEb/eV 

Pure Ti Y (Site 1) Zr (Site 1) Al (Site 2) Ge (Site 2) Ag (Site 1) V (Site 2)

3.12 1.153 1.491 1.269 1.226 1.606 1.673 1.407 

6.24 1.153 1.493 1.325 1.313 2.155 2.112 1.659 

 

corresponding total energies of the CTB and GTB 
are exactly identical. For all these solutes 
considered, the most favoured segregation site was 
found always to be Site 1 or Site 2 right on the CTB 
plane, corresponding to a segregation concentration 
of ~3.12%. Please note that Site 1 or Site 2 has one 
equivalent site within one stacking period along the 
CTB plane. Thus, using the supercell in Fig. 6, we 
can consider a higher segregation concentration of 
~6.24%. The calculated ΔEb results under the two 
segregation concentrations are compared in Table 2. 

Higher positive ΔEb values predict larger 
energy barriers for the twin gliding. It can be thus 
suggested from Table 2 that all the considered 
solute elements have a pinning effect on the 
{10 11}  CTB gliding as compared to pure Ti. 
Among which, Zr and Al have relatively small 
influence. Ag and Ge show a fairly strong capability 
for pinning the twin boundary, followed by Y and V. 
Increasing the segregation concentration always 
enhances the pinning effect to different extents, but 
this trend is not obvious for Y. The solute pinning 
effect can certainly benefit in strengthening the 
matrix by stabilizing twin sizes [46,47]. In this 
regard, these phase-stabilizing solute elements in Ti 
could be re-classified into three different categories: 
strong twin-stabilizing solutes Ag and Ge, 
medium-strong twin-stabilizing solutes Y and V, 
and weak twin-stabilizing solutes Zr and Al. Our 
predicted pinning effects of various solutes on twin 
boundaries in Ti alloys await future experimental 
validation. 
 
4 Conclusions 
 

(1) {10 1 }n GTBs are metastable structures 
compared to their CTB counterparts and can     
be resulted from the gliding of CTBs. The 
simultaneous operation of opposite gliding on both 
sides of a twin may cause the twin widening. A new 
twin growth mechanism can be suggested through 
the continuous opposite gliding on both sides of the 
twin when subjected to shear strain. 

(2) Another new twin growth mechanism can 
be also suggested based on the CTB interaction 
with intrinsic basal SF-I1. Basal SFs can induce the 
gliding of CTBs, and further the formation and 
pileup of TDs on the CTB plane as observed in 
HRTEM, which can facilitate the twin widening and 
growth. 

(3) Furthermore, solute segregation can    
also favourably affect the TB gliding. New 
strengthening strategies can be thus suggested for Ti 
alloys by direct pinning twin boundaries using 
strong twin-stabilizing solute elements, such as Ag 
and Ge. 
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密排六方钛中基面堆垛层错导致的孪晶界滑移、 
孪生台阶及孪晶生长：第一性原理研究 
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摘  要：基于第一性原理计算研究密排六方结构钛中{10 1 }n 共格孪晶界和滑移孪晶界的结构和能量，探讨滑移

孪晶界的形成机理及其与孪晶生长的关系。结果表明，共格孪晶界与基面堆垛层错的相互作用可使共格孪晶界产

生滑移，从而形成对应的滑移孪晶界。这种滑移最终能在孪晶界处形成一对单层孪生台阶，并恢复共格孪晶界的

结构。孪生台阶的塞积可导致高分辨率透射电镜观察到的孪晶界上的台阶宽化，进一步促进孪晶的生长。此外，

还评估多种合金化元素对孪晶界滑移的钉扎效应，为钛合金的强化设计提供指导。 
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