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Two-phase y-TiAl/a-Tiz Al lamellar intermetallics have attracted considerable attention because of their excellent
strength and plasticity. However, the exact deformation mechanisms remain to be investigated. In this paper, a solidified
lamellar Ti—Al alloy with lamellar orientation at 0°, 17°, and 73° with respect to the loading direction was stretched
by utilizing molecular dynamics (MD) simulations. The results show that the mechanical properties of the sample are
considerably influenced by solidified defects and tensile directions. The structure deformation and fracture were primarily
attributed to an intrinsic stacking fault (ISF) accompanied by the nucleated Shockley dislocation, and the adjacent extrinsic
stacking fault (ESF) and ISF formed by solidification tend to form large HCP structures during the tensile process loading
at 73°. Moreover, cleavage cracking easily occurs on the Y/ interface under tensile deformation. The fracture loading
mechanism at 17° is grain boundary slide whereas, at 73° and 0° , the dislocation piles up to form a dislocation junction.

Keywords: molecular dynamics simulation, solidified lamellar Ti—Al alloy, tensile directions, ¥/, interface

PACS: 61.72.Ff, 83.50.—v, 81.40.Lm, 31.15.xv

1. Introduction

The Ti—Al-based alloy is a promising candidate to replace
Ni-based superalloys in the automotive and aerospace indus-
tries. This is mainly attributed to its low density, high strength
retention, high specific strength, and high creep resistance.!!-?!
However, the primary concerns with single-crystalline and
polycrystalline Ti—Al alloys are their low yield strength and
poor ductility at room temperature.®! Recently, Ti-Al alloys
were formed entirely from lamellar colonies composed of
Y-TiAl and op-Ti3Al, which exhibit excellent ductility and
strength across a wide range of temperatures.*>!

In the two-phase lamellar Ti—Al alloy (y-TiAl with an L1
type of face-centered cubic (FCC) structure while a,-TizAl
with a DO\ type of hexagonal close-packed (HCP) structure),
the interface between different phases can be either Y/, or
Y/7v, and their orientation always follows the Blackburn rela-
tionship, (111)y//(0001)0q, [1-10]y//(11-20) . ®! In previ-
ous studies, the plastic deformation of lamellar Ti—Al alloy
mainly appeared in the y-TiAl phase because the number of
slip systems is greater than the a-TizAl phase and the quite
considerable hardness of o-TizAL!78! The y-TiAl has three
major competing deformation modes: 1/2(110] ordinary dis-
location, (101] superlattice dislocation and {111}(11-2] true
twin.[”) These deformation modes strongly depend on orien-
tation due to both the unidirectional nature of twinning and
the polarization of superlattice dislocation.!!’l Therefore, the
two-phase Ti—Al alloy shows strongly anisotropic mechanical
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properties. Chen et al.!''l successfully prepared lamellar Ti—
Al alloy using a directional solidification method and investi-
gated its mechanical properties. They reported that the sam-
ple’s yield strength with 0° lamellar orientation exceeded 45°.
Palomares-Garcia et al.!'?! examined the deformation mecha-
nisms of lamellar Ti—Al alloy with lamellae oriented at 0°, 45°,
and 90° to the compress direction. Their results uncovered a
large plastic anisotropy. Moreover, Pan ef al.!'3! reported that
when the nanotwins were tilted at 15° of the deformation axis,
a necklace-type of dislocation could be produced, which helps
to maintain the structure’s stability. Hence, it is important to
understand the deformation direction effect on the mechanical
properties of lamellar Ti—Al alloys.

However, experimental deformation tests are tedious, ex-
pensive, and hard to directly observe at the atomic scale. In
recent years, several studies have shown that molecular dy-
namics (MD) simulation is an effective tool that can provide
physical insights into the understanding of the deformation
behavior of materials at an atomic level and can enable one

[8.14-16] Byt in these re-

to predict the mechanical properties.
search studies, lamellar samples were created artificially, such
as by using the Atomsk software based on Voronoi tessellation
methods. Nevertheless, in the initial configuration there is dis-
location at the ¥/ o interface because of the lattice mismatch.
Furthermore, solidification plays an important role in metal
processing, such as casting and additive manufacturing. The

structure after solidification is distinctly different from single
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crystal counterparts. In high-performance materials, the study
of the defects’ evolution and the mechanical response of ma-
terials at the nanoscale on deformation is important.

To better understand the influence of solidified defects on
the tensile response, in this work, based on MD simulation,
we apply a rapid solidification method with a cooling rate of
0.01 K/ps to produce a lamellar Ti—Al alloy sample. The in-
fluences of the X-, Y-, and Z-axes under three different tensile
directions on the sample, the evolution of defects, and struc-
ture deformation mechanisms are investigated.

2. Simulation method

MD simulations of rapid solidification and deformation of
solidified Ti—Al alloy processes were conducted using a sim-
ulation box comprising 32000 atoms (24000 Ti and 8000 Al
atoms). The EAM potential was adopted to model the in-
teratomic of the Ti—Al system since it was extensively used
to simulate the rapid solidification and deformation process,
and the results agree well with the experimental data.l!’-20]
We utilized 3D periodic boundary conditions and an invariant
timestep of 0.001 ps.

First, the solidification simulation was conducted un-
der constant pressure and constant temperature (NPT en-
semble) using the Nose-Hoover thermostat and Parrinello—
Rahman method to control the temperature and vacuum. Be-
fore quenching, we obtained the equilibrium liquid by relaxing
the system for 100 ps at 2000 K (higher than the experimental
melting point of Ti—Al alloy)./?!! Then, the system was cooled
down to 200 K with a cooling rate of 0.01 K/ps. Second, the
solidified sample was deformed in tension by a straining box
at a strain rate of 2 x 102 s~ along the X-, Y-, and Z-axes
at 200 K under a canonical (NVT) ensemble by running for
200 ps, respectively. For visualization and defect analysis pur-
poses, the open visualization tool (OVITO) together with com-
mon neighbor analysis (CNA)[??) and dislocation extraction
algorithm (DXA) commands!??! were used.

3. Results and discussion
3.1. Solidified lamellar sample

Figure 1(a) shows the solidified Ti—Al lamellar sample.
It can be seen that the sample consists of an FCC phase sep-
arated by a HCP phase, an extrinsic stacking fault (ESF), an
intrinsic stacking fault (ISF), and a twin (the ESF, ISF, and
the twin correspond to 3, 2, and 1 in Fig. 1(d), respectively).
To identify the structure type, the simulated powder x-ray
diffraction pattern (XRD) was adopted and the conclusion is
shown in Fig. 1(b). According to the experiment and simu-
lation XRD peaks,?*>! we find that the structure consists of
v-TiAl 4+ op-TizAl. Note that, because of the limited simu-
lation size, the strength and width of the XRD peaks cannot

be directly compared with the experimental data. Under non-
equilibrium rapid solidification conditions, the sample could
be defective and could have dislocation lines and voids dis-
tribution, as shown in Fig. 1(c). Interestingly, multiple dis-
location lines intersect with each other to form a dislocation
junction located at the grain boundary (the black circle in
Fig. 1(c)). From it, we can see the dislocation lines are dom-
inated by Shockley dislocation and its distribution along the
grain boundary. Figures 1(d)-1(f) show the view from the X-,
Y-, and Z-axes, and the tensile angles along the X-, Y-, and
Z-axes with the v/, interface are about 17°, 73°, and 0°, re-
spectively (Fig. 1(d)). Continuous other atoms that form the
grain boundary are found in Fig. 1(f).

3.2. Different responses of the structure under three load-

ing directions

In Fig. 2, the stress—strain curves, number of crystal struc-
tural types, and dislocation density behavior have been em-
ployed to explore the effect of orientation simulations with
tensile loading along the X-, Y-, and Z-axes. Before the mate-
rial failure, the process of tensile deformation can be divided
into elastic deformation (stage 1), the yield stage (stage II), and
the work hardening stage (stage III) (Figs. 2(a)-2(c)). In the
elastic deformation stage (I), the relationship between stress
and strain increases linearly until points a, d, and g along the
X-, Y-, and Z-axes, respectively, which agrees with the results
of the theoretical Hooke’s law. At this stage, the lamellar Ti—
Al alloy will return to its original configuration if the load is
removed. With the increase in tensile strain, the sample be-
gins to enter the yield stage (II), and the linear relationship
between stress and strain is broken. When the strain surpasses
points b, e, and h, the stress continues to increase with the
strain during the working hardening stage. The points c, f,
and { are the maximum strain before material fracture; then,
the stress experienced a sharp decrease. The tensile response
of the three loading directions exhibits strong anisotropy, and
the stress—strain curves of the tensile response along the Y-
and Z-directions drop slightly to points e and A, respectively,
which is the so-called yield point. However, no significant
yield point was found in the X-direction stretching process.
Thus, according to Fig. 1(d), showing the strain correspond-
ing to the maximum value of HCP atoms, we mark point b in
Fig. 1(a) as the yield point of the X-direction. Table 1 shows
the strain and stress of nine points and elastic modulus of three
directions. It is obvious that the critical strength and elonga-
tion along the X-direction are the highest but the elastic mod-
ulus is smaller than Y and Z. The elastic modulus of the Ti—Al
alloy in experimental data is about 120-140 GPa,!*®! demon-
strating that the simulation results are in excellent agreement

with experimental values.
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Fig. 1. A schematic of the initial solidified lamellar sample. (a) An overall view of the sample. (b) The XRD pattern. (c) Dislocation lines and voids
distribution. The winered, blue, green, red, and yellow lines represent the other, perfect, Shockley, stair-rod, and Hirth dislocations, respectively. The
cyan surface was colored according to DXA defect mesh. (d), (e) and (f) are the views from the X-, Y-, and Z-axes, respectively. Atoms are colored
based on their spatial coordinates of the DXA algorithm: blue—FCC, yellow—HCP, green—BCC, and white— other.
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Fig. 2. (a)-(c) Tensile stress—strain curves, (d)—(f) the number of crystal structural types, and (g)—(i) dislocation densities as a function of strain for the
X-, Y-, and Z-axes, respectively.

046105-3



Chin. Phys. B 31, 046105 (2022)

Table 1. Physical parameters of nine points. The maximum strain and stress under three loading directions are indicated in bold.

Direction X Y V4
Point a b c d e f g h i
Strain 0.062 0.09 0.138 0.048 0.082 0.118 0.064 0.088 0.122
Stress (GPa) 6.83 8.23 10.48 6.87 8.50 9.92 7.21 8.34 10.14
Elastic modulus (GPa) 110 143 120

Understanding the variation of crystal structural types
during the tensile process is of great significance when de-
termining the evolution of a microstructure. Figures 2(d)-2(f)
show the evolution of structure types in the X-, Y-, and Z-
axes during the stretching process. The variation trend of HCP
atoms in the three directions is somewhat different, while the
number of FCC atoms decreases all the time before the whole
breaking. In stage I, the number of HCP atoms experiences
a small increase in three directions. After this, the material
enters stage II, and the HCP atoms undergo a rapid increase
in the X- and Y-directions, reaching a maximum in the X-
direction but decreasing rapidly after reaching a maximum in
the Y-direction. However, the HCP atoms in the Z-direction
increase slightly and then decrease. During stage III, the num-
ber of HCP atoms in the X- and Y-axes drops slightly, but the
HCP atoms’ tensile response along with the Z-axis rises and
then remains unchanged. It is well known that the y-TiAl is
much softer than the a,-TizAl, so the number of HCP atoms
increases because of the dislocation movement during plastic
deformation caused by stacking faults and grain boundary de-
fects formed by HCP in the y-TiAl phase. Therefore, the struc-
tural changes may be obvious when observed together with X-
and Y-direction deformation. The FCC and HCP atoms are
increased after tensile fracture due to stress relaxation accom-
panied by strain microstructure recovery.!'8! Few BCC atoms
will be formed during the tensile process, and the number is
too small to wildly fluctuate during the stretching process.

Figures 2(g)-2(i) show the densities of Shockley, stair-
rod, Hirth, and Frank dislocation evolution. The Shockley dis-
location is almost dominant in the system, while the Frank
dislocation always zeroes. In the elastic deformation stage I,
the Shockley dislocation slowly decreases in the X- and Z-
directions while, in the Y-direction, it should slightly fluctu-
ate. When the strain enters stage II, the Shockley dislocation
monotonically increases as the strain increases. At stage III,
the Shockley dislocation experiences complex variation. How-
ever, after the strain surpasses points ¢, f, and i, the Shockley
dislocation experiences a jump-up and then drop-off in three
directions and a subsequent decrease in volatility. This trend
indicates that the fracture of the alloy is attributed to the nucle-
ated Shockley dislocation. The stair-rod and Hirth dislocations
after stage I have a modest increase then continue fluctuating.
Interestingly, the stair-rod dislocation in the Z-direction has a
sudden increase then a drop followed by eventual maintenance

of a small number of fluctuations (Fig. 2(i)). The stair-rod dis-
location as a motionless dislocation has a significant effect on

(271 Therefore, the slope of the strain—

material enhancement.
stress curve in the Z-direction is greater than in the other two
at stage III.

Define @ as the angle between the tensile direction of the
lamellar boundaries. In general, the yield strength and duc-
tility depend on @. The lamellar crystal exhibits the highest
strength but low ductility when @ = 90°. There is a good
balance between ductility and strength at & = 0°, where the
strength is not as high as for @ = 90° but ductility is large at
5%-10%.1281 But & = 17°, 73°, 0° corresponds to the X-, Y-,
and Z-axes in this paper, respectively. However, the ductility
and strength of @ = 17° are higher than the other two. This
is because the lamellar structural lattice obtained by solidifi-
cation herein is imperfect and defective. The defects formed
by solidification may considerably influence the deformation
of materials.

3.3. Analysis of microstructure evolution

To further investigate the deformation behavior of tensile
loading along the X-, Y-, and Z-axes from an atomic view-
point, snapshots of microstructure evolution in solidified sam-
ples at nine points are listed in Fig. 3. The atoms are colored
using the DXA algorithm. When the tensile direction is along
the X-axis, it is found that the Shockley dislocation begins to
nucleate at &, = 0.062 (in the circle, the arrow represents the
direction of dislocation motion). As the strain increases to
&, = 0.09, the system appears to have ISFs that are parallel
to each other. Furthermore, the ESF is transformed into ISFs
along the direction of the black arrow (inside the rectangular
box), and it is also accompanied by a Shockley dislocation. At
& = 0.138, mutually parallel ISFs and from those ESFs that
have transformed into ISFs intersect to form junctions. Simul-
taneously, in the deformation zone of y-TiAl, there are only a
few dislocation lines; however, in the tensile direction of the
Y-axis, the ISF first nucleates beside the ISF formed by initial
solidification at €; = 0.048 and then moves along the black ar-
row direction. When the strain increases to €, = 0.082, the part
of the ESF begins to transform into the HCP phase. At the crit-
ical strain of €7 = 0.118, the structure of the system began to
produce major disruptions, and the Shockley dislocation nu-
cleated again. At this point, the bulk of the HCP phase has
formed at the original ISF and ESF positions; the tensile along
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the Z-axis, in which the structure has not changed too much,
is quite different from the X-, and Y-axes. At g, = 0.064,
the Shockley dislocation first formation in the FCC phase then
spreads toward the HCP phase. Before material fracture, the
ISFs have been formed across the HCP phase with Shockley
dislocation.

In brief, regardless of the tensile direction, ISFs are
mainly formed accompanied by the Shockley dislocation. In
addition, ISFs were formed that intersect each other in the X-
direction, indicating that only a single slip system with a slip
plane was active during the deformation process, except for the
stacking defects evolution. However, when stretching along
the Y-direction, the pre-existing ISF and ESF formed a large
HCEP structure in the case of tensile deformation; therefore, the
phase transition of FCC to HCP occurred in the tensile direc-
tion of Y. The structure of the system does not change much,
except for the movement of dislocations before the alloy frac-
ture.

£4=0.048

£.=0.138

e;=0.118

Fig. 3. Evolution of the solidified sample structure during tensile deforma-
tion. Atoms are colored by the DXA algorithm, and blue, yellow, green, and
white represent FCC, HCP, BCC, and other atoms, respectively. The winered,
blue, green, red, and yellow lines represent the other, perfect, Shockley, stair-
rod, and Hirth dislocations, respectively.

3.4. The sample fracture mechanism

The dislocation motion remarkably during the tensile pro-
cess. According to Fig. 3, the & = 0.138, &7 = 0.118, and
& = 0.122 are the maximum critical strains under deformation
along the X, Y, and Z directions, respectively. To determine

the effect of atomic movement on the structure, the atomic dis-
placement distribution map of maximum strain before material
fracture of the three directions has been drawn in Fig. 4. We
can see the movement of atoms leads to delamination of the
structure. The atomic displacement not only moves along the
dislocation motion direction but also along with the interface
of the y/ap phase. Therefore, cleavage cracking may easily
occur on the ¥/ oy interface.

In addition, when deformation occurs along the X-axis,
the system forms intersecting ISFs, indicating that atomic mo-
tions are easily carried out in this direction. The intersecting
ISFs enhance the stability of the structure during tensile, which
leads to the best plasticity and strength in the X-direction.
When it is tensile in the Y-direction, the FCC phases in the
ESF and ISF regions are transformed into the HCP phase, so
the atomic motion is hindered due to the less-slip system in
the HCP phase, resulting in less plasticity than in the other
two directions.

Displacement

(4)

Is
I

Fig. 4. The atomic structure corresponding to the maximum strain points in
the three directions. (a) and (d) The structures at &, = 0.138. (b) and (e)
The structures at £, = 0.118. (c) and (f) The structures at & = 0.122. (a)—(c)
Atoms are colored by displacement results. (d)—(f) Atoms are colored by the
CNA algorithm. Blue, yellow, green, and white represent FCC, HCP, BCC,
and Other atoms, respectively.

3.5. Evolution of dislocation and voids

In the lamellar structure of y-TiAl/a-TizAl, ap-TizAl
with the HCP structure is the harder phase, whereas y-TiAl
Hence, if the
lamellar sample has a perfect lattice of y-TiAl/a,-TizAl, the

with the FCC structure is the softer phase.

microvoids, or cracks, prefer forms in the Tiz Al lamellae. 8!
However, if the lamellar sample has dislocation, voids and
a grain boundary in the alloy initially, the failure mode may
considerably differ. In particular, the maximum stresses of the
Y/ 0 system along the X-, Y-, and Z-axes are 0.138, 0.118,
and 0.122, respectively. As shown in Fig. 5, under loading
along the X-axis, although there are some voids in the struc-
ture while the crack nucleates in the dislocation junction lo-
cated at the grain boundary by solidification (Fig. 1(c)), the
dislocation lines at the v/, interface intersect to form a new
dislocation junction. However, no accumulation of disloca-
tion lines was found at grain boundaries. With the increase
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in strain, the crack continued to expand at the grain bound-
ary leading to material failure. Therefore, the crack nucleation
in the solidified sample cannot be attributed to the dislocation
pile-up process but results from the sliding at the grain bound-
ary, which was formed by solidification when tensile along the
X-axis. The shear stresses increase rapidly during the sliding
of the grain boundary and lead to the sample fracture. When
the deformation loading occurs along the Y- and Z-axes, the
dislocation evolution does not occur with the Y/, interface
but shows a random distribution. The main voids or disloca-
tion junction nucleation occur at the grain boundary initially,
but the formation of the void and expansion at the dislocation
junction position occur due to the increase in strain, so the
fracture mechanism can be attributed to the dislocation pileup.
According to Fig. 2(h), the density of Shockley dislocation
lines is greater than Z; this may make it easy to form the dis-
location junction, thereby causing the lamellar sample failure,
and the maximal stress is less than when the tensile is along
the Z direction.

’ N e
nterface

(a) loading along X

(b) loading along Y’

(c) loading along Z

Fig. 5. Snapshots of the solidified lamellar sample at different deformation
stages under three directions. The surfaces and dislocations are colored by
the DXA command, and the cyan surfaces are the cracks or voids. The dislo-
cation line’s color scheme is consistent with Fig. 3.

4. Conclusion and perspectives

MD simulation utilizing the EAM potential is used to ex-
amine the evolution of defects and deformation mechanisms
in different deformation directions of solidified lamellar Ti—Al
alloy. The lamellar Ti—Al alloy was created by rapid solidifica-
tion with a cooling rate of 0.01 K/ps. The XRD pattern demon-
strates the structure consists of y-TiAl and a,-TizAl phases.
Tensile deformation of the lamellar structure along the X-, Y-,

and Z-axes is observed at 17°, 73°, and 0° to the y/0y in-
terface. The following conclusions can be obtained from this
study.

(i) The stress—strain behavior of the solidified 7/ o lamel-
lar system shows strong anisotropy. The strength and ductility
loading at 17° exceeds those at 73° and 0° because the inter-
secting format of ISFs enhances the structure’s stability.

(i1) The mechanical properties of the sample are strongly
influenced by solidified defects. The structure deformation
and fracture occurred primarily via ISFs accompanied by the
nucleated Shockley dislocation. During tensile loading at 73°,
the adjacent ESF and ISF formed by solidification tend to form
large HCP structures.

(iii) The plastic anisotropy of the lamellar sample is at-
tributed to dislocation movement and localized slip of the
v/ 0 interface. Thus, for the lamellar structure under tensile
deformation, cleavage cracking easily occurs on the ¥/ in-
terface.

(iv) The fracture mechanism of loading at 17° is the grain
boundary sliding whereas, for the loadings at 73° and 0°, the
dislocation piled up to form the dislocation junction.
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