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Abstract. Titanium alloys not only have a high strength to weight ratio and good corrosion resistance but also have a
higher cost on traditionally metallurgy. In additive manufacturing (AM) process, the thermal stability of alloy particles
during heating has an important influence on fabricating parts. This article presents atomic simulations to study changes of
packing structures and atomic level stresses by using a molecular dynamics (MD) approach within the framework of
embedded atom method (EAM). This research provides different evolution patterns of TiAl nanoparticles with different
sizes owing to the following facts that the atoms undergo different strain states. In these particles, a large proportion of Al
atoms are subjected to tensile or compressive strain, whereas a considerable number of Ti atoms are stretched or
compressed only at high temperatures. Back propagation neural network is used to calculate data of specific heat, and the
machine learning provides the possibility to determine critical size suitable for the classical Dulong–Petit law under
certain thermal conditions.
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Introduction

c-TiAl intermetallic compound has important applications
in aerospace and automobile parts owing to its many
advantages, including high specific Young’s modulus,
strength, low density, high melting temperature, excellent
oxidation and corrosion resistances [1,2]. In structure–processing–property–performance relationships for this alloy,
the goal is to achieve the service performances at higher
temperatures in developing or designing advanced c-alloy
technology by combining process with microstructure to
improve the reliability and manufacturability in these
applications. However, the production of the target-oriented
alloy is hampered by traditionally casting and forging
metallurgy. Additive manufacturing (AM) integrates materials science, mechanism engineering and computer technology, which has made it possible to accurately fabricate
titanium alloy products with complex morphologies, relatively low number and shorter manufacturing time [3–14].
Under the control of one computer, pre-alloy particles on
the powder-bed undergo rapidly heating from power thermal sources, and then this layer-by-layer manufacturing can
shape and solidify them into arbitrary configurations
[15–28]. To achieve these improvements and broadly

implement the technology to its full potential, it is challenging to control the microstructure of a produced part.
Because of the difficulties in direct experimental observations, atomic simulations based on solving classical Newton
equations can deepen the understanding of atomic movements and rearrangements as well as atomic level stresses.
The simulations provide the possibility of bridging
microstructural evolution and macroscopic phenomena. The
simulation study is also important in helping to set manufacturing parameters such as temperature, laser power and
so on. In classical MD simulations, the force acting on each
atom comes from the negative gradient value of the
potential energy. Then by solving the Newton equation,
positions and velocities of the atoms in the simulated particles are obtained. Successful examples of molecular
dynamics (MD) simulations within the framework of
embedded atom method (EAM) have investigated the
structural changes related to metal particles [29–31].
In this article, MD simulations using the EAM potential
is used to describe the evolution of atomic packing structures and local stress of atoms in the TiAl alloy nanoparticles with different particle sizes during heating. The
simulations of the TiAl particles provide the possibility to
straddle the structural transformations under certain thermal
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conditions. In the simulations, locally structural changes
from atom movements are demonstrated by the moment of
inertia, and atomic packing images by using EAM as well
as atomic level stresses. Calculated specific heat of
nanoparticles are compared with classical Dulong–Petit
law, and the critical size of the particles can be determined
from machine learning.

2.

Simulation approaches

The interactions among Ti and Al atoms are described by
the EAM proposed by Farkas [32]. In the MD simulations,
if atoms are located near the boundary of the simulated cell
under periodic boundary conditions, they should interact
with other atoms in the imaging cells within the cutoff
distance, which is determined from the EAM potential. To
ensure the isolated state of the simulated atoms in a central
position of the cell, the box size of the simulated central cell
must be sufficiently large to avoid atomic interaction with
the atoms of 26 neighbouring cells. The present MD simulation cell sizes were 95.75 9 95.75 9 95.75 nm3,
respectively, along three directions of [100], [010] and
[001] being subject to periodic boundary conditions, corresponding to bulk TiAl crystals containing 90000 titanium
atoms and 90000 aluminium atoms. Initially simulated
fragments were extracted from these crystals. A spherical
fragment with one given radius was determined from the
centre of one cell, where one particle containing the atoms
within this sphere was retained in the cell. A total of 17
particles with the diameters ranging from 1.8 to 8.2 nm,
respectively, contained 177, 321, 555, 887, 1248, 1764,
2358, 3076, 3936, 4958, 6150, 7519, 9653, 11537, 13811,
16187 and 18781 atoms, which are labelled as Ti81Al96,
Ti161Al160, Ti283Al272, Ti431Al456, Ti630Al618, Ti872Al874,
Ti1182Al1176, Ti1554Al1522, Ti1958Al1978, Ti2474Al2484,
Ti3070Al3080, Ti3773Al3746, Ti4877Al4776, Ti5809Al5728,
Ti6875Al6936, Ti8035Al8152 and Ti9413Al9368.
The simulations were performed in the NVT ensemble by
starting with the optimal structure at 300 K, then continuously increasing the temperature to 1200 K at an increment
of 50 K. The initial structure above 300 K were from the
coordinates of the last time step at the previous temperature.
The Andersen thermostat was used to keep the temperature
constant. The simulations took 106 time steps at each
temperature, and a time step corresponded to a real time of
1.0 fs. In the beginning of structural relaxation, the potential
energy usually has a relatively high value, and then, the
energy drops abruptly and enters into oscillating regime
after some time steps, indicating it is in equilibrium. From
testing simulations, it was found that the simulated system
usually reached equilibrium after 5 9 105 steps at each
temperature in the present heating algorithms. Therefore,
we took the last 5000 time steps to calculate the statistical
average value, such as the energy.
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Figure 1 shows atomic packing structures of four particles, respectively, containing 81 Ti atoms and 96 Al atoms,
161 Ti atoms and 160 Al atoms, 283 Ti atoms and 272 Al
atoms, and 431 Ti atoms and 456 Al atoms, which are
separately identified as Ti81Al96, Ti161Al160, Ti283Al272 and
Ti431Al456. The four particles have the diameters of 1.8, 2.2,
2.6 and 3.0 nm. In these images, grey balls represent Ti
atoms, and the red ones Al atoms.
The moment of inertia Iij is a tensor, which is determined
by the mass and position distributions of these atoms in one
particle. By diagonalization of tensor components, three
values I1, I2 and I3 of principle axes are obtained, and I1 and
I3 are the minimum and maximal values. Shape factor is
given by I1/I3. For a spherical particle, its inertia moments
of three principal axes have approximate values.
The atomic level stress takes the following form:
rab
i ¼

1 X oEi rija rijb
;
Vi j6¼i orij rij

ð1Þ

where rija and rijb (with a, b = x, y, z) are the Cartesian
*
components of the vector r ij , and rij is its modulus. Vi is the
atomic volume. The isotropic atomic pressure Pi is related
to the ri as given by the following equation [33]:
Pi ¼

3.
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zz
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i þ ri :
3

ð2Þ

Results and discussion

c-TiAl alloy has a L10 structure. The atoms in the interiors
of one nanoparticle have 12 coordination atoms, whereas
the number of coordination atoms in the surface or nearsurface atoms is less than 12. The surface/volume ratio is
calculated from the atom number in the surface divided by
the total number of one particle. The black square-curve in
figure 2 clarifies that more atoms lie in the surface, whereas
the surface/volume ratio decreases to 0.24 as the atom
number of one particle increases. Because these surface
atoms are less bound by their surrounding atoms than these
in the interior of one particle, they only need small amount
of energy to drive them rearrange their packing patterns.
With increasing the temperature, the movements and rearrangements of the surface atoms have large influences on
the melting of these particles in the diameter range from 2.2
to 3.5 nm, resulting in the quick increase of melting points.
As illustrated by the blue line, the melting temperature of
the small size particle is significantly lower than that of a
large size particle. The calculations of the melting points
were performed at some temperatures by a ‘bisection’
algorithm to narrow the search range until the melting point
was found. When the particle size is larger than 3.5 nm, the
melting points increase in an oscillation mode, which
approaches to 1200 K. It should be noted that for the
Ti81Al96 particles with the smallest particle size, its melting
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Figure 1. Atomic packing structures of four initially constructed particles.

Figure 2. Surface/volume ratio and melting temperature varying
with the diameter.

point cannot be determined owing to the fact that the atomic
packing in this particle changes continuously during the
heating process.
Figure 3 shows the potential energy per atom of four
particles as a function of temperature. At room temperature,
the Ti81Al96 particle has the highest energy compared to
those of the other particles. With the increase of the atom
number in these particles, the energy decreases accompanied by the decrease of the surface/volume ratio. The high
ratio of the surface atoms contributes to the apparently
higher potential energy per atom in the particles containing
less than 400 atoms than that of those larger size particles.
For this small size Ti81Al96 particle, packing patterns below
700 K are not stable. Then, the potential energy increases in
an oscillation mode. When the temperature is above 950 K,
the energy increases at a larger slope, indicating that the
atomic packing in this particle becomes disordered. For the
Ti161Al160 particle, the oscillation increase below 750 K
suggests that there is only a few of the atoms in the surface
that adjust their positions. Followed by a decrease in the
energy, an energy jump occurs at 1000 K, implying the
melting of this particle. Here, the apparent decrease in the
energy at 950 K suggests that the configuration with lower
energy can be found at a high temperature for this particle.
The melting implication above a high temperature can also
be found in the energy changes of the Ti283Al272 and
Ti431Al456 particles, and the melting temperature of

Figure 3. (a) The potential energy per atom and (b) shape factor
varying with the temperature.

Ti431Al456 is apparently higher than that of Ti283Al272. The
energy changes of the Ti283Al272 and Ti431Al456 particles
present similarities. Below 700 K, the nearly linear increase
in the energy imply that the atoms in these particles can
hold their packing patterns. Above a temperature, followed
a quick increase, a jump of the energy indicates the melting
of the particle. The differences in potential energy changes
for these four particles suggest that there are differences in
the changes of atomic packing with increase in the temperature. The changes in these particles result in differences
of the shapes at different temperatures, as illustrated in
figure 3b. Initially, a particle has quasi-spherical shape, and
its shape factor is nearly one. With increase in the temperature, its shape will change owing to the changes of
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packing patterns. The smallest size particle shows apparent
shape changes. Above 800 K, this particle is elongated, and
the elongated shape can be held until very high temperature.
The phenomenon, that the elongation at high temperatures
followed the dramatic changes in shape, can also be found
in the other three particles. In the cases of the Ti283Al272 and
Ti431Al456 particles, they recover to nearly spherical shape
after melting.
As shown the atomic packing at different temperatures in
figure 4, at 550 K, the atoms in the outermost Ti layer on

Figure 4. Atomic packing structures during heating.
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the right side of the Ti81Al96 particle move one atomic layer
along the [010] direction. In the meantime, the packing
rearrangements occur in the outermost Ti atoms on the left
side. In this particle surface, a few of surface Ti and Al
atoms exchange their positions. These packing rearrangements in the surface contribute to the significant increase in
energy at this temperature, as shown in figure 2a. In the
temperature range from 550 to 750 K, only a small amount
of surface atoms adjust their positions. However, when the
temperature reaches 800 K, along the [001] direction, the
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outermost Ti atoms on the right side move along the surface
to the adjacent Al atomic layer, and some of the Al atoms of
this layer move into the nearby layer. Some Ti atoms of the
third layer move to the fourth Al atom layer, and some Al
atoms of the fourth layer move to the central Ti atom layer.
Because of the movements of these atoms, the packing
structures change significantly. As the temperature increases further to 850 K, we can find that the layer number
decreases to seven along the [001] direction, where most of
the atoms in these layers are located at the lattice positions.
These result in a decrease in the energy. At a higher temperature, the particle becomes disordered.
Below 700 K, most of the atoms in the Ti161Al160 particle
only present thermal movements around their lattice positions. At 750 K, the atoms in the top of this particle along
the [010] direction move to the right along the [001]
direction, and two Ti atoms in the second layers move to the
outermost Al atomic layers, resulting in a slight increase in
the potential energy, as shown in figure 2. At 850 K, as
marked by the red circle, the atoms in the uppermost layer
present slipping, and the layer number decreases to 10
layers from the initial 11 layers along the [010] direction.
The extra energy provided by the heating drive more atoms
change their positions. At 950 K, it can be found that most
of the atoms are at the lattice positions. Therefore, although
the shape of this particle becomes elongated, the potential
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energy is lowered. Then, at 1000 K, the atoms pack
disorderly.
For these particles with larger diameters, the rearrangements of surface atoms have little effect on the potential
energy compared with those with smaller diameters. For the
Ti283Al272 particle, when the temperature reaches 700 K,
only a few of the surface atoms adjust their positions. As the
temperature increases, the particle becomes slender along
the [001] direction. Then, at 1100 K, a large number of
atoms interchange their positions, and at 1150 K, the disordered packing quickly extends through the entire particle.
The Ti431Al456 particle presents similarities including surface rearrangements in a few atoms at 850 K, shape change
at 1050 K, packing changes involving many atoms at 1100
K, and melting at 1150 K.
Figure 5 shows the percentage of Ti and Al atoms having
positive and negative pressures in these Ti81Al96, Ti161Al160,
Ti283Al272 and Ti431Al456 particles as a function of temperature. As can be seen from this figure, for the Ti81Al96 particles, only a small amount of Ti atoms are subjected to tensile
strain in the temperature range from 300 to 700 K, which is
represented by negative pressure. When the temperature is
above 750 K, the number of Ti atoms undergoing negative
pressure significantly increases. Under the case being subjected to compressive strain, there is a significant increase
above 1000 K for the number of Ti atoms undergoing positive

Figure 5. Percentage of Ti and Al atoms being subjected to positive and negative pressures in four nanoparticles of Ti81Al96,
Ti161Al160, Ti283Al272 and Ti431Al456 as a function of temperature.
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Figure 6.
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Pressure images of the atoms in these particles during heating.

pressure, and the oscillation changes occur as the temperature increases further. Compared to Ti atoms, light Al
atoms undergo apparent positive or negative pressures, and
it seems likely that they change their positions. Especially
at high temperatures, the number of Al atoms undergoing
the negative pressure increases significantly. In addition,
the number of Al atoms under pressure is much larger than
that of Ti atoms in the low temperature regime. The phenomena can also be found in the other three particles. Only
a small amount of Ti atoms in the Ti161Al160 nanoparticle

undergo the negative pressure in the temperature range
from 300 to 500 K. As the temperature is above 950 K,
this number increases significantly. The number of Al
atoms undergoing the negative pressure is usually larger
than that of the positive pressure. For the Ti283Al272 and
Ti431Al456 particles, the number of Ti atoms undergoing
pressure increases with increasing the temperature. The
number of Al atoms undergoing the negative pressure
increases with increasing the temperature, and there are
significant ‘jumps’ at higher temperatures.
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Figure 6 shows the pressures of the atoms in these four
particles at different temperatures during heating. Here, the
atoms undergoing the positive pressure are indicated by
gold colour, the negative pressure by green, and the zero
pressure by white. As shown in this figure, at 300 K, the
atoms in the surface of these particles undergo the negative
pressure, indicating that these surface atoms are stretched,
whereas in the interior, the atoms are compressed. Because
Al atoms are lighter than Ti atoms, these Al atoms are more
susceptible to be stretched or compressed. These stretched
surface atoms become easy to change their positions as the
temperature increases. At high temperatures, because of the
stretching from the surface atoms, the shapes of these particle present apparent changes. For a small size particle,
owing to the high ratio of the surface atoms, its shape
remains in the elongated geometry.
In a bulk material having a crystalline structure, atoms
undergo thermal motion around their lattice positions at a
temperature. Dulong–Petit law tells us that in a relatively
high temperature range, each atom contributes 3kB to the
heat capacity, where kB is the Boltzmann constant. In other
words, the increase in slope of DU/DT is three, and the
contribution of kinetic energy is half of the slope, and the
other half comes from potential energy [34]. Later we calculate ratios of potential energy difference and temperature
difference before melting for these 17 alloy particles. Then,
the nonlinear optimal fitting of machine learning is performed by back propagation neural network. Machine
learning algorithms build predictive models from calculated
data, where these data are referred to as training data sets.
Back propagation neural networks use them to build a
predictive algorithm. Neural network models work by processing input values through massive connected networks
called hidden layers. Each connection in the network is
called a synapse, and it transmits information to the neurons
downstream. Information is passed starting from the input
layer until the output neurons are reached. Processing
functions include transfer, training and definition, etc. In the
processes, weights and thresholds should be set. The success of the algorithms is measured by the ability to forecast
and predict accurately. In our simulations, the input
expected data are the calculated ratios of potential energy
difference and temperature difference before melting for
these 17 alloy particles, corresponding to the particle’s
diameters. The maximum number of training sessions is
100, and the global minimum error is 0.005. The
flowchart is shown in figure 7. Figure 8 shows the changes
of heat capacity with increase in particle size after the
machine learning. It can be seen that for the small-sized
Ti81Al96 alloy particles, the increase in its potential energy
before melting has a low contribution to the heat capacity
due to the large proportion of surface atoms of this particle.
From the curve of the slope as a function of particle size, it
can be found that the slope value increases sharply as the
particle size increases. When the particle size is greater than
2.6 nm, the slope value increases slowly. When the particle
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Figure 7. Flowchart of the back propagation neural network.

Figure 8.

Slope of DEav/DT varying with the particle diameter.
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size is larger than 3.0 nm, the slope of the fitted curve
remains almost unchanged. It should be noted that, with one
exception of the Ti81Al96 particle, the slope values are
significantly higher than 1.5. In these alloy particles, the Al
atoms are lighter than the Ti atoms. During the heating
processes, the Al atoms are more likely to adjust their
positions, whereas the Ti atoms need more energy to escape
from their original positions. In the meantime, for the Ti
lattice, a ? b phase transition from HCP stacked structure
to BCC stacked structure will occur at one high temperature. The Ti–Ti atom interaction potential used in this study
can simulate this structural transformation [35], which
requires more energy for these Ti atoms to adjust their
positions. Therefore, the calculated slope value is significantly greater than 1.5 in these alloy particles. For the alloy
particles with a large particle size, the atoms in the interior
of the particles hold their original lattice points in a large
temperature range. For these small size particles being less
than 3.0 nm, surface atoms still have a significant effect on
the structural transformation of these particles, which makes
their slope values appear in significant increased behaviours. When calculating the slope value, since the melting
point of each particle is different, the temperature range of
Ti81Al96, Ti161Al160 and Ti283Al272 particles is from 300
to 950 K, Ti431Al456 and Ti630Al618 particles from 300 to
1000 K, Ti872Al874 and Ti1182Al1176 particles from 300 to
1050 K, and the other particles from 300 to 1100 K.

4.

Conclusions

In this article, the MD simulations based on embedded
atomic potential were used to simulate the changes of
atomic packing and atomic level stress for the TiAl
nanoparticles with different sizes during heating. We
identify potential energy, shape factor and isotropic pressure as well as visually packing images. The descriptions
were performed to the dynamics of our simulated melting
system related to the temperature. At the atomic level, the
stretched surface atoms adjust their positions, causing the
rearrangements of packing structures. The packing changes
mainly come from the movements and rearrangements of
surface atoms in a large temperature range. During the
heating processes, the Al atoms are more susceptible to
pressure, in which the surface atoms undergo tensile strain,
and the internal atoms compressive strain. Increasing the
temperature results in the increase in the number of the
atoms being subjected to pressure. Most of the atoms suddenly lost their packing stability at one high temperature for
these large-sized particles. Therefore, the near-spherical
particles are elongated, and they present irregular polyhedron morphologies being covered with complex facets.
From the machine learning for the potential increase in
slopes as a function of diameters, it can be predicted that the
critical particle size of the applicable range of classical
theory is close to 3.0 nm.
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