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The deformation and failure mechanisms of γ-TiAl alloy with pre-existing crack and twin boundary are investigated by using
molecular dynamics simulation. The effects of the crack position on the deformation and failure mechanisms of γ-TiAl specimen
are analysed through the snapshots of crack propagation, microstructure of crack tip and stress-strain curves. The simulation
results show that the dislocation motion is impeded, the good ductility can be maintained and the strength would be improved
simultaneously by the twin boundary. The microstructure evolution of crack tip would change with crack positions. Essentially,
the deformation behaviour mainly results from the reaction of dislocation-dislocation, dislocation-twin and twin-twin. Besides,
the hierarchical twin is a main plastic deformation mechanism leading to strength of γ-TiAl specimen enhancement with non-
compromising ductility and strain hardening. Based on stress-strain curves, it can be concluded that the yield strength varies with
crack positions. They are the determinant factors for variation of the yield strength with different crack positions such as
dislocation behaviour, stacking fault and hierarchical twin. The ductile-brittle transition associated with the dislocation motion
and the decohesion failure of crack tip atom can be observed from the lower boundary crack and the center crack models. The
crack propagation caused by the coalescent of the void and the crack tip is the main failure mechanism of γ-TiAl specimen. In
addition, the results reveal that the mechanism of crack propagation would be influenced by pre-existing twin boundary which
can prevent the crack propagation and improve the fracture toughness.
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1 Introduction

In recent years, TiAl alloy has been widely used in aviation
and automobile industries as a high temperature metallic
material because of its high capability such as low density,
high stiffness, good flame retardant ability, corrosion re-
sistance, high temperature creep resistance and so on [1–4].

The poor plasticity at room temperature restricts the appli-
cation, since few slip systems exist in γ-TiAl alloy and they
are difficult to slip [5]. Extensive efforts have been made to
improve its plasticity at room temperature [6,7]. For ex-
ample, polysynthetic twinned TiAl single crystals were
fabricated using directional solidification methods by Chen
et al. [7]. Their research results indicated that the alloy had
well tensile ductility and yield strength at room temperature.
When the temperature is higher, the yield strength remains
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high and tensile ductility better than that of room tempera-
ture, its mechanical properties would vary with lamellar or-
ientation. This TiAl single-crystal alloy could provide
expanded opportunities for higher temperature applications.
Fowood’s [8] experimental result showed that it was an ef-
fective method to improve the strength and plasticity by in-
creasing the fraction of twin boundary (TB). Although
improving the plasticity of γ-TiAl alloy has been paid more
attention and great process has been made, it is still in-
sufficient to solve this problem.
Being a special interface defect, TB has been widely stu-

died due to its significant influence on material mechanical
property. Nanotwinned materials have attracted a lot of at-
tentions because of their ultrahigh strength and high ductility
simultaneously [9,10]. So far, studies of deformation me-
chanism of nanotwinned metals mainly have focused on
face-centered cubic (FCC) metal, such as Cu [11–14], Al
[15,16] and Au [17,18]. Besides, the hexagonal closed-
packed (HCP) metal are investigated recently, like Mg [19–
22]. These studies showed that TB hinders the dislocation
glide then strengthens the materials. It can also prevent the
dislocation emission from crack tip. The dislocation density
around the TB is high, the material is hard, and so the
strength of metals is improved [11]. The yield strength of
materials relates to both the storage capacity of dislocation
and the repulsive force between twinning and dislocation
[19]. The studies mentioned above showed that TB in na-
nocrystalline materials has a great influence on the me-
chanical property of materials, such as dislocation gliding
and the interaction between dislocation and TB. Meanwhile,
Wang et al.’s [23] experimental results also illustrated that
the interaction between dislocation and TB is a main factor
for nanocrystalline metal strengthening.
Crack is one of the major defects that cause the deforma-

tion and the failure of materials. It should be pointed out that
crack tip plays an important role in crack propagation. A
large quantity of research efforts has been devoted to the
microstructure and the stress field in crack tip [11,24,25].
Recently, the dislocation nucleation from crack tip in metal
materials has been investigated [11]. Strength and ductility
are two very important characteristics in the engineering
application, while increases of alloy strength are usually
accompanied by concomitant decreases of ductility [26].
Therefore, further effort is required to obtain high strength
and good ductility of materials simultaneously. Zhou et al.
[21] studied the mechanisms of crack propagation in two
different crack positions of nanotwinned magnesium. Their
results revealed that the left boundary crack turns into brittle
cleavage after the plastic propagation. Atoms of the right
boundary crack tip are decohered to create a new free sur-
face, which cause the brittle cleavage directly. The emission
of dislocation will influence the crack propagation, and TB
will hinder the dislocation motion. Sun et al. [11] described

the deformation and failure mechanisms of nanotwinned
copper with crack. Their study result showed that the crack
propagation would be dependent on the crack positions.
For the deformation and failure of nanotwinned materials,

these studies still concentrates on Cu and Al materials, while
few attentions are paid on the mechanisms of crack propa-
gation in γ-TiAl alloy with pre-existing TB. It is an effective
approach to add numbers of TB in γ-TiAl alloy in order to
enhance the strength, plasticity and creep ability simulta-
neously. The mechanical property of γ-TiAl alloy can be
improved through controlling the number of TB [27]. As a
lamellar interface, TB will hinder the dislocation motion
[28]. However, the twin structures and deformation me-
chanisms have not been considered in experiments, which
have great effects on γ-TiAl alloy. The efforts on the essence
of deformation and failure mechanism of γ-TiAl alloy with
TB should be made to understand in the future. In order to
explain the deformation and failure mechanisms of materials
and to ameliorate the plasticity at room temperature, it is
necessary to use the molecular dynamics (MD) simulation to
reveal the competition and interaction between cracks and
TB in γ-TiAl alloy from atomic scale.
It has been found that the dislocation motion, TB glide and

microstructure of crack tip play very important roles in de-
formation and failure mechanism of the other metal materi-
als. These study results would be good references in the
study of γ-TiAl. Thus, the mechanical properties, mechan-
isms of deformation and failure in γ-TiAl specimen with
crack and TB are elucidated by using dislocation theory and
crystal plasticity in this paper. The effects of the crack po-
sition on the deformation and failure mechanisms of γ-TiAl
specimen with TB are analysed through the snapshots of
crack propagation, microstructure of crack tip and stress-
strain curves. It would provide guidance for the design and
manufacture of high quality γ-TiAl.

2 Construction of modelling

MD simulation model of twin plane in γ-TiAl alloy is built
by using Large Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package. X, Y and Z are oriented
along [111], [112] and [110] direction, respectively. Cracks
prefer to nucleate on TB according to the result of experi-
ment [4]. Thus, three types of crack are employed, namely
the lower boundary crack, upper boundary crack and center
crack by removing several atom layers along the TB as
shown in Figure 1. The model dimension is 22 nm×50 nm
×5 nm with a total of 353088 atoms. An initial crack with
1 nm×5 nm×5 nm is fabricated in each sample. Free
boundary conditions are employed in the direction of X and
Y, and periodic boundary condition is applied to the direction
of Z.
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In this paper, the crack propagation mechanisms of γ-TiAl
specimen with pre-existing TB and cracks of different po-
sitions are studied. The motivation is to investigate the de-
formation and failure mechanisms and to improve the
plasticity of γ-TiAl alloy at room temperature. Therefore, the
temperature is maintained at 300 K by using the Nose-Ho-
over thermostat. The MD simulation is conducted in constant
NVT ensemble with Velocity-Verlet integrator. The em-
bedded atom method (EAM) [29] is applied to calculate the
interatomic interaction force. The potential fitted to both
experimental and first-principles data of various crystal
properties and structures in Ti-Al system could give a good
description of basic properties such as point defects, planar
fault energies and elastic constants [30]. After introducing
cracks in γ-TiAl specimen with TB, the initial simulation
system is relaxed for 100ps to achieve the equilibrium state.
Then, uniaxial tension are carried out by applying velocity to
atoms in the fixed layers at the right boundary along the X
direction, while the fixed layers at the left boundary are free.
The tensile strain rate is 4×108 s–1.
The center symmetry parameters (CSP) and common

neighbour analysis (CNA) method are used to observe the
disorder phenomenon and atom positions of local lattice,
which can be visualized by open visualization tool (OVITO).
Thus, diverse atomic structures can be distinguished by the
different colours. For example, red represents the HCP
structure, green stands for the FCC structure and white in-
dicates disordered atoms, which does not belong to any basic
atomic structure. Because the structure of γ-TiAl alloy is
face-centered tetragonal (FCT), which is similar to the FCC
structure, it can be identified as FCC structure in OVITO.

3 Simulation results and discussion

3.1 Process of pre-existing crack propagation with
different positions

Crack propagation and fracture are extremely complicated
phenomenon, which are caused by atomic bond fracture and
dislocation emission from crack tip [31]. The crack propa-

gation is mainly determined by the crack surface energy and
the variable slip system of the crack tip [32]. {111} close-
packed plane in γ-TiAl alloy has relatively low surface en-
ergy, therefore it is the main slip plane. The crack in the
bottom of sample shows ductile-brittle transition, which is
caused by the TB, the crack tip failure and the competition
among dislocation, vacancy and stacking fault (SF). The
result is in good consistent with the observation of Sun et al.
[11].
In Figure 2(b), with the release of accumulated strain en-

ergy, 1
6[121] Shockley partial dislocation is observed to emit

from the crack tip firstly and glides along ordinary disloca-
tion slip plane {111}, which is in agreement with experiment
result [33]. The dislocation propagation could enhance the
plasticity of γ-TiAl specimen with TB. As the dislocation
motion, the defect on the twin plane causes void generation
in the position being close to the crack tip. The coalescent of
voids is dominant to the deformation and failure mechan-
isms. A large number of intrinsic stacking fault (ISF) and
extrinsic stacking fault (ESF) can be observed in Figure 2(c).
ISF stands for two layers of HCP atom and ESF has a layer of
FCC atom between two layers of HCP atom. The atomic
plane slip is caused by the reaction and motion of disloca-
tions in different slip planes. It results in the destruction of
the original periodic stacking sequence of atoms. As a result,
ISF and ESF are formed.
As the applied strain increases, TB being a dislocation

source will emit dislocation, and new Shockley dislocation
nucleates from the slip plane close to ISF. Therefore, the
generation of dislocation and the interaction among dis-
locations will increase accordingly. It causes that the atomic
plane slips to be easier and the SF generated previously
propagates. It can be observed in Figure 2(e) and (f) that the
ISF changes to ESF resulting from partial dislocation glid-
ing. Subsequently, it can be shown in Figure 2(d) that the
void in black circle is caused by the dislocation emission and
the stress concentration because of SFs piled-up in boundary.
Moreover, the new SF, defined as secondary SF, would form
in the existed ISF and ESF. Two partial dislocations in the

Figure 1 (Color online) Atomic models with different crack positions of γ-TiAl sample. (a) Crack-free structure; (b) lower boundary crack; (c) upper
boundary crack; (d) center boundary crack.
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junction of close-packed planes react to form a stair-rod
dislocation. The stair-rod dislocation connects two SFs and
forms Lomer-Cottrell lock, which is shown in Figure 2(g).
Lomer-Cottrell lock usually hinders the motion of other
dislocations because of its stability. The dislocation types of

γ-TiAl at room temperature are mainly ]1
2 110 ordinary

dislocation and 101] superdislocation. The perfect disloca-
tion in the close-packed plane will dissociate to be partial
dislocations, such as:

1
2[101] 1

6[112] + 1
6[211]. (1)

With the special microstructure of γ-TiAl, L10 atomic or-
dering, it would affect the structure of dislocation. Thus, the
generated dislocation of these types would be different with

FCC metals. However, the partial dislocations 1
6[112],

1
6[121] and 1

6[211] are all equivalent in FCC metals, but are

not equivalent due to the poor symmetry of γ-TiAl. The
generation of ISF, ESF, stair-rod lock and Lomer-Cottrell
lock has close relationship with dislocations, because the

difference of dislocation type resulting in these defects
structure of γ-TiAl are different with that of FCC metals.
However, their generation mechanisms are similar. Partial
dislocations will meet and form dislocation locks con-
tinually. The strength of γ-TiAl specimen with TB can be
improved by the interaction of these dislocations. With in-
creasing strain, new dislocations nucleate and multiply
continually. The existed active dislocations will annihilate or
disappear partially because of the reactions among disloca-
tions. Owing to the coalescence of SFs, structure transfor-
mations from initial FCT structure to HCP structure are
obtained. SFs and structure transformations are the main
plastic deformation mechanisms in lower boundary crack
model. On the one hand, TB plays the role of repulsion when
the dislocation moves towards the TB, and the glide of dis-
location in γ-TiAl specimen will be hindered by this re-
pulsive force. On the other hand, owing to the tension force
application on dislocations and the repulsive force between
adjacent dislocations cause dislocations glide. Finally, dis-
locations are hindered by the TB. They cause the pile-up of
dislocations around the TB. The high dislocation density
around TB hardens the material, so as to improve the strength

Figure 2 (Color online) Propagation process of lower boundary crack. (a) Initial configuration; (b) the first dislocation emits; (c) a large number of ISF and
ESF form; (d) the coherency loss of twin boundary and void generation in boundary; (e) partial dislocation ahead of SFs; (f) ISF changes to ESF; (g) Lomer-
Cottrell dislocation; (h), (i) and (j) are the TB migration progress.
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of metals [11]. It is important to highlight that when the local
accumulated dislocations on the TB reach a saturation point,
the dislocations on the same or adjacent close-packed planes
would continue to move towards the TB and dissociate. It
can be seen in Figure 2(c) that the one passes across the
boundary and glides, and the other moves along the TB
causing TB migration, and finally destroys the coherency
structure of the TB. This result is in agreement with that of
experiment [34] and similar to the observation of other me-
tals [35,36]. Because the dislocation pile-up leads to the
deformation of the material, it plays a crucial role on re-
taining ductility of γ-TiAl specimen.
The fabricated twin is defined as primary twin and the twin

generated later as secondary and tertiary twins. As strain
increases, SFs around crack tip or other locations transmits
into twin. The generation of secondary and tertiary twins
indicates that the motion of twinning partial is faster than the
tailing partial does in the SF. For the primary twin serving as
an effective barrier for the secondary twins, the secondary
twins would not passing across the primary twin, and the
same to the tertiary twins. This mechanism contributes to
strain hardening during plastic deformation [37]. During the
whole deformation process, the deformation mechanism
occurred on secondary twins is TB migration far more than
the dislocation emission. It can be inferred that the stress
needed for dislocation emission is higher than that of TB
migration. Furthermore, the TB migration can also be ob-
served around crack tip, and it would add an atom plane. The
evolution is showed in Figure 2(h) to (j). It can be seen from
the evolution process of three cracks that the blocking effect
of secondary and tertiary twins on crack would increase with
their increasing spacing and density. As a result, the ductility
of γ-TiAl specimen would enhance. Although the FCT
structure of γ-TiAl is very similar to FCC structure metals,
because of its poor symmetry and low stacking fault energy,
it is easier to generate twin than FCC metals.
Moreover, the dislocation motion will also be hindered by

the dislocation reaction and SF resulting from dislocation
motion. Because of the special structure of γ-TiAl, it is
harder for dislocation to move than FCC metals. These is a
consequence of strong atomic bonding owing to covalent
rather than metallic bonding, which makes dislocation mo-
tion through the crystalline structure difficulty.
The crack tip blunting and the ductility mechanism of γ-

TiAl result in the crack propagation along the length direc-
tion to be slower than that of the width direction. The crack
starting to propagate along [010] direction is induced by the
metallic bond fracture of the crack tip atom. An interesting
finding is that the crack doesn’t propagate before the co-
herency structure of TB is destroyed. It can be speculated
that TB can hinder the crack propagation. The crack would
propagate more slowly after twin generates at crack tip. The
appearance of twin and activity of dislocations would inhibit

crack propagation. In addition, the hierarchical twin of γ-
TiAl provides additional blocks of dislocation movement for
strengthening materials.
Microcrack nucleation and crack propagation in a near

lamellar γ-TiAl alloy was investigated in 4-point bend spe-
cimens using selected area channelling patterns and electron
channelling contrast imaging indicated that extensive twin-
ning and dislocation activity inhibit crack propagation [38].
Besides, Huang et al. [39] studied the crack propagation by
using transmission electron microscopy, they found that
twins and microcracks generated during crack growth. These
results are in agreement with simulation results in this work.
It is very difficult for dislocation to nucleate without active
slip plane at the crack tip. If the crack tip doesn’t have active
slip system, the crack prefers to propagate in a brittle manner
[31]. It has been found in the previous study [40] that the
crack of γ-TiAl without TB propagates in the manner of
brittle cleavage fracture rapidly at room temperature. It is
very different from the crack propagation of the sample with
TB in this paper, which indicates that the TB will influence
the crack propagation mechanism. The other ductility me-
chanism of γ-TiAl is that the instability of crack will cause
crack deflection during the crack propagation process [41].
The crack deflection will release more strain energy and it is
an effective mechanism of resisting deformation. The result
is similar to that of experiment [42]. Of course, the crack
deflection will also improve the fracture toughness of γ-TiAl
specimen with TB.
Partial dislocations in different slip planes react to form the

stacking fault tetrahedral (SFT) shown in Figure 3. The
Thompson tetrahedron is introduced to illustrate the dis-
location reaction during the evolution of SFT. The evolution
of SFT is shown as following.
The dissociation reaction of Frank partial dislocation is

1
3[111] 1

6[101] + 1
6[121]. (2)

Frank dislocation loop αA dissociates into Shockley partial
dislocation from its slide planes ACD, ABD and ABC. The
dissociation reaction of dislocations is as follows:

A A+ , (In ACD plane), (3)

A A+ , (In ABD plane), (4)

A A+ , (In ABC plane). (5)

Three stair-rod dislocations CD, BD and CB are generated
by the dislocation reaction, and their corresponding Burgers
vectors are αβ, αγ and αδ respectively. Meanwhile, three
Shockley partial dislocations and three SFs are generated
after the dislocation reaction. The Burgers Vectors of the
Shockley partial dislocations are βA, γA and δA.

A A+ , (along DA), (6)

A A+ , (along BA), (7)

5. . . . . . . . . . . . . . . . . . . . . . . .Cao H, et al. Sci China Tech Sci September (2019) Vol.62 No.9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1609



A A+ , (along CA). (8)

Owing to the repulsion of stair-rod dislocations αβ, αγ and
αδ, the Shockley partial dislocation βA, γA and δA would
bend outward along their slip plane. Because of the attrac-
tiveness among Shockley partial dislocations, the new stair-
rod dislocations βγ, γδ and δβ are generated. After these
dislocation reactions, the triangular Frank dislocation
evolves into a stable SFT that comprises four stacking faults
and six stair-rod dislocations.
Besides, single vacancies induced by the dislocation mo-

tion along the slip system after its reaction are observed. The
coordination number of a perfect lattice is 12. The vacancy in
Figure 4(d) has 12 atoms, representing that every atom has
11 neighbor atoms. The formation and migration of vacancy
can improve the plasticity of samples. This result is in good
consistence with that of Xu [43].
To gain a better understanding of the crack propagation

mechanism, the evolution process of crack tips need to be
analysed. It can be seen from Figures 5–7 that with in-
creasing external load, the atomic bond would fracture re-
sulting in the crack tip atoms being out of order and the
dislocation nucleation and emission from the crack tip. The
stress concentrates on the crack tip along the slip plane,
which is illustrated in Figure 5(g)–(i). Owing to the lattice
mismatch, the stress redistribution with the crack propaga-
tion is caused by the stress along the TB fluctuation. Holian
et al. [44] found stress concentration and dislocations emis-
sion from the crack tip. The same result can be obtained from
this paper. The crack begins to propagate after the coherency
of TB lost completely, it can be seen that the crack tip is in
sharp all the time from the Figures 5–7. In Figure 5(e), the
void generated ahead of the crack tip is presented.
The crack coalescent with voids is observed in Figure 5(f).

Wu et al. [25] revealed that the crack propagation begins
with the growing of voids and forming of microcracks at the
crack tip. After that, it is the connection between microcracks
and the main crack that leads to crack propagation even-
tually. From the evolution process of crack tips of three
samples, it can be seen that a plastic zone existed at crack tip
results from dislocation and twin generation. It is agreement
with Huang’s experiment results [39]. However the dis-
location is more common than twin in simulation results and
this is disagreement with that of experiment [39]. These can
be attributed to different samples and loading method,
namely cyclic loading applied on polycrystalline γ-TiAl in
experiment and uniaxial tension employed on single γ-TiAl
in simulation.
In order to study the crack propagation and the mechanism

of dislocation emission with different crack positions, the
Rice model [45] was used to calculate energy release rate of
the dislocation nucleation from the crack tip. Based on the
perfect sharp crack model, the formula of energy release rate
is

G
v

=
8 1 + (1 )tan

(1 + cos)sin
, (9)disl

usf
2

2

where γusf is the unstable stacking fault energy; is the
Poisson’s ratio of γ-TiAl; is the angle between Burgers
vector and a line in the slip plane perpendicular to the crack
front; is the angle between the slip plane and the crack
surface.
The value of parameters γusf is taken from the work of Zhou

et al. [46].
Cracks employed in the models are not atomically sharp

initially, but they possess a sharp crack tip after propagation.
Therefore, eq. (9) was used to roughly calculate the energy
release rate of upper boundary crack, lower boundary crack

Figure 3 (Color online) Evolution of STF. (a) Thompson tetrahedron; (b) and (c) show the dislocation reaction of the STF; (d), (e) and (f) show the atom
configuration of the STF.
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and center crack. The energy consumed during the disloca-
tion generation process is shown in Table 1. The energy
release rates of the dislocation nucleation with three kinds of
crack positions are compared. It can be seen in Table 1 that
the partial dislocation is favorable to emit from the crack tip
of the lower boundary crack.
Rice and Thomson [47] proposed the brittle-ductile cri-

terion by emission dislocations from crack tip and compe-
tition mechanism of cleavage manner. Dislocation emissions
from the crack tip are observed at the beginning of tension in
the crack propagation process. It is visible that the disloca-

tion emission prefers to the crack cleavage propagation.
During the crack propagation process, the atom decohesion
at the crack tip leads to the crack tip sharpening. From the
evolution process of the crack tip of the lower boundary
crack model shown in Figure 5, it is found that the crack
propagation undergoes a transition from ductile to brittle.
It can be seen from Figure 6 that the evolution process of

the crack tip of the upper boundary crack model is obviously
distinct from that of the lower boundary crack. The crack tip
would be blunted after dislocation emission, while no void
occurs. The crack propagates slowly and it is ductile de-

Figure 4 Formation processes of vacancies. (a) Dislocation nucleation; (b) dislocation motion; (c) vacancy formed after dislocation motion; (d) zoomed
views of the vacancies.

Figure 5 Evolution process of the crack tip of lower boundary crack ((g)–(i), the color scale employed corresponds to stress increasing from blue, the
weakest, to red, the strongest).
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formation rather than brittle deformation. Because the dis-
location emission from the crack tip takes priority over crack
cleavage propagation, the specimen is followed with
toughness fracture finally.
Figure 7 demonstrates that the evolution process of the

crack tip of the center crack model isn’t similar to those of

the upper boundary and the lower boundary crack models.
The crack propagates initially along the direction of [010],
and then the crack tip blunts in this direction after the dis-
location nucleates. It does not exhibit the phenomenon of
sharpening, which resembles the evolution process of the
crack tip of the upper boundary crack model.

Figure 6 (Color online) Evolution process of the crack tip of upper boundary crack.

Figure 7 (Color online) Evolution process of the crack tip of center crack.

Table 1 Energy consumed during dislocation generation process

Crack γusf (J m
–2) Gdisl (J m

–2)

Upper
Lower
Center

1.97
1.97
1.97

0
0
0

0.26
0.26
0.26

112
68
112

29.34
13.34
29.34
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Then the crack propagates in the direction of [010], and the
crack tip in this direction blunts firstly and is followed by
sharpness. It is similar to the crack evolution process of the
lower boundary crack, because energy release rate resembles
both in the center crack and the upper boundary crack
models. The same energy release rate indicates that the dif-
ficulty degree of the dislocation emission from the crack tip
is same as each other. Because the center crack propagates
both along the [010] and [010] direction, it leads to that this
specimen fractures faster than the other two crack specimens.
Because of the dislocation existing around the crack tip, the
crack only propagates a short distance along the TB. The
propagation of the lower boundary crack in this paper agrees
with that of Zhou et al. [21], who found that the crack pro-
pagation of the left boundary crack also undergoes the
transition from ductile to brittle. During the entire process of
crack propagation, there is less dislocation emission at the
crack tip of right boundary crack. The crack tip is sharp from
the initial propagation. The result is disagreement with that
of this paper. Because the γ-TiAl specimen used in this paper
is the FCT structure and the magnesium sample being the
HCP structure in Zhou’s work, and the microstructure of the
crack tip varies in the process of crack propagation with the
lattice structure. The mechanisms of crack propagation are
not exactly the same among three kinds of crack position
because of the diversity evolution of microstructures at crack
tips. In addition, the discrepancy of crack propagation me-
chanism can also be attributed to the anisotropy of the crystal
[30,48].

3.2 Stress-strain curves with different crack positions

In order to explain the mechanism of deformation and frac-
ture failure further, the typical stress-strain curves with dif-
ferent crack positions are given in Figure 8. The stress would
increase rapidly with increasing strain, however, there is not
remarkable difference observed on the elastic deformation
stage of three curves. When the strain increases to a critical

value, the stress also reaches the maximum value. It can be
seen from zoom view of stress-strain curves that the max-
imum stress of the lower boundary crack and the upper
boundary crack are 5.76 and 5.80 GPa respectively. They are
obviously larger than the maximum stress 5.08 GPa of the
center crack, it means that the strength and plasticity are
significantly higher than the center crack.
In Figure 9, it can be concluded that the trend of strength

increase from the points of Al to Bl, Au to Bu and Ac to Bc.
Based on the atomic configuration corresponding to these
points, the strength increase is caused by the generation,
spacing and density of the secondary and tertiary twins. It
can be seen clearly that the location and density of secondary
and tertiary twins are different owing to the different stress
field of three crack position. Furthermore, there is a com-
petition between hierarchical twin and crack propagation, for
the hierarchical twin being dominant the main plastic de-
formation mechanism, the crack propagation would be slow
down. And hierarchical twin can effectively prevent dis-
location further movement, therefore, the ductility of γ-TiAl
specimen enhances.
Of course, secondary and tertiary twins are not the only

factor effecting strength. It is noted that the dislocation nu-
cleation needing enough stress leads to the increase of stress.
The dislocation emission will consume a part of the stress, so
that the stress decreases. It should be pointed out that dis-
locations emission continually both from the crack tip and
the TB can be observed. Owing to the boundary obstructed
the dislocation, there is insufficient room for dislocation to
move, and finally accumulates on the boundary. The piling
up of dislocations also increases the stress, and the SF re-
sulting from the dislocation motion also releases the stress
[24]. It causes the stress-strain curve fluctuates. Because of
the obstructive effect of the TB on the dislocation motion, the
partial dislocations would be pinned at the TB and their
motion would be restricted when they move to the TB [49].
This is the strengthening effect of TB on the plastic de-
formation stage of the γ-TiAl specimen. Some dislocations
are pinned on the TB and arrested by the TB to form new

Figure 8 (Color online) Stress-strain curves with different crack positions.
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partial dislocations. They lead to steps generation at the TB,
which in turn becomes a new source of dislocation. These
partial dislocations can glide along the TB, which are both
beneficial to release the stress concentration generated by
dislocation accumulation and to improve the ductility of
γ-TiAl specimen. Curves of the lower boundary, the upper
boundary and the center crack begin to drop sharply at
ε=5.7%, ε=5.7% and ε=5.0% respectively. It means that the
center boundary crack is the most likely to propagate, fol-
lowed by the lower and upper boundary cracks. It is con-
sistent with the phenomena observed in the atomic
configuration. The center crack results in γ-TiAl specimen
with TB fracture quickly than the other models. The average
flow stress shown in Table 2 under different crack positions
was calculated. It is shown clearly that the average flow
stress is the smallest of center crack. In other words, the
ductility of γ-TiAl specimen containing center crack is the
worst, following the upper boundary crack and lower
boundary crack.
It can be found through the above analysis that the largest

difference of γ-TiAl with other FCC metals is that the mo-
vable slip system of γ-TiAl is less than the other FCC metals,
leading to the dislocation of γ-TiAl hard to move. The crack
propagation mechanism of FCC metals is mainly the com-
petition between dislocation emission and crack propagation,
while competition among dislocation emission, crack pro-
pagation and hierarchical twin is the main deformation me-
chanism of γ-TiAl.

4 Conclusions

MD is employed to investigate the deformation and failure

mechanism of γ-TiAl specimen with pre–existing crack and
TB. Simulation results revealed that the nature of the de-
formation behaviour is mainly the reaction of dislocation-
dislocation, dislocation-twin and twin-twin. The formation
of the secondary twins and tertiary twins suggests a hier-
archical twin deformation mechanism that leads to the
strength enhancement with non-compromising ductility and
strain hardening. The lower boundary crack and the center
crack undergo a ductile-brittle transition during the propa-
gation according to the energy release rate of the dislocation
nucleation from the crack tip and the atomic configuration.
Their yield strength is different according to the stress-strain
curves. The yield strength of the upper boundary crack is the
highest, following the lower boundary crack and the center
crack. The dislocation behaviour, SFs and hierarchical twin
with different crack positions are the decisive factors for the
yield strength. In addition, the pre-existing TB would affect
the propagation mechanism of crack, hinder the motion of
dislocations and promote dislocation accumulation and crack
deflection, this can prevent the crack from propagating and
improve fracture toughness. The simulation results can also
show that the motion of dislocation, the formation of SFs,
secondary and tertiary twins play very important roles in the
deformation and the failure process. The type of dislocation,
the vacancy formed by the dislocation motion and SFs and
the dislocation lock can affect the plasticity of the specimen.
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