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Abstract: Owing to the excellent mechanical properties of the Ti3Al alloy, the study of its microstruc-
ture has attracted the extensive attention of researchers. In this study, a Ti3Al alloy was grown based
on molecular dynamics using a decahedral precursor. Face centered cubic nanocrystals with tetrahe-
dral shapes were formed and connected by twin boundaries (TBs) to form penta twins. To understand
the shear response of the Ti3Al alloy with multiple and penta twins, a shear load perpendicular to the
Z-axis was applied to the quenched sample. The TBs slipped as Shockley dislocations commenced
and propagated under shear loading, causing the detwinning of the penta twins and the failure of
the system, indicating that the plastic deformation had been due to Shockley dislocations. The slip
mechanism of multi-twinned structures in the Ti3Al alloy is discussed in detail. This study would
serve as a useful guide for the design and development of advanced alloy materials.

Keywords: TiAl alloys; induced solidification; shear response; slip system

1. Introduction

Ti–Al-based alloys have attracted extensive attention, owing to their low density [1],
high strength [2], and high-temperature creep resistance [3]. Many studies on the structures
and performance of Ti–Al-based alloys have been reported [4,5]. Considering that the
formation of microstructures is closely related to solidification, Gao et al. have studied
the solidification process [6,7] and mechanical response [8] of Ti–Al-based alloys solidified
under high cooling rates, and penta-twinned structures were observed [9].

Penta-twinned material consists of five parts of face centered cubic (FCC) atoms
separated by hexagonal close-packed (HCP) atoms as twin boundaries. Due to the low
stacking fault energy in some metals, it is easy to produce penta twins in metal engineering
processes such as annealing, strain, and rapid solidification. As a peculiar structure,
penta twins improve the optical [10], electrical [11], and magnetic properties [12] of some
nanocrystals; thus, it is an effective method for improving a material’s performance. Many
studies have been conducted to examine the mechanism by which penta twins influence
the properties of various materials. As penta twins can enhance the mechanical properties
of some materials [13,14], their effects on the mechanical properties of Ti3Al alloys need to
be investigated.

Recently, mechanical processes have been performed on Ti–Al-based alloys to study
their mechanical properties and shear behavior [15,16], phenomena which deeply affect
the structure of materials, and Ti3Al alloys with penta twins would be no exception. It is
necessary to study the shear response of Ti3Al alloys with penta twins and clarify how
penta twins influence the mechanical behavior of Ti3Al alloys. Although several studies
on penta twins have been reported, they have mainly focused on nanowires [17,18] and
nanocrystalline alloys [19,20], whereas only a few have considered the shear response of
penta twins. Chen et al. [21] studied the shear process and the deformation behavior of
penta twins, but they explored only the deformation behavior of a single penta twin on the
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surface, whereas the performance of penta twins in multiple twin systems is still difficult
to predict, and some details about the evolution of the penta twins during deformation can
be lost during experiments.

To obtain regular penta twins in this study, we employed precursor-induced growth
based on molecular dynamics (MD) to obtain a solidification system, as induced growth of
metals is an important means to control the structure of alloys, and the detailed evolution of
penta twins can be obtained by MD simulations of shear processes. A decahedral precursor
was introduced into the solidification process of the Ti3Al alloy as a regular penta-twinned
structure to induce the formation of a Ti3Al alloy system containing multiple twins, and its
shear process was simulated. The critical change point of the internal structure is found by
average atomic potential energy, and Shockley dislocations are identified by the dislocation
extraction algorithm (DXA) [22] in visualization software (the Open Visualization Tool,
OVITO) [23]. The nucleation and propagation details of Shockley dislocations are also
visualized by OVITO and, as a result of that, the deformation and failure mechanisms of
the Ti3Al alloy system with penta twins under shear stress were obtained.

2. Simulation Methodology
2.1. EAM Potential

The embedded-atom method (EAM) empirical potential function [24] was used to
perform the induced quenching and shear process of Ti3Al alloy simulated by MD because
it has been widely used to model the solidification [25,26] and mechanical processes [27,28]
of Ti–Al-based alloys. Over the past few decades, researchers have obtained numerous
results using this function because it accurately reflects the interaction of Ti and Al atoms.
The total energy of one system by EAM is expressed:

Etotal =
1
2 ∑

i,j
Φij

(
rij
)
+Fi(ρi) (1)

where Φij denotes pair-interaction energy of atoms i and j at sites
→
ri and

→
rj , Fi represents

the embedding energy of atom i, ρi is the host electron density and it is given by

ρi = ∑
i 6=j

ρi
(
rij
)

(2)

For the system of Ti3Al, make the following conversions:

ρTi → sTiρTi(r) (3)

ρAl → sAlρAl(r) (4)

FTi( ρ )→ FTi

[
ρTi(r)

sTi

]
(5)

FAl( ρ )→ FAl

[
ρAl(r)

sAl

]
(6)

FTi(ρ)→ FTi(ρ) + gTiρ (7)

FAl(ρ)→ FAl(ρ) + gAlρ (8)

ΦTiTi(r)→ ΦTiTi(r)−2gTiρTi(r) (9)

ΦAlAl(r)→ ΦAlAl(r)−2gAlρAl(r) (10)

where sTi, sAl are constant term, gTi = −F′Ti(ρTi
0), gAl = −F′Al(ρAl

0), where ρTi
0 and ρAl

0

are the equilibrium electron densities of atoms.
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2.2. Simulation Details

A 130 nm × 130 nm × 130 nm box with 107,300 atoms (80,475 Ti and 26,825 Al atoms)
was constructed. To introduce regular penta twins, the induced solidification with a
decahedral precursor of Ti3Al alloy (Figure 1a) was built in center of the box, and the area
around the precursor was filled with Ti and Al atoms in random positions. Figure 1b is
the structure of the truncated decahedron, which is widely evident in metal nanocrystals,
and serves as the core structure of the penta twin [29]. The quenched system was used to
perform a shear process to obtain the deformation and failure mechanisms of the Ti3Al alloy
with penta twins. All of the surfaces of the box were set to be periodic. The thermodynamic
process was simulated under the NPT (constant atom number, pressure, and temperature)
ensemble. The temperature was controlled at 2000 K using a Nose/Hoover temperature
thermostat, and it ran for 500 ps with a time step of 1 fs to perform a relaxation process.
Next, the cooling from 2000 to 200 K was simulated at a quenching rate of 1011 K/s. Then,
the quenched system was equilibrated at room temperature (300 K) for 300 ps to make it
fully relaxed. Finally, a shear load was applied to the alloy system at a strain rate of 109 s−1.
The whole simulation process is performed within large-scale atomic/molecular massively
parallel simulator (LAMMPS) software [30].
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Figure 1. (a) Top view of the initial penta-twinned structure. (b) Truncated decahedron structures
(TDH) colored green. The FCC structures are colored blue, and the HCP structures are colored orange.

3. Results
3.1. Induced Solidification

Analyzing the fluctuation in average atomic potential energy is crucial to understand-
ing the change in the internal structure of materials during the quenching of the Ti3Al
alloy. As shown in Figure 2a, the average atomic potential energy drops abruptly at 1345 K,
and then resumes its linear decline when the temperature drops to 1252 K, indicating that
the system crystallization process occurs mainly in this interval. Figure 2b shows the
visualization of the system at different temperatures during solidification. Liquid atoms
nucleate on the surface of the decahedral precursor at first, indicating heterogeneous solidi-
fication. Then, the rest of the liquids solidify on the initial nucleated sites with a decrease in
temperature, and atoms of the crystal continuously expand around the initial penta twins
in the temperature range of 1345–1252 K, indicating the formation of crystalline FCC and
HCP structures. The sudden change in the average atomic energy curve corresponds to
the fast increase in the abovementioned structures. In addition, many quenched twins are
observed in the system.

Just as in the initial structure of the penta-twinned structure (Figure 1a), HCP structures
serve as twin boundaries (TBs) to connect the crystalline FCC structures. Most FCC grains
are nanocrystals with tetrahedral shapes, and their surfaces are crystalline FCC {111} planes.
There are a considerable number of TDH structures (Figures 1b and 3a) around the initial
penta-twinned structure after the crystalline FCC and HCP structures around the initial
penta-twinned structure have been discarded, indicating the formation of a considerable
number and size of penta twins in the alloy system. Thus, the details of these penta twins
were visualized from the axial direction (Figure 3b), in which HCP and TDH structures
were eliminated for clear observation. Many tetrahedral nanocrystals similar in size to
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the initial one (the black circle in Figure 3b) are formed under the induction of the initial
penta-twinned structure, and some new penta twins are obtained.
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3.2. Shear Characteristics

To study the shear behavior during the mechanical process of Ti–Al-based alloys, shear
loading in a direction perpendicular to the Z-axis, which deviates from the axial direction
of the initial penta-twinned structure, was applied to examine the mechanical behavior
of the Ti3Al alloy with multiple twins. The stress-strain response is shown in Figure 4a.
Before point 1©, the stress-strain curve rises in an almost straight line, and this phase
follows the elastic stage of the classical Hooke’s law. When point 1© is crossed, the material
begins to enter the yielding stage, and the linear relationship between stress and strain is
broken, with point 2© being the upper yielding point and point 3© the lower yielding point.
The point 3©– 4© stage is the strengthening stage, and this stage increases with the increase
of strain. After reaching point 4©, the material produces a local deformation, and then
crosses point 5© and enters the plastic flow stage. The shear response of the induced
system is divided into elastic-deformation (stage A) and plastic-flow stages (stage B).
Before the strain of point 4©, a high level of shear stress is obtained, and the fluctuation in
the curve shows strain-hardening effects during sample deformation. Considering that
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dislocation behavior can influence the mechanical process of the system, the changes in
the dislocation length were evaluated (Figure 4b). The dislocation density in the system
increases rapidly (the total length of dislocations increases, whereas the volume of the
system is almost unchanged) at the high-shear-stress stage, as shown in the dislocation
length curve. Moreover, the corresponding snapshots in Figure 4a at the key points show
significant slips in the system, slips which contribute to stress relaxation in the quenched
sample. The rapid drop in the stress-strain curve from points 4© to 5© is contributed by
the slip of the overall system, as the stress needed to deform the sample in the subsequent
deformation is reduced by the accumulation of dislocations under high-level shear stress;
at this stage the material has developed a large local deformation.
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Figure 4c shows the changes in TB and TDH atoms during deformation. TB and TDH
atoms are continuously lost during deformation, and a dynamic equilibrium is eventually
reached, indicating that the induced penta twins are closely related to the slip behavior
in the system. To understand the relationship between penta twins and the slip behavior,
the transformation from TB atoms to other types of atoms (FCC, HCP, Others, and BCC,
as defined in OVITO) is shown in Figure 4d, where TB atoms are selected by the initial
state of the quenched sample. Several TB atoms transform into HCP structures at the
elastic-deformation stage, because the surrounding atomic environment of TB atoms is
changed by local adjustments of atoms caused by elastic strain in the system. Then, TBs
slip with an increase in strain during deformation because TB atoms are influenced by the
surrounding atomic environment, and begin to slip significantly. The transformation from
TB to the FCC structure indicates the slip of TBs (Figure 4d; from points 1© to 4©). However,
further characterization of the evolution of the initial penta-twinned structure (Figure 5)
shows that, though the TBs slip, the penta-twinned structure still exists in the system with
a continuous increase in strain. Therefore, to determine the plastic deformation mechanism
during the shear process, further characterization of the shear deformation requires more
details of the dislocations and microstructures during deformation.
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3.3. Plastic Deformation Due to the Interaction between Dislocations and TBs

Figures 6–8 show detailed snapshots of dislocations and micro-structures of the TBs
during deformation. In the quenched sample, tetrahedron nanocrystals are connected by
TBs, forming both regular penta and other twinned regions with many defects. At the
elastic-deformation stage, the local structure can be adjusted much more easily in other
twinned regions than in the regular penta-twinned regions. As is shown in Figure 6, the
Shockley dislocations (the black circle) intersected with TB and propagated towards both
sides, forming complex stacking faults. It is much easier for Shockley dislocations to
nucleate and propagate in the defective multi-twinned regions with the splitting axis in the
initial state and Shockley dislocations along the TB, as shown in Figure 7. Herein, defective
TBs are formed by the nucleation of Shockley dislocations (circled by black solid line) at TB,
and the evolution of defective TBs originates from the propagation of Shockley dislocations
at TBs. Interestingly, the splitting axis intersects at one point because of the TB slip induced
by the propagation of Shockley dislocations during the continuous deformation of the
defective multi-twinned region, whereas the regular penta-twinned regions can retain the
basic structure (from Figure 8a to Figure 8b). Meanwhile, the nucleation and propagation
of Shockley dislocations are activated on TBs, and they serve as the surfaces (circled by
a red dot line in Figure 8b) of the penta-twinned structure. Further TB slip inside the
penta-twinned structure is activated with the development of shear strain. Details of the
propagation of dislocations outside and inside the penta-twinned structure are shown
in Figure 8. The penta-twinned structure deforms from outside to inside. The internal
structures of the penta-twinned structure are affected by the accumulation of deformations
and show as TB slip, causing the detwinning of the penta-twinned structure. Eventually,
large deformation of the overall system occurs, resulting in material failure.
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4. Discussion

From the above analysis, nucleation and propagation of Shockley dislocation occur
throughout the shear-deformation stage, which is indicated by the total length of disloca-
tions in each multi-twinned region (Figure 9). The total length of Shockley dislocations in
each multi-twinned region is significantly higher than that of other dislocations, indicating
that the structural changes in multi-twinned regions are dominated by the evolution of
Shockley dislocations. To determine the mechanism by which the nucleation and prop-
agation of Shockley dislocations affect the deformation of the penta-twinned structure,
several snapshots of some key points in the deformation of penta-twinned structure are
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shown in Figure 10. Atoms detected as FCC structure at first were eliminated for a better
representation.
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As shown in Figure 10e, the Shockley dislocations (circled by a black solid line)
nucleate and propagate on the TBs, causing the local adjustment of TBs and HCP–FCC
transformation. Almost all atoms in the single TB (Figure 10a) are transformed into the
FCC structure when the Shockley dislocation extends to the bottom of the TB and greatly
damages the penta axis, indicating a full slip of the single TB, which contributes to the
split of the penta axis (Figure 8), which, in turn, facilitates the propagation of Shockley
dislocations nucleated from the penta axis on other TBs, and eventually causes the failure
of the penta-twinned structure. TBs and crystalline structures slip in the basal slip system,
represented as {0 0 0 1} <−2 1 1 0>, as shown in Figure 11. However, the slip path in TBs is
divided into two steps: at first, the {0 0 0 1} crystalline plane slips along <−1 1 0 0>, and
then along <−1 0 1 0>, as shown in Figure 12. The relative positions of the TB atoms and
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red atoms do not change during the two steps of the slip path shown in Figure 12, whereas
the TB atoms are temporarily identified as FCC structure (sky blue atoms) due to the slip of
the dark blue atoms. The TB atoms are then identified as HCP structure (orange atoms)
again in the subsequent slip process of the dark blue atoms.
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5. Conclusions

In this work, MD simulations were employed to investigate the induced solidification
and shear response of a Ti3Al alloy with penta twins. Based on the results, the following
conclusions are drawn:

(1) A sample with multiple twins can be obtained by induced solidification using penta-
twinned structures under a quenching rate of 1.0 × 1011 K/s, during which induced
penta twins are formed by FCC nanocrystals with tetrahedral shapes, and defective
multitwinned regions can also be observed.

(2) Dislocations nucleate and propagate easier in defective multitwinned regions than
in regions without defects, as defects reduce the stress needed to deform a sample.
Correspondingly, defects outside the regular penta twins enhance the nucleation and
propagation of dislocations on TBs serving as the surfaces of the regular penta twins.
Thus, dislocations nucleate and further propagate on TBs in the penta twins, causing
the failure of the penta twins.

(3) The slip system of a Ti3Al alloy with multitwinned structures is the {0 0 0 1} <−2 1 1 0>
basal slip under shear loading, and there are obvious strain-hardening effects during
deformation. The slip path in TBs is divided into two steps: the {0 0 0 1} crystalline
plane slips along <−1 1 0 0> first and then along <−1 0 1 0>.
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(4) Interactions between Shockley dislocations and TBs cause the migration of TB and
the failure of penta twins, which could be the mechanism of plastic deformation in
Ti3Al alloys with penta twins.
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