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Abstract: The tensile behavior of γ-TiAl alloys with vacancy defects has been studied by molecular dynamics (MD) simulation 

considering different lattice orientations. A succession of simulations were performed to analyze the effect of vacancy and lattice 

orientation on mechanical properties and micro-defect evolution. The results indicate that the orientation has evident impacts on 

critical stress with Ti and Al vacancy. The yield stress of the model with Ti vacancy is higher than the model containing Al vacancy 

along three crystal directions. During the deformation of single crystal γ-TiAl alloys, it is found that the dislocation density has the 

same changeable trend as the number of stacking faults. In addition, the influence of temperature on yield strength also was 

discussed. The ultimate stress and elastic modulus decrease nonlinearly with the increasing of temperature. The higher temperature 

results in the less influence of crystal orientation and vacancy defect on the ultimate stress. 
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TiAl alloys display attractive properties such as low den-

sity, high strength, high stiffness and favorable oxidation 

resistance

[1]

. Therefore, the γ-TiAl alloys have been re-

garded as the most promising candidates for replacing the 

heavy Ni-based alloys in the aerospace industry. But the 

TiAl alloys also have undergone many difficulties during 

the application process. This is mainly due to its long-range 

order, which leads to the room temperature brittleness. In 

addition, there are a large number of defects inevitably 

generated in the process of reprocessing, such as vacancies, 

dislocations and stacking faults, which have great impacts 

on the mechanical properties of γ-TiAl alloys. L. H. Su

[2] 

investigated the deformation mechanism during further an-

nealing of the severe plastic deformed materials by com-

mercial purity aluminum processed by equal channel angu-

lar pressing. The results show that vacancy-type defects 

induced by severe plastic deformation play an important 

part for the strength of the material, such as hardening by 

annealing and softening by slight deformation in nanos-

tructured metals. F. Appel

[3]

 measured the deformation 

samples via TEM to study the role of the vacancies of TiAl 

alloys in the hardening process. The effects of Ti and Al 

vacancies at different concentrations on the mechanical 

properties of γ-TiAl alloys have been investigated by our 

team.  

The atomic density has great variety under different 

crystal orientations, which lead to the dislocation encoun-

tering different resistance. J. P. Wang

[4]

 studied the tensile 

behavior of single crystal nickel with nano-void by mo-

lecular dynamics simulation considering different lattice 

orientations. The results displayed that the dislocation 

structure begin to nucleate in the stress concentration region. 

M. A. Bin

[5]

 discussed the effect of the orientation on ten-

sile mechanical properties of single crystal tungsten na-

no-wire. The results indicated that the crystal orientation 

has little effect on elastic modulus but great impact on 

tensile strength, yielding strength and ductility, depending 

on different atomic surface energies and principal sliding 

planes. In the present work, the tensile properties of γ-TiAl 

alloys with certain vacancy defects on different crystal ori-

entations were researched by molecular dynamics methods. 

The effects of crystal orientations on its mechanical proper-
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ties and micro-defects evolution were studied to provide 

theoretical basis for optimal design and wide application 

of the single crystal γ-TiAl alloys.� 

1  Computation Models and Simulation Methods 

Large-scale atomic/molecular massively parallel simula-

tion

[6]

 (LAMMps) was used to simulate the influence of 

orientation on the tensile properties of single crystal γ-TiAl 

alloys with certain vacancy concentration. In addition, an 

embedded-atom method (EAM)

[7] 

inter-atomic potential was 

adopted to describe the tensile properties of the single 

crystal γ-TiAl alloys. The dislocation extraction algorithm 

(DXA) and common neighbor analysis (CNA) of the open 

visualization tool (OVITO)

[8]

 were used to observe the mi-

cro-defect evolution. The γ-TiAl alloys have a space group 

of P4/mmm and face-center tetrahedral (FCT) structure 

with L1

0

 structure

[9-11]

, which is shown in Fig.1. The lattice 

constant in three directions are a=0.4001 nm, b=0.4001 nm 

and c=0.418 10 nm

 [12,13]

. 

To investigate the impact of crystal orientation on 

mechanical properties, perfect single crystal γ-TiAl al-

loys samples were firstly prepared with the three coor-

dinate axes (X, Y and Z) along the ([100], [010] and [001]) 

directions. The size of the model is 90 nm×30 nm×30 nm, 

including 322 380 atoms. And then the Atomsk software 

was adopted to rotate the crystal direction and implant 

vacancy. The model is shown in Fig.2. The parameters 

are shown in Table 1. Periodic boundary condition was 

exerted at the left boundary and uniaxially loaded with a 

constant strain rate of 2×10

8 

s

-1 

at right boundary during 

the tensile process. The system is controlled by rescaling 

the velocities of atoms. The initial velocity keeps to the 

Maxwell-Boltzmann distribution. Energy minimization 

and conjugate gradient method are imposed to balance the 

system. The system temperature is maintained at 300 K by 

using the Nose-Hoover thermostat in the NPT ensemble, 

which was applied to the system during the loading 

process. 

2  Results and Discussions 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  L1

0

 structure of γ-TiAl 

2.1  Stress-strain curves under loading along [100] 

crystal direction 

The effect of vacancy concentrations (0%~3%) on the 

mechanical properties of γ-TiAl alloys has been studied 

in previous work. Considering the rapidity of simulation, 

the vacancy concentration with 1% was adopted in this 

research. Fig.3 displays the stress-strain curves with va-

cancy under loading along the [100] crystal orientation. 

As shown in the Fig.3, the yield stresses of the model 

containing Ti vacancy and Al vacancy display a great 

difference in the [100] crystal direction. The ultimate 

stresses are 8.88 GPa and 8.71 GPa, respectively. They 

are close to those reported in Ref. [14-16] on the me-

chanical properties of single crystal γ-TiAl alloys. 

Dechun Luo

[14] 

has

 

researched the propagation of the 

preset edge crack in the nano single crystal γ-TiAl alloys 

at different strain rates by the method of molecular dy-

namics; when the strain rate is 4×10

8 

s

-1

, the value of ul-

timate stress is 5.86 GPa. The results are less than the 

present paper. The difference of the ultimate stress is 

mainly dependent on the size of the defect. Therefore, 

the effect of crack on the strength of the material is 

stronger than that of the vacancy. H. N. Wu

[15] 

has inves-

tigated the influence of surface  defects with various 

types and sizes on the tensile deformation and fracture 

behavior of γ-TiAl under different stain rate and tem-

perature conditions. For a slab defect, the critical stress 

is 14 GPa at constant strain rate at 300 K. The value is 

greater than this research. It is because γ-TiAl with sur-

face defects emit the super-dislocation, which plays an 

important role in material strengthening. Ruicheng Feng

[9] 

has similar conclusions about the mechanical properties 

of single γ-TiAl with different vacancy concentrations. 

The yield stress of the model with Ti vacancy is higher 

than the model containing Al vacancy. The reason for the 

phenomenon is mainly the difference of diffusion coeffi-

cients. It can be expressed by Arrhenius law in Eq.(1)

[16,17]

.  

0

exp( )

Q

D D

kT

= �

                             (1)

 

Where D is the diffusion coefficient, D

0

 is 

pre-exponential factor, k is Boltzmann’s factor, T is 

temperature. Q represents vacancy formation energy, 

whose values are 0.99 and 1.71 eV

[18]

 for Al and Ti va-

cancy, respectively. Therefore, the vacancy diffusion co-

efficient with Ti vacancy is larger than that with Al va-

cancy. Meanwhile, the plastic deformation and failure 

with Al vacancy occur earlier. Vacancies have less effect 

on the elastic modulus of the γ-TiAl alloys

[9]

. In the 

elastic stage, the stress increases with the increase of 

strain. With the occurrence of plastic deformation, brittle 

fracture finally appears. 
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Fig.2  Perfect crystal model (a) and the vacancy concentration with 1% (b): (a) the three axes (X, Y and Z) along [100], [010] and [001],  

(b) the three axes (X, Y and Z) along [110], 

[110]

[ and [001] 

 

Table 1  Parameters for samples under different orientations 

Crystal orienta-

tion 

X Y Z 

Number of 

atoms 

[100] [100] [010] [001] 322380 

[010] [110] 

[110]

 

[001] 322380 

[001] [111] 

[112]

 

[110]

 

322380 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Stress-strain curves under loading along [100] crystal di-

rection 

 

2.2  Dislocation nucleation and micro-defect evolution 

The effect of crystal direction on dislocation nucleation 

and material fracture can be clearly illustrated by atomic 

configuration, which is shown in Fig.4. Fig. 4a indicates 

that the model with Al vacancy emit the first dislocation at 

302 ps. This type of the dislocation is Shockley partial dis-

location and the Burgers vector is 1/6[112]. Fig. 4b displays 

the model with Ti vacancy. It can be seen that the first dis-

location emit at 311 ps. The types of the dislocation are 

Shockley and Frank partial dislocations, and the Burgers 

vector are 1/6[112] and -1/3[111]. Supposed the first dislo-

cation emission, it marks the beginning of plastic deforma-

tion. Thus, the model with Al vacancy enters the plastic 

stage earlier, which also shows an earlier fracture failure in 

the stress-strain curve of Fig.3. The formation of disloca-

tion loops mainly results in the accumulation of vacancies 

on the close-packed plane, which form a disc. When the 

disc is large enough, it is energetically favorable for it to 

collapse and then produce a dislocation loop. The diagram 

of the dislocation loop forming is shown in Fig.5

[19]

. Fig.5a 

represents γ-TiAl alloys with a large non-equilibrium con-

centration of vacancies, Fig.5b represents the vacancies  

 

 

 

 

 

 

Fig.4  The first dislocation of the models with Al (a) and Ti (b) vacancy are emitted at 302 ps and 311 ps, respectively 

 

 

 

 

 

 

 

 

 

Fig.5  Formulation of a dislocation loop: (a) the γ-TiAl alloys with a large non-equilibrium concentration of vacancies, (b) the vacancies 

collected on a closed-packed plane, and (c) the disc has collapsed to form an edge dislocation loop 
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collected on a closed-packed plane, and the disc has col-

lapsed to form an edge dislocation loop, as shown in Fig.5c. 

The expansion of the dislocations and stacking faults 

play an important part on the plastic deformation. For this 

purpose, the fracture diagrams at different times are shown 

in Fig.6, where the green exhibit the original fcc structure 

of γ-TiAl alloys, the blue represents the bcc structure, and 

the red shows the stacking faults. 

It can be observed from Fig.6 that the number of stacking 

faults increases firstly and then decreases with the increase 

of loading time. In the early stage of deformation, the 

number of stacking faults increases due to the aggravation 

of plastic deformation. With the increase in loading time, 

voids appear in the material. Stacking faults can end at the 

position. As a result, the number of stacking faults de-

creased rapidly at the later stage of deformation. The Lo-

mer-Cottrell dislocation is observed at 309 ps, as shown in 

Fig.6e. The results are shown in Fig. 7 by DXA analysis. 

Stacking faults S

1

 and S

2

 slip in two opposite planes and 

then meet to form dislocation lock. Correspondingly, the 

reaction of two partial dislocations forms the stair-rod dis-

location. This reaction for [111] and 

[111]

 planes is shown 

by 1/6

[121]

+1/6

[112]

[→1/6[011]. The stair-rod dislocation 

serves as an energy barrier to the glide of further disloca-

tion on the two [111] planes. Finally, by comparing the 

fracture diagram with the dislocation emission, it is found 

that the dislocation nucleation position is consistent with 

the final fracture position. One possible reason is that a sta-

ble source of dislocations form in the position of the first 

dislocation nucleation. The atomic configurations contain-

ing Ti vacancy along [100] direction is shown in Fig.8. 

In Fig.8, the variation law of the stacking faults is same 

as the model with Al vacancy. But, compared with Fig.6, 

the number of Lomer-Cottrell dislocations is more during 

the deformation process. So, the larger resistance can be 

provided to the movement of dislocations. It is also why the 

yield stress of the model containing Ti vacancy is higher 

than that containing Al vacancy when stretching along [100] 

crystal orientation. In addition, it is found that the number 

of dislocations and stacking faults have the same change-

able trend through the analysis of CAN and DXA. Finally, 

the fracture of γ-TiAl alloys has great difference; the model 

with Ti vacancy lags behind that containing Al vacancy. It 

can be expressed by Fig.4. Because the time of plastic de-

formation of the model with Ti vacancy is more lagged. The 

variations of the dislocation density and the number of 

stacking faults are shown in Fig.9. Due to the fact that most 

of the defects of hcp structure are stacking faults, the 

stacking faults can be represented by the hcp structure. The 

dislocation length and the number of the stacking faults in 

two defect models increase firstly and then decrease with 

the increase of loading time. It is obvious that the number 

of stacking faults in the model with Ti vacancy is larger 

than in the one with Al vacancy. And it can also be used to 

explain the great difference about yield stress along [100] 

crystal direction. However, the dislocations length of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Atomic configurations containing Al vacancy along [100] direction at different time: (a) t=302 ps, (b) t=306 ps, (c) t=307 ps,     

(d) t=308 ps, (e) 309 ps, (f) 311 ps , (g) 315 ps, and (h) 357 ps 
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Fig.7  Formulation of a Lomer-Cottrell dislocation in 309 ps 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Atomic configurations of containing Ti vacancy for [100] direction at different time: (a) 311 ps, (b) 314 ps, (c) 317 ps, (d) 318 ps,  

(e) 319 ps, (f) 320 ps, (g) 324 ps, and (h) 397 ps 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Variation curves of the dislocation length and number of 

stacking faults 

 

the model with Al vacancy are longer than that of the model 

with Ti vacancy before 318 ps. Subsequently, the opposite 

situation occurs. There are two reasons for this phenomenon. 

Firstly, the plastic deformation of the model with Al va-

cancy occurs earlier, which leads to the longer dislocation 

length with Al vacancy. Secondly, many dislocation reac-

tions generate the stair-rod dislocations in the model with Ti 

vacancy. It is the root reason for the increase of the model 

with Ti vacancy. 

2.3 Stress-strain curves under loading along [110] and 

[111] 

 The stress-strain curves under loading along [110] and 

[111] directions are shown in Fig.10. Similar to the [100] 

crystal orientation, the yield stress of the model with Ti va-

cancy is higher than that of the one with Al vacancy. In the 

[110] crystal direction, the ultimate stress of two defect 

models are 9.06 and 8.74 GPa, respectively. However, the 

ultimate stress of two defect models are 8.94 and 8.68 GPa 

along the [111] crystal direction. The micro-defects evolu-

tion is similar to the [100] crystal direction. The stress of 

the model with Ti vacancy is relatively high because of the 

strengthening of dislocations and stacking faults, especially 

the stair-rod dislocations and Lomer-Cottrell sessile dislo-

cations. 
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Fig.10  Stress-strain curves under loading along [110] (a) and [111] (b) crystal directions 

 

The above discussions mainly focus on the case where 

different defect types are in the same crystal orientation. It 

embodies the role of the defect types and crystal direction. 

In order to highlight the part of the crystal orientation, a ta-

ble of mechanical property in the three crystals direction 

with the defect model was obtained as shown in Table 2. It 

can be seen from Table 2 that the yield strength of the two 

defect models reach the maximum value at [110] crystal 

direction and the minimum at [100] crystal direction. The 

phenomenon can be attributed to the great difference in the 

activation of slip system as well as the difference between 

single and multiple slips. E. M. Bringa

[20]

 put forward the 

following number of slip system with the highest Schmidt 

factors, as shown in Table 3. In addition, the resolved shear 

stress is important because it is acknowledged that disloca-

tion motion in fcc single crystal is governed by the critical 

resolved shear stress via Schmidt's law. Thus, the crystal 

orientations play an important role on how the Schmidt 

stress and the stress normal to the slip plane contribute to 

nucleate dislocations. 

Table 4 compares the mechanical properties of γ-TiAl 

alloys with the results of other scholars. The results of this 

research are close to the values of experiment. It should be 

noted that the simulation results are much larger than the 

experimental values. The result is mainly due to the size 

effect. When size of the model is small, the strength of ma-

terial will increase. The conclusion has been proved by 

many scholars

[4,21]

. 

 

Table 2  Mechanical properties of different crystal orienta-

tions (GPa) 

Crystal direc-

tion/defect type 

[100]

Ti

 [100]

Al

 [110]

Ti

 [110]

Al

 [111]

Ti

 [111]

Al

 

Ultimate stress 8.88 8.68 9.06 8.74 8.94 8.71 

Elastic modulus 178.43 176.67 176.28 175.92 177.25 179.58 

Shear modulus 72.53 71.82 71.66 71.51 72.16 72.76 

Table 3  Number of slip system with highest Schmidt factors 

Crystal direction Slip system 

[100] Eight slip system 

[110] Four slip system 

[111] Six slip system 

 

Table 4  Comparison of mechanical properties (GPa) 

Mechanical 

properties 

F. L. Tang

[22]

 

R. C.  

Feng

[9]

 

This 

research 

Experi-

ment

[23]

 

Ultimate stress 9.14 9.02 8.88 0.35~0.6 

Elastic modulus 143 146 178.4 160~180 

Shear modulus 58.13 59.35 72.53 65~73 

 

2.4  Effects of the temperature on the mechanical 

properties 

Because γ-TiAl alloys have good high temperature prop-

erties, it has been widely used in various high temperature 

situations in the past and now. Therefore, it is great mean-

ingful to study the effect of temperature on the mechanical 

properties of γ-TiAl alloys containing defects. The tem-

perature range for the tensile simulation was chosen from 

300 K to 1300 K. The choice of this temperature is mainly 

based on the characteristics of γ-TiAl alloys. It shows room 

temperature brittleness at 300 K and the property of brit-

tle-ductile transition occurs between 1000 and 1100 K. In 

addition, the high temperature creep property is often ex-

hibited when the temperature is beyond 1100 K.  

Fig.11 and Fig.12 show the stress-stain curves of single 

crystal γ-TiAl alloys with a specific vacancy concentration 

at different temperatures. It can be seen that with the in-

crease of temperature, the elastic modulus and yield stress 

decrease non-linearly. The decrease of yield stress can be 

illustrated by Eq.(2)

[24]

.  

( )

( )

(0)

c

τ * T T

1

τ * T

= −

                               (2) 

where τ*(0) and τ*(T) are the flow stress at 0 K and melting  
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Fig.11  Stress-strain curves of γ-TiAl alloys with Al vacancy at 

different temperatures: (a), (b) and (c) represent the [100], 

[110] and [111] crystal directions, respectively

 

 

temperature, respectively; T and T

c 

are the temperature and 

melting temperature, respectively. Hence, τ* decreases from 

τ*(0) to zero as T increases from 0 K to T

c

. In fact, the increase 

of the temperature provides a probability of thermal activation 

and results in a reduction of flow stress. The decrease of elastic 

modulus can also be caused by the thermal activation. Tong 

Liu

[25]

 gave the relationship between elastic modulus and tem-

perature at high temperature, as shown in Eq.(3).  

e

∆ ( )

e

G/ kT

1

E E

1 A

−

=

+

                             (3) 

where ∆G is Gibbs free energy; A is a physical constant re-

lated to the micro-defects of materials; E is elastic modulus; 

E

e

 is the initial value of elastic modulus. 

The ultimate stress decreases with the increase of tem-

perature in different crystal orientations, as shown in Fig.13. 

As the temperature increases, the gap of the ultimate stress 

in the graph becomes smaller. Thus, the effect of tempera-

ture on the mechanical properties of γ-TiAl alloys is greater 

than that of crystal orientations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Stress-strain curves of γ-TiAl alloys with Ti vacancy at 

different temperatures: (a), (b) and (c) display the [100], 

[110] and [111] crystal directions, respectively 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Ultimate stress of γ-TiAl at different temperatures 

 

3  Conclusions 

1) The effect of vacancy concentration on the yield 

strength of γ-TiAl alloys shows a strong dependence. As the 

vacancy concentration increases, tensile strength decreases. 

It is mainly due to the early occurrence of plastic deforma-

tion with the increase of vacancy concentration. 

2) The yield strength of the model with Ti vacancy is 
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higher than that of the one containing Al vacancy when 

stretching along [100], [110] and [111]. The phenomenon 

can be attributed to the difference of diffusion coefficient of 

Ti and Al vacancy. 

3) The results of different orientations simulation show 

that the stacking faults have a strengthening effect on the 

yield strength. The critical stresses of the model with Ti 

vacancy are 8.88, 9.06 and 8.94 GPa along [100], [110] and 

[111] orientations, respectively. The critical stresses of the 

model with Al vacancy are 8.71, 8.74 and 8.64 GPa along 

[100], [110] and [111] orientations, respectively. In the 

course of simulation, the dislocation density and the num-

ber of stacking faults show the same changeable trend. 

4) The impact of temperature on the mechanical properties 

is also considered. The ultimate stress and elastic modulus 

decrease nonlinearly with the increasing of temperature. It is 

because the increase of the temperature provides an increase 

probability of thermal activation and therefore results in a 

reduction of flow stress and elastic modulus. 
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