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The wide application of titanium aluminum (Ti—Al) intermetallic compounds for aerospace and automotive
fields has accelerated the research and development of TizAl alloy. In this study, simulation is adopted to
investigate the crystallization behavior during rapid solidification of TizAl alloys using molecular dynamics
at different cooling rates of 10° K s7% 10" K s7 10 K s7! and 10® K s~ The evolution of
microstructures is characterized by taking advantage of the average potential energy, the pair
distribution function and visualization. The results show that the system has formed a microstructural
configuration with the face-centered cubic structure as the main structure and the hexagonal close-
packed structure as the supplement. An increase in the cooling rate will reduce the grain size of the
alloy, which in turn will increase the number of grains. At the cooling rate at which the alloy can
crystallize, the system forms five-fold twin structures. Meanwhile, we obtain a deeper insight into the
properties of five-fold twins in terms of atoms on different sites, and establish a standard model of the

same specification for comparison to get the commonality and differences of the five-fold twins
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Accepted 20th January 2022 In addition, the evolution of dislocation densities and

between the standard and the solidified.
distribution of dislocation lines in the system under different conditions are analyzed. This study further
explores crystallization behavior on the atomic scale and it is hoped that this research will contribute to

expanding the understanding of TizAl alloy during the growth process.
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1. Introduction

Ti-Al intermetallic compounds, as a new generation of high-
temperature structural materials with great development pros-
pects, are essential for a wide range of aerospace and automo-
tive fields."® Among them, Ti;Al alloy plays a key role in Ti-Al
intermetallic compounds for its excellent heat resistance, low
specific weight and good oxidation resistance. Recent develop-
ments in the field of Ti-Al intermetallic compounds have put
forward higher requests for its quality in applications. Since the
microstructure of a material plays a decisive role in its macro-
scopic properties, it is significant for us to have an in-depth
understanding of Ti-Al alloy, especially its microstructure
changes and defect formation during the growth process.

The main investigations in Ti-Al intermetallic compounds
are the ordered phases of y-TiAl phase (L;,) and a2-Ti;Al phase
(D049).** Earlier Shimono and Onodera® investigated liquid-to-
amorphous transition and amorphous-to-crystal transition
processes of Ti-Al alloys. Then Pei”® obtained an atomistic
description of glass formation and crystallization behavior
during isothermal annealing in liquid Ti;Al alloy, and the
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simulation results suggested that there were transformations
from a metastable crystal phase to a more stable crystal phase
during the crystallization. Xie et al.® investigated the charac-
teristics of the interpenetrating connections of icosahedra
networks in TiAl; and TiAl alloys obtained from rapid solidifi-
cation based on MD simulations. Soon afterwards, they studied
lamellar grains formation of liquid TizAl alloy during rapid
solidification and deformation behavior of the lamellar grains
under tensile loading.' Li et al. described the effects of cooling
rates on the amorphous structure formation and crystallization
of liquid TiAl'* and the formation of nanocrystals from under-
cooling TiAl melt and deformation behavior of nanocrystalline
TiAl alloy under tensile loading conditions.” Recently, Gao
et al.”® researched the evolution of dislocation and twin struc-
tures in TizAl during solidification. In addition, some studies on
TizAl structural changes were carried out under high pressure
conditions."*> Though the above studies have enriched the
research of Ti-Al alloy, the grain size distribution, special defect
structure and the microstructural evolution need to be further
supplemented. The lack of detailed knowledge about growth is
due to the fact that growth occurs at the nanoscale so that the
solution provides valuable details on the atomic scale for crystal
growth by using the computer simulation method.

Analysis was conducted by the molecular dynamics (MD)
based on the embedded-atom-method (EAM) interatomic
potential to simulate the solidification process of Ti;Al alloy.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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EAM was prepared by Zope' which obtained numerous
research results on Ti-Al intermetallic compounds.”>*
Afterwards, the average potential energy curve, pair distribution
function (RDF or g{r)) curve, visualization technology** and
tracing method were used to investigate the microstructural
configuration and the evolution of microstructure during
solidification. The characteristics on the atomic scale are
important for our increased understanding of growth behavior
during the entire process of solidification of TizAl alloy.

2. Simulation conditions and
methods

MD simulations of rapid solidification for liquid Ti;Al alloys
were conducted using the large scale atomic molecular
massively parallel simulator (LAMMPS)* package at different
cooling rates of 10" K s™*, 10" Ks™*, 10> K s~ " and 10" K
s~ . The simulations were conducted in a cubic periodic
boundary box containing 32, 000 atoms (24, 000 Ti and 8, 000
Al atoms) at NPT (with constant atom number, system pres-
sure, and temperature) ensemble, zero pressure conditions,
and a time step of 1 fs, using the EAM potential adopt for Ti-
Al based materials. The initial temperature was set 2000 K
which is higher than the melting temperature in the experi-
ment (Ty, ~1933 K);*° and the process of isothermal relaxation
lasted for 500 000 steps leading the liquid Ti;Al system to an
equilibrium state. Then the solidification process was per-
formed, and the velocity and coordinate of all the atoms were
recorded at an interval of 10 K to acquire microcosmic
information.

3. Results and discussions

3.1. Average potential energy

The marked change of the average atomic potential energy
curve can be used to initially discover the phase transition of the
system during the solidification process. As shown in Fig. 1, at
10'° K s, there is an obvious jump in the average energy curve
around 1100 K, indicating that this temperature is the crystal-
lization temperature at this cooling rate. The system begins to
form a large number of crystalline structures causing the
average energy of the atoms in the system to drop. As the
temperature is lower than 1100 K, affected by the kinetic energy
of the atoms, the average atomic energy curve decreases linearly,
and the system is basically crystalline. Except that the crystal-
lization temperature is close to 1050 K, the curve change prop-
erties at 10" K S™* are basically the same as those at 10'° K s ™.
Rising cooling rate to 10"* K s, the crystallization point is
about 1000 K and the jump degree of the curve is slower than
that of the previous two cooling rates resulting from that the fast
temperature change due to the high cooling rate limits the atom
movement. At 10" K s, the average energy curve of the atoms
is generally linear, indicating that the system is amorphous and
the average atomic energy is only related to the kinetic energy of
the atoms.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Average potential energy of atoms in TizAl evolve with T under
different cooling rates.

3.2. Radial distribution function (RDF)

RDF, also called g(r), is widely used to reveal the structural
characteristics of crystalline and amorphous structures. In
order to study the effect of cooling rate on the solidification of
TizAl, g(r)s at different cooling rates at 200 K is shown in Fig. 2.
It can be seen from the figure that the gr;_5(r) curves have many
peaks at 10" K s, 10" K s~ and 10" K s~ ', which are typical
characteristics of the crystal structure. The gri_ai(7) curve shows
typical amorphous characteristics at 10"® K s~ ' because the
system lacks of long-range order. But its second peak split into
two small peaks, indicating that the system has formed a short-
range order. Therefore, as the cooling rate increases, the final
state gradually changes from the crystalline state to the amor-
phous state. Among gri—ai(7), gri—ti(7) and ga—ai(r), gri—ai(r) has
the highest peak, indicating that the distribution of distance
between Ti and Al atoms is the most concentrated.

3.3. Grain size analysis

For further investigation on the detailed formation of micro-
structure in TizAl alloy, we base our analysis on structural types
as shown in Fig. 3. Common Neighbor Analysis (CNA) can
obtain atomic structure information through atomic coordinate
information and assign a structure type to each particle, which
is a common method for structural analysis. The atoms in the
face-centered cubic (FCC), the hexagonal close-packed (HCP),
the body-centered cubic (BCC), the icosahedral (ICO) structures
are regarded as FCC, HCP, BCC, ICO atoms in this system, and
their evolution is shown in Fig. 3(a), respectively. At tempera-
tures above 1100 K, the atoms are randomly distributed in all
four systems. The system at 10'° K S™* begins to crystallize at
1100 K, and the atoms of FCC and HCP structures increase
rapidly, while the systems at 10" Ks™' and 10"> K s~ crystallize
at 1050 K and 1000 K, respectively. With the decrease of
temperature, the system becomes more ordered, and the atoms
of FCC and HCP structures continue to increase. BCC meta-
stable structure atoms and typical amorphous icosahedral
structures exist in the system, but in small amounts. Fig. 3(b)
shows four snapshots after simulated quenching to 200 K. At
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Fig. 2 RDFs for different cooling rates at 200 K.

a cooling rate of 10'° K s*, a mixed system composed of up to

53.7% FCC atoms and 21.7% HCP atoms, accounting for 75% of
the total. The rest of the atoms are randomly distributed into
the available space, forming disordered boundaries. At the
cooling rate of 10"* K s, the proportion of the crystal structure
in Ti;Al is 68% which is lower than the cooling rate of 10'° K s ™.
When the cooling rate rises to 10"> K s~ the degree of crys-
tallization decreases significantly, which is manifested as the
number of other atoms increases to nearly half of the total in
the system. At a cooling rate of 10** K s, only a small part of
the atoms forms crystalline structures in the system. Meanwhile,
it is observed that although the number of other atoms of the two
systems is almost the same at the cooling rate of 10" K s* and
10" K s, the latter is more widely distributed. At this time, the
number of crystal grains and their size need to be measured,
which have an impact on the application and performance of the
material.

Fig. 4(a) shows the grain information in the system after
growth under different conditions. The abscissa is the number
of crystal grains sorted by size from large to small, and the
ordinate is the number of atoms of the grain under that
number. At the same time, the volume size of grain was calcu-
lated in Fig. 4(b). At the end of solidification, TizAl alloy does not
contain coarse grains at 10> K s™', but contains obvious large
grains at low cooling rates. Comparing the grain size, it is found
that the average grain size at 10'° K s™" cooling rate is the largest,
followed by 10™ K s~'. Among these coarse grains, the largest
grain appears at 10'° K s~ " and consists of 1996 atoms. The grain
size is approximately 2.91 nm x 4.33 nm X 3.74 nm. The
maximum grain size at 10'> K s~ is greater than that at 10" K s,
and the average grain size of the former is greater than the latter,
so the cooling rate has an overall effect on the grain size. The
increase in cooling rate makes the system more inclined to form
small-sized crystal grains. The change in the size of the crystal
grains is the same as the change in the number of atoms. The
jump in volume from high to low and then to high indicates that
the crystal grain has a flaky part.

In addition, in order to study the grain morphology and
distribution of the liquid TisAl alloy at the atomic scale, we
obtain the system through rapid solidification at different
cooling rates for slice analysis, and show cross-sectional views
of different positions, as shown in Fig. 5. Set the distance from
the left to the right of the box to d. Slices were performed at
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2.0 nm intervals with a thickness of 2.0 nm. When the cooling
rate is 10'° K s, the five-fold twins composed of the coherent
twin boundaries and the FCC atoms can be clearly seen, and the
thickness of the five-fold twin is the largest on the left side of
d = 0.0 nm, which is about 6 nm. In its upper right corner, there
is a structure similar to a five-fold twin, but in fact it is not
because its grain boundaries are misaligned. Another five-fold
twin is found on the right side at d = 4.0 nm, the thickness of
which is about 2.6 nm. Similarly, at 10" K s, five-fold twins
are also observed in the system, and the maximum thickness is
2.4 nm. When the cooling rate rises to the 10" K s™*, the
disorder of the solidified system increases significantly, other
atoms are widely distributed, and the metastable BCC structure
is observed at different slice positions, which are located near
large grains. When the cooling rate is 10"* K s, the system is
directly amorphous.

3.4 Five-fold twin analysis

Five-fold twins are usually observed in nanowires,”*® thin
films®*?*® and ball milling.*"** Related studies show that the
formation of the five-fold twin is related to the orientation
change of applied stresses.**** In our study, five-fold twins are
obtained from the solidification process in MD simulations as
shown in Fig. 6. At 88.30 ns, a layer of twin occurred in the FCC
structure and a five-fold ring containing the central atom is
formed at the end of the twin. Then four co-lattice twin
boundaries are formed along the atoms on the five-fold ring at
88.35 ns and atoms between any two twin boundaries in fivefold
twins are stacked in a manner of FCC structure. A large five-fold
twin crystal has initially formed when the time reaches 88.40 ns
and next, the five-fold twin continues to expand after 88.55 ns.
As time increases, the system spontaneously develops in the
direction of low energy and the atoms are arranged nearby
according to the rules. The potential energy is an important
parameter to assess the stability of a structure, which is deter-
mined by the state and position of atoms. In the same structure,
the lower the potential energy, the more stable the structure.
Fig. 7 reveals the average potential energy of the five-fold twin
atoms at different sites. The center, the smallest five-fold ring
and the twin boundaries are kinds of sites, which are regarded
as center (red color), point (yellow color), edge (blue and purple
colors); the rest are a kind of site, called block (blue and purple

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Evolution of structures at different cooling rates. (b) Snapshots of the four systems in TizAl alloy at 200 K. The green, red, purple and

yellow atoms present FCC, HCP, BCC and ICO structures, respectively. Atoms of other structures are marked gray.

colors). Because too many atoms in the block area are not
conducive to placing the energy value, the atoms in the block are
not displayed, and the light blue background color is used to
indicate the distribution of atoms. Among them, blue and purple
are used to distinguish the region of atoms. Blue and purple are
the regions containing four atoms and the fifth through seventh
atoms, respectively, both applying for the edge and the block. It
can be seen from Fig. 7 that the average potential energy of the
center is —4.6308 eV, which is greater than that of any one block
site atom. The average potential energy of all the bulk atoms is

© 2022 The Author(s). Published by the Royal Society of Chemistry

—4.7043 eV. The average potential energy value of the point
fluctuates up and down. Averaging the average potential energy
of these five points, the value is —4.6611 eV, which is smaller than
the center and larger than the block average. Here is a simple
statistics of average potential energy distribution of the five-fold
twin atoms at different sites. However, in view of the influence
that the large difference of the atomic energy between Ti atoms
and Al atoms may have on energy statistics of different sites of
atoms, it is necessary to create a new five-fold twin model of pure
Ti atoms to eliminate this influence.

RSC Adv, 2022, 12, 6440-6448 | 6443
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the five-fold twin nanocluster is calculated
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Fig. 5 Slicing snapshots for the internal configuration in TizAl alloy at 200 K.
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Fig. 7 The average potential energy of atoms at different sites.
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twin nanoclusters between the standard and the solidified is
that the average atomic potential of the central atom is the
highest, because the atomic potential energy is determined by
its state and position, and the inhomogeneous deformation of
lattices may influence the character of the local positions of the
lattice defects.? The stress on the atom at the center of the five-
fold twin is higher. When there is a shift of the pentagonal axis
towards the periphery the elastic energy relaxation in five-fold
twin may occur®® and the lattice distortion and the stress on
the atom decrease gradually. Next, the average atomic potential
energy of the atoms at the twin boundary is higher than the
average potential energy of the atoms in the bulk region within
the twin boundary. The presence of a disclination of the twin
boundary in five-fold twin leads to inhomogeneous stresses,
especially on the twinning boundary. The difference is that the
average atomic energy of the smallest five-fold ring in the
standard nanocluster and the five-fold twin obtained from
solidification varies. The average potential energy of atoms at
different sites in the standard model five-fold twin is center >
edge > block > point, but it is center > point > edge > block in the
five-fold twin after solidification. In the model, the average

type model  solidification
center @ -4.7681 -4.6308
point @ -4.8128 -4.6611
adlge @ 480394 -4.6503 (4)
@® -48013(7) -4.6661 (7)
Q -4.8109 (4)  -4.7275 (4)
block
Q@@ 48106(7) -4.7043(7)

Fig. 8 Comparison of the average potential energy of atoms at the same site on the standard five-fold twin nanocluster and the five-fold twin

obtained from solidification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Evolution of dislocation densities for different cooling rates.

atomic potential difference of the edges and blocks in different
ranges does not change much with the expansion of the atomic
area, which are 0.0026 eV and 0.0003 eV, respectively. The
average atomic potential energy difference between the center
and the point is 0.0447 eV. Conversely, in the five-fold twin
obtained during solidification, the average potential energy
difference between the edges and the blocks of is severally
0.0162 eV and 0.0232 eV, and the average atomic energy
difference between the center and the point is 0.0303 eV.
Through comparison, it is shown that the average potential
energy of the atoms on the edges and the points obtained by
solidification increases, which is due to the fact that the grains
that make up the five-fold twin are affected by the surrounding

R10

Fig. 10 The distribution of dislocation lines at 200 K.
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defects and the deflection of the twinning boundary, resulting
in its lattice distortion inhomogeneity is stronger than that of
the standard five-fold twin.

3.5. Defect analysis

The dislocation densities of TizAl alloy are shown in Fig. 9
during quenching at different cooling rates. It can be seen that
at the cooling rate of 10" K s, the number of dislocation
density has been increasing steadily, and finally stabilized at 200
K. The number is about 200, which is obviously much smaller
than the dislocation densities under 10" K s™* and 10"* K s~ .
At 10" K s7! and 10" K s, the dislocation densities increase
significantly, and its number are close to 0 at 1100 K, but after
the solidification process is over, the number are close to 450.
The difference is that at the cooling rate of 10'" K s, the
dislocation density first starts to increase, and during the entire
cooling process, the number of dislocation density at the cooling
rate of 10" K s~ is mostly higher than that of 10" K s~ *. The
dislocation density in the system with a higher cooling rate of
10" K s™" has been very small throughout the cooling process,
almost zero, which is consistent with the fact that there are
almost no crystal grains in the system mentioned above. Fig. 10
shows the visual distribution of the dislocation lines of the TizAl
alloy at 200 K after the quenching process. Comparing the four
cooling speeds, it can be found that the dislocation line at
10 K s~ ' is the least, and the dislocation line under 10"* K s *
is the most, which is consistent with the number of dislocation
line density in Fig. 9. In addition, at 10"* K s™" and 10" K s~
dislocation line segments are shorter, which is just the opposite
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at 10'° K s, that is related to the grain size of the system. In
addition, the dislocation distribution is clustered at 10'® K s™*
while they are distributed in the entire box at 10" K s™' and
10"* K s~ . The disordered structure formed by the misalign-
ment of atoms leads to an increase in the energy of the system,
while dislocations are related to the misalignment of atoms.
Fig. 11 shows the dislocation density, crystallization rate and
average atomic energy of the system at different cooling rates at
200 K, respectively. Except that at 10" K s~ the entire system is
amorphous and the dislocation density is 0, at 10'® K s~ the
dislocation density is the lowest, and the crystallization rate is
the highest, so the average atomic energy of the system is the
lowest. At the cooling rates of 10" K s and 10" K s, there is
little difference in dislocation density between the two systems,
but the crystallization rate of the system at 10"* K s~ is higher
than that of 10" K s, so the average atomic energy of the
former is lower than that of the latter. Due to the difference in
the size of the atomic region and the number of atoms forming
a dislocation, when the dislocation density is the same, the
higher the crystallization rate, the lower the energy of the
system.

4. Conclusions

In this study, we obtain the crystallization behavior of Ti;Al
alloy during rapid solidification at different cooling rates. The
results show that the microstructural configuration composes
of the atoms of FCC structure and HCP structure. The cooling
rate has a greater impact on the grain size that an increase in
the cooling rate will reduce the grain size of the alloy, which in
turn will increase the number of grains. Five-fold twins are
formed in the crystallization system, and the size of five-fold
twins is the largest in the system with the lowest cooling rate.
In order to analyze the commonality and difference of atoms at
different sites of the five-fold twin, a standard five-fold twin
model with the same size as the solidified five-fold twin was
established and compared. It is found that their commonality is
that the average atomic potential energy of the central atom is
the highest. Next, the average atomic potential energy of the
atoms at the twin boundary is higher than the average potential
energy of the atoms in the bulk region within the twin
boundary. The difference is that the average atomic energy of
the smallest five-fold ring in the model and the solidified five-
fold twin varies. The average atomic potential energy of atoms
at different sites in the standard model five-fold twin is center >
edge > block > point, but it is center > point > edge > block in the
five-fold twin obtained from solidification. It is due to that the
inhomogeneous deformation of lattices may influence the
character of the local positions of the lattice defects, and the
grains that make up the solidified five-fold twin are affected by
the surrounding defects and the deflection of the twinning
boundary, resulting in its lattice distortion inhomogeneity is
stronger than that of the standard five-fold twin. In addition,
the analysis of dislocation defects shows that as the number of
crystal grains increases, the dislocation density increases.
Meanwhile, the length of the dislocation line becomes shorter
and the dislocation distribution increases.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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