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Abstract 

It is commonly agreed that the α2 phase in γ(TiAl)-based alloys is quite difficult to deform 

plastically especially by order twinning. In the present study, for the first time we report 

deformation twinning in the α2 phase in a nearly-lamellar two-phase γ-TiAl alloy investigated 

by electron microscopy. Diffraction pattern and high-resolution images indicate that the 

twinning plane is (202̅1) and the twinning direction is [1014̅̅̅̅ ], which is essentially analogous 

to what has been observed in disordered hexagonal structures. The twinning and anti-twinning 

mechanisms are interpreted. The twinning is a combined result of superpartial dislocation glide 

activated by the dissociation of <2c+a> type superdislocation, accompanied by atomic 

shuffling and short-range diffusion which is facilitated by the anti-structural bridges diffusion 

mechanism during high-temperature compression. The appearance of deformation twinning in 

the α2 phase can play an important role for the excellent mechanical properties of high Nb 

containing TiAl alloys, which is of great importance for the further development of γ-TiAl 

alloys. 
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Introduction 

The current TiAl alloys in application and under research are mostly based on a two-phase 

(α2+γ) microstructure [1-2]. However, the α2 phase is difficult to deform due to the limited 

number of operative slip systems and the lack of twinning as well [2-3]. Slip basically occurs 

by glide of superdisloctions with the Burgers vector 
1

3
<112̅0> on the {101̅0} prism and {0001} 

basal planes (<a>-type) as wells as by  
1

3
<1̅21̅6> superdislocations on the {12̅11} pyramidal 

planes  (<2c+a>-type) [3]. However, there is a strong preponderance for prism slip, which 

makes shear with c components of the hexagonal cell virtually impossible [2]. Thus, although 

in terms of the von Mises criterion sufficient independent potential slip systems are available 

in the α2 phase, it lacks independent slip systems that can operate at comparable stresses. 

Different to the disordered α phase, twinning of the ordered D019-α2 phase will require long-
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distance shuffling of atoms to fulfill the mirror symmetry between twin and parent lattice [4]. 

In previous studies on α2-based alloys, twin structures were recognized; however, there is a 

remarkable disparity between the observed twinning elements. Morris et al. [5] and Lipsitt et 

al. [6] observed twin-like plates in off-stoichiometric alloys but did not specify the twinning 

elements. Wang et al. [7] observed twins in α2 grains of Ti-46.54Al (atomic percent, at.%) 

quenched from the α-phase field. Twinning occurred mainly along (31 4̅ 2)[3 6̅ 53] with 

secondary twins on (2̅201)[11̅04]. The twins were thought to originate from double twinning 

of the disordered α-phase, and however the observed twins are clearly different from any twins 

observed in α-Ti. Lee et al. [8] observed twin structures in Ti-34Al polycrystals after high-

temperature compression with twinning elements that correspond to c-axis compression twins 

in disordered α-Ti. Kishida et al. [9-10] recognized mechanical twinning in Ti-36.5Al single 

crystals after compression above 1000 °C, when the compression axis was close to the c-axis 

of the D019 cell. The twin habit plane was {20 2̅ 1} and the twinning elements were 

K1=‘{2̅1210̅̅̅̅ 3}’, K2={2021̅̅̅̅ }, η1=<5146̅̅ ̅̅ ̅>, η2=‘<1̅32̅2>’. The indices of K1 and η2 were 

irrational, i.e., they are only approximate. Hence, the twins were categorized as Type-II twins 

[11]. Again, no crystallographically equivalent twinning shear has been observed so far in α-

Ti. It should also be noted that no evidence of twinning was reported for stoichiometric α2 

alloys [2, 4,12]. Most of the above authors have pointed out that the interchange shuffling is a 

critical step for fully establishing twinned structures. Collectively, the data indicates that the 

following factors support mechanical twinning in α2 alloys: 1) off-stochiometric composition, 

perhaps Nb-containing; 2) high-temperature (>1000 °C) compression and 3) sample (or grain) 

orientation unfavorable for prismatic glide. 

In two-phase (α2+γ) alloys, twinning of the α2 phase was never observed, not even in heavily 

deformed α2 laths with dense dislocation structures [13,14]. As the α2 phase is a significant 

constituent of modern TiAl based alloys and thus important for maintaining strain continuity, 

it is important to see whether mechanical twinning in this phase could be initiated under the 

above mentioned experimental conditions. This is the subject matter of the present study.  

 

Experimental 

The nominal composition of the alloy is Ti–45Al–8.5Nb–0.2W–0.2B–0.02Y. The as-cast 

microstructure was reported in our previous research [15]. The volume fractions of the phases 

are 93% γ, 5% α2 and 2% βo(ω). The α2 phase exists as thin lamellae in the lamellar colonies 

in thickness of 50~100 nm. Cylinders in sizes of Ø 8 mm×12-mm were cut from the ingot. High 

temperature compression was conducted on a Gleeble 3500 equipment at 800 °C. The heating 

rate was 10 °C/s and the samples were held at the testing temperature for 5 minutes to stabilize 

the heat transfer. A strain rate of 0.001 s-1 was applied and the compression strain was set to 

30%. In total the compression test took 5 minutes. Graphite disks were applied at the two ends 
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of the samples. No shear bands or cracks were observed in the deformed samples. After 

compression, the samples were water-quenched to freeze the deformed microstructure. 

Specimens for scanning electron microscopy (SEM) observation were cut from the center of 

the compressed samples, then grinded and vibration polished. Slices for transmission electron 

microscopy (TEM) observation were cut parallel to the loading direction. TEM foils were 

ground to a thickness of 0.1 mm and further thinned to electron-transparency by twin-jet 

polishing. TEM and high resolution TEM (HRTEM) observations were conducted on a FEI 

TITAN 80-300 microscope operated at 300 kV.  

Results and discussion 

The microstructure after high temperature compression is shown in Fig. 1(a) as imaged by SEM 

in the backscattered electron mode. The lamellar structure mainly consists of alternating γ (dark) 

and α2 (grey) laths. Fig. 1(b) is the TEM image of a heavily deformed lamellar colony, showing 

numerous deformation twins in the γ phase which terminate at the γ/γ or γ/α2 interface. 

Normally, the α2 lath is expected to exhibit dislocations or strong stress concentration at the 

interface. However, as indicated by the arrows, thin plates are observed within the α2 lath, 

which are inclined to the α2/γ interface and arranged in a regular distance. The magnified image 

of these plates is shown in Fig. 1(c). Interestingly, every plate is connected with a thin 

deformation twin of the γ phase. This strongly indicates that the formation of these plates is 

related to the stress concentration at the intersection area of γ twin and α2 laths. In fact, heavily 

twinned γ phase exists on both sides of the α2 laths.  

Diffraction and HRTEM techniques were used to further examine the structure of these plates 

in the α2 laths. Fig. 2(a) is the magnified image of two such plates in an α2 lath. The 

corresponding selected area diffraction pattern (SADP) with the [12̅10]α2 zone axis is shown 

in Fig. 2(b). Although the diffraction spots of the thin plates are weak, one can immediately 

realize based on the indexing of the SADP that it is a twinning pattern. The diffraction spot of 

the (202̅1) plane is shared in two α2 patterns, indicating that it is the twinning plane. The SADP 

shown here is analogous to that reported by Lee et al., [8] where {101̅1}〈1012̅̅̅̅ 〉 deformation 

twinning is extensively observed (using indices for the disordered α phase). Those authors also 

pointed out that fine substructures could be seen within the twins, which were inferred as 

secondary twins. It is also known that {101̅1} twins are usually accompanied by secondary 

twinning of the type {101̅2}〈1011̅̅̅̅ 〉 [11]. In Fig. 2(a), a fine substructure can also be observed 

within the twinning plates. However, this consists probably of planar defects of the α2 phase 

but not of secondary twins, as will be outlined below. The α2 twins can be more clearly seen in 

the HRTEM image in Figs. 2(c) and (d). The mirror symmetry of the atomic arrangement is 

clearly shown in Fig. 2(c). The Fast Fourier Transformed (FFT) image of this area is shown in 

the insert, which can be labeled in the same way as that in Fig. 2(b). All the diffraction spots 

in the reciprocal lattice are in symmetrical positions with respect to the line connecting the 
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diffraction spots of the (202̅1) and (2̅021̅) atomic planes. The intensity profile inserted in Fig. 

2(c) indicates that the spots of the twinning plane are fully convergent, i.e., this is not a tilt 

boundary between the two α2 variants [16]. On the right side of Fig. 2(c), twinning of the γ 

phase is shown, and complex interfacial structures at the α2/γ interface exist. The interface of 

the mirror plane contains some ledges, as shown in the magnified image in Fig. 2(c). However, 

in Fig. 2(d), the twinning interface is flat on one side while apparently not flat on the other side. 

The FFT images inserted in Fig. 2(d) are obtained from the rectangle areas. A deviation of 5.8° 

appeared at the upper side of the interface whereas at the lower side the diffraction spot of the 

(202̅1) plane remains convergent. This deviation suggests that the upper α2 matrix was tilted 

by 5.8° around the viewing direction [12̅10], which is probably due to the buckling of the α2 

laths after compression [17]. The twin terminated inside the α2 phase, suggesting that the 

propagation of the incoherent interface was stopped. The substructures in the twinned grain, as 

seen in Fig. 2(a), are proven to be planar defects on the {0001} plane as indicated by the 

streaking contrast in the FFT image. Planar defects also exist in the α2 matrix, but apparently 

have a larger volume fraction in the twinning plate. To the authors’ knowledge, this is the first 

time that clear HRTEM images are obtained for D019-α2 phase twinning. As reported by Zhang 

et al. [18-19], the planar defects are inferred to be stacking faults caused by the incoherent 

twinning interface during the growth of twins. However, their twinning system is different from 

that in the present situation. Due to the very large strain contrast, a clear bright-field image 

usually cannot be obtained in the edge-on direction. 

The twinning elements are schematically depicted in Fig. 3 and summarized in Table 1. 

K1=(202̅1) and η1=[1̅014] can be determined. In fact, this twinning mechanism is identical to 

that from Lee et al. [8]. The same twinning mode has very commonly been observed in 

disordered alloys [20-22]. Based on the different possible twinning modes reviewed by 

Christian et al. [11], two groups of K2 and η2 elements are shown in Fig. 3, which are in fact 

twinning and anti-twinning modes. The group shown in Figs. 3(a)-(c) is K2=(2023̅̅̅̅ ) and 

η2=[3̅034̅]. The shear of twinning can be obtained by the equation: 𝑠 = 2cotφ, where φ is the 

dihedral angle of K1 and K2. The twinning shear is calculated to be 0.14 (a=0.563 nm, c=0.458 

nm). This is analogous to those values reported for other hexagonal materials [23]. The anti-

twinning mode (K2=(0001) and η2=[1̅010]), although the resulting atomic arrangement is the 

same (Figs. 3(c) and (f)), is not probable since a nearly 8 times larger (s=1.07) shear is required. 

Interestingly, Christian et al. [11] indicated these anti-twinning elements as a possible twinning 

mechanism with s<1, and surprisingly the indices used by this group were exactly applicable 

to the ordered D019 structure. Unfortunately, they did not give more references about this group. 

The {101̅1}〈1012̅̅̅̅ 〉 twinning system has also been reported to have a low twin boundary 

energy [23], which maybe the reason for the observed smooth twinning interface in Fig. 2(c). 

For the current c/a ratio (regardless of the ordered structure), the shear of the {101̅1}〈1012̅̅̅̅ 〉 

and {101̅2}〈1011̅̅̅̅ 〉 modes are very close [4, 24]. It is not clear why only {202̅1}〈1014̅̅̅̅ 〉 α2 
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twinning is observed in this two-phase TiAl alloy. Twin nucleation is probably supported by 

thermal activation, as the size of the activation complex is restricted to atomic dimensions and 

the energy barrier is approximately given by the stacking fault energy. Moreover, a strong 

stress concentration appears to be necessary to initiate α2 twinning because it is only found in 

certain severely deformed lamellar structures with heavy γ twinning. Fig. 4(a) shows a number 

of deformation twins in a γ lath sandwiched in an α2 lath. Fig. 4(b) displays dislocations in the 

same α2 lath under the g=(0002) two-beam condition. This indicates that a strong stress 

concentration/deformation along the c direction of the α2 phase happens. The nucleation 

mechanisms of twinning are divided into homogenous and heterogeneous types, which are 

achieved by integral shuffling of atoms and dissociation of superdislocations, respectively [20]. 

In the present situation, the latter type seems probable since the integral shuffling will disturb 

the ordering of the D019 structure. Considering that every α2 twin might be connected with a γ 

twin, the observed 〈2𝑐 + 𝑎〉 type dislocations can be reasonably generated at the interface in 

the reaction [14]: 

3 ×
1

6
[112](111̅) =

1

2
[112](111̅)→ 

1

6
[2̅116](202̅1) +

1

6
[101̅0](0001) 

The 
1

6
[2̅116] is a superpartial dislocation and glides on the twinning plane (202̅1), while the 

1

6
[101̅0]  Burgers vector can be contained in the {0001}α2/{111}γ interface. A possible 

dissociation mechanism of the 
1

3
[2̅116] superdislocation (combined by two superpartials) can 

be: 

1

3
[2̅116](202̅1)→ 

1

6
[1̅21̅0](0001)/(101̅0) + APB +

1

2
[1̅014](202̅1) 

or, 
1

3
[2̅116](202̅1)→ 

1

3
[1̅100](0001) + SISF +

1

3
[1̅014](202̅1) +

2

3
[0001] 

This will introduce the Burgers vector 〈1̅014〉  for twinning shear, and the glide of the 

superpartials 
1

6
[1̅21̅0] and 

1

3
[1̅100] will cause an anti-phase domain boundary (APB) or 

intrinsic stacking fault (SISF), respectively. The glide of 
2

3
[0001] is probably pinned due to 

the high Peierls stress. The complex interfacial structure at the α2/γ interface in Fig. 2(c) can 

serve as a hint for the heterogeneous nucleation mechanism. When the lamella is curved at 

certain locations, the glide of superpartial dislocations can be difficult due to the deviation of 

the {202̅1} plane, thus blocking the twin propagation. Unfortunately, a specific determination 

of the Burgers vectors is quite difficult due to the strong stress contrast. Further evidence of 

these mechanisms is still needed to confirm which way is active. 

As viewed along [12̅10] direction in Fig. 3(b), the atomic arrangement alternates with the 

layers, i.e., each first layer is composed of Al and Ti atoms in 1:1 ratio while each second layer 

consists only of Ti atoms. Atomic shuffling in the first layer can be difficult since a relative 

long shuffling distance is needed to complete the mirror symmetry for atom positions. For the 
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hexagonal structure, atomic shuffling is not necessarily along the shear direction, whereas the 

atoms have to select one of the nearest positions to complete the D019 structure. For each Al 

atom, there are two nearest (0.398nm) and two second nearest (0.458nm) Al atoms in the shear 

plane (Fig. 3(a)). The shear distance is normally smaller than the nearest distance between two 

Al atoms (Fig. 3(b)). Another two nearest Al positions (0.398nm) are on the third layer of 

(202̅1), which can also be a potential Al atom source for the short-range diffusion between 

nearby atomic layers. For the Ti atoms, the movement can be easier since more potential nearest 

atoms exist for the target position. Once the shuffle has started, a sudden short-range diffusion 

should take place. Although the deformation temperature at which twinning was observed is 

relatively low, during the 5 minutes’ duration of the test it could well be possible for atoms to 

move over such a short distance. The local composition of the twinned α2 lath was Ti-37.5Al-

8.6Nb (measured by EDS on TEM). The off-stoichiometric deviation of the α2 phase is 

accommodated by Al atoms situated on Ti-sites. As a result, the anti-structural bridges (ASB-

2) diffusion mechanism could be active to significantly enhance the diffusion rate even at lower 

temperatures [25], in which a migration energy of Em=0.761 eV for AlTi anti-site atoms was 

calculated, which is much lower than that required for conventional sublattice anti-site 

diffusion. The operation of the ASB-2 mechanism may also explain why twinning was mostly 

observed in Al-rich alloys [7-10]. Some researchers suggested that the addition of Nb could 

also induce new deformation mechanisms in the α2 phase and decrease the APB energy as well 

[5, 26]. This may facilitate the dislocation reaction proposed above to generate sufficient 

twinning superpartials. This twinning mechanism in the α2 phase can serve as an explanation 

for the high strength of Nb containing TiAl alloys and inspire new concepts for the further 

development of two-phase γ-TiAl alloys. 

It should be noted that both the matrix and the twin do not perfectly correspond to the α2 phase 

structure, since the atom stacking on (0001) planes in some regions appears to be slightly 

distorted. As a result, the superlattice diffraction spots in the α2 phase twinning (Fig. 2b) are 

very weak. A similar morphology could be generated by the formation of O phase variants, i.e., 

those with the “polytwin” relationship [27]. However, if such a mechanism occurs, the angle 

between the (001) basal planes of different O phase variants would be 90° or 60° rather than 

∽56° as determined in this study (after compiling 77 groups of interfaces, as shown in Fig. 3c). 

The O phase variants selection mechanism needs a more detailed discussion, which will be 

reported in a forthcoming paper.  

Conclusions 

To summarize, we show the first evidence of deformation twinning in the α2 phase of a two-

phase γ-TiAl alloy. The twinning elements are essentially similar to those of {101̅1}〈1012̅̅̅̅ 〉 

twinning in disordered hexagonal structures. The twinning is a combined process of 

superpartial dislocation glide accompanied by atomic shuffling and short-range diffusion. The 

condition needed for twinning initiation can be summarized as: strong stress concentration with 
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the appearance of 〈2𝑐 + 𝑎〉 dislocations, a certain time/temperature for diffusion, and lastly the 

addition of Nb. These conditions are not easily fulfilled but may occur in some heavily 

deformed lamellar structures. 
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Table 1 Twinning and anti-twinning elements of the α2 phase 

 K1 η1 K2 η2 s 

twinning (202̅1) [1̅014] (2023̅̅̅̅ ) [3̅034̅] 0.14 

anti-twinning (202̅1) [1014̅̅̅̅ ] (0001) [1̅010] 1.07 
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Figure 1. (a) SEM image of the deformed microstructure, the shape of the compressed sample 

is inserted; (b) bright-field TEM image of a severely deformed lamellar colony with extensive 

γ twinning; (c) TEM image showing the connection of γ twins with the plates in the α2 phase, 

the SADP of the mechanical twinning of γ phase recorded in <101] direction is shown in the 

insert. 

 

 



11 
 

 

 

Figure 2. (a) Magnified TEM image of α2 twins with planar defects inside; (b) SADP of the 

area in (a), showing the symmetry of twinning diffraction (the spot close to (202̅1) comes from 

the neighboring γ phase); (c) HRTEM image of α2 twinning showing the mirror symmetry of 

atom arrangement, the corresponding FFT image with intensity profile is shown in the insert; 

(d) HRTEM image of a twin which terminates inside the α2 matrix, a 5.8° deviation between 

the (202̅1) planes of the α2 matrix and the twin is displayed at the upper interface 
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Figure 3. Schematic diagram depicting the twinning and anti-twinning mechanisms in the α2 

phase, viewing along the [12̅10] direction (atoms in yellow circle denotes the second atom 

layer, which is composed of pure Ti atoms): (a) and (d) the twinning and anti-twinning elements; 

(b) and (d) the overlapped atom positions; (c) and (f) the identical final configurations. The 

schematic diagram of the crystal structure of α2 phase is shown in the insert. It should be noted 

that the α2 phase is supersaturated in Nb and Al atoms in the present alloy. 
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Figure 4. (a) TEM image of a sandwiched γ lath with numerous twins inside; (b) Two-beam 

bright-field TEM image showing the existence of 〈2𝑐 + 𝑎〉  dislocations (g=(0002), beam 

direction near [12̅10]) 

 


