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Abstract—Self-diffusion in liquid and solid alloys of the Ti—Al system, including pure Ti and Al metals, is
investigated using the molecular dynamics method. Apart from intermetallides Ti3Al, TiAl, and TiAl;, disor-
dered alloys with analogous ratios of the components are considered. For these systems, self-diffusion char-
acteristics are obtained separately for Ti and Al atoms. According to obtained results, the diffusion activation
energy of both liquid and solid alloys of the Ti—Al system considerably depends on the concentration of com-
ponents, repeating approximately the phase diagram. The activation energy of disordered alloys turns out to
be smaller by 1.5 times than that for ordered alloys. No appreciable difference in the diffusion mobilities of
atoms of different species is detected in analysis of self-diffusion in melts and in solid disordered alloys. How-
ever, in the case of ordered alloys (especially intermetallides TizAl and TiAl), this difference is manifested
clearly: Al atoms diffuse much more slowly than Ti atoms. Diffusion in intermetallide TiAl; is anisotropic:
main displacements of atoms occur along atomic planes with alternating Ti and Al atoms in the D0,, super-

structure packing.

DOI: 10.1134/S1063776121090041

1. INTRODUCTION

Intermetallic compounds of the Ti—Al system and
alloys on their basis have a high potential for applica-
tions, in particular, in aerospace and motor-car indus-
tries, as high-temperature structural materials owing
to the combination of such their properties as low den-
sity, high yield stress at high temperatures, and high
resistance to oxidation and corrosion [1—5]. The main
technological process for obtaining intermetallides
and alloys is based on diffusion that is a complex and
multifactorial process in such systems. The diffusion
zone at the boundary between Ti and Al can contain
simultaneously solid ordered and disordered phases as
well as liquid mixtures with different concentrations of
components [6—9]. Diffusion characteristics such as
diffusion activation energy differ significantly not only
in these phases, but also depend on the concentration
of components in a simple mixture [8—11]. The
knowledge of the diffusion characteristics and mecha-
nisms separately in different phases of the Ti—Al sys-
tems is required for deeper understanding of the pro-
cesses occurring during high-temperature synthesis;
such information is also very important for the entire
field of investigation and obtaining of Ti—Al alloys.

By now, experimental data on self-diffusion of Al
and Ti atoms have been accumulated predominantly
for TiAl and Ti;Al intermetallides [11—13]. Self-diffu-

sion in disordered alloys, in the TiAl; intermetallide,

and in corresponding melts has not been studied com-
prehensively because of their strong tendency to
ordering. The studies of melts encounter a number of
difficulties in such investigations: high temperature
and chemical reactivity, crystallization at container
walls, and the lack of appropriate isotopes in the case
of Al [14—16].

An alternative conceptual approach to creating
databases of transport and thermodynamic properties
of alloys can be based on simulation by the molecular
dynamics method. Such an approach is completely
free of limitations imposed in experimental investiga-
tions. In contrast to experiment, molecular dynamics
simulation makes it possible to directly analyze the
composition and temperature dependences of the
relations between various transport and thermody-
namic properties of alloys.

This study is aimed at obtaining the self-diffusion
characteristics for liquid and solid alloys of the Ti—Al
system using the molecular dynamics method.
Ordered and disordered alloys with compositions
Ti;sAlys, TispAlsy, and TiysAlys, as well as pure Ti and

Al metals, are considered.

2. DESCRIPTION OF THE MODEL

Interatomic interactions in the Ti—Al system are
described using the potentials of the embedded atom
model (EAM) from [17], where these potentials have
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Fig. 1. Models for investigating self-diffusion: (a) in melt
(diffusion was estimated from the displacement of atoms in
the dark region); (b) in crystal (bullets show the initial
positions of eight vacancies and examples of displacement
of atoms as a result of self-diffusion).

been obtained based on comparison with the results of
experiments and ab initio calculations for various
properties and structures of Ti and Al metals and
intermetallides Ti;Al and TiAl. These potentials
proved to be effective in various investigations and
were successfully tested for a wide spectrum of
mechanical and structural—energy properties of alloys
of the Ti—Al system [17—19].

Calculation cells contained from 30000 to
50000 atoms and had the form of right parallelepipeds
(Fig. 1). Over all axes, periodic boundary conditions
were used. When diffusion in liquid metals was simu-
lated, free space (at the top and bottom of Fig. 1a) was
created additionally for the melt could freely change its
volume upon a change in temperature and during ini-
tial melting of the original crystal. The melt structure
was simulated in the model by specifying the calcula-
tion cell temperature higher than the melting point
and by maintaining this temperature during the time
sufficient for complete melting of the entire cell. The
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diffusion coefficient in this case was determined from
the displacement of atoms only in the dark region in
Fig. 1a to exclude the influence of the free surface.

In simulating solid alloys with a certain specified
temperature, thermal expansion was taken into
account based on the data from [17]. The temperature
in the model was specified in terms of the initial veloc-
ities of atoms in accordance with the Maxwell—Boltz-
mann distribution. To maintain temperature at a con-
stant level during the simulation, the Nose—Hoover
thermostat [20, 21] was used.

Diffusion in crystals in the thermodynamic equi-
librium conditions is known to follow predominantly
the vacancion mechanism. Naturally, there exist com-
paratively more “mobile” defects (e.g., interstitial
atoms and bivacancies). However, their equilibrium
concentrations are much lower than the concentration
of vacancies, and their contribution is very small
against the background of the vacancion mechanism
[22]. The vacancion diffusion activation energy is the

sum of the vacancy formation energy Evf and activa-

tion energy E!" of vacancy migration. In the molecular
dynamics method, both these energies are determined
separately as a rule. For determining the migration
energy, two methods are used, which can be referred to
as the static and the kinematic methods [22]. If the
trajectory of migration of a defect is known, the energy
barrier on the migration path is determined by the
static method. This method is characterized by a
higher accuracy, but has two drawbacks: the impossi-
bility to obtain another important diffusion character-
istic—preexponential factor D, in the corresponding
Arrhenius equation, and also the necessity to analyze
and take into account the individual contributions
from all possible variants of migration of the given
defect (especially in multicomponent systems with a
low-symmetry structure).

The other (kinematic) method is less accurate than
the static method, but makes it possible to determine
the effective values of the migration energy and the
preexponential factor. It involves the determination of
the temperature dependence D'(T) of the diffusion
coefficient when the preset number of defects of the
given type have been introduced into the calculation
cell. The probability of a diffusion act in the simulated
crystal volume in this case is substantially higher than
in the thermodynamic equilibrium conditions. For
recalculating the diffusion coefficient in equilibrium
conditions, the data of vacancy formation energy are
used.

In this study, the kinematic method is used for
determining diffusion characteristics. In analysis of
diffusion in solid metals and alloys, eight vacancies
were initially introduced into calculation cells with
account for the stoichiometric relation between the
components (Fig. 1b). When diffusion was simulated
in the liquid phase, there was no need in introducing
Vol. 133
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additional defects. In this case, the recalculation of the
diffusion coefficients for the equilibrium concentra-
tion as in the case of solid alloys was not required
either.

The self-diffusion coefficient was calculated using
the Einstein relation

2
D= M’ (1)

6t
where (Ar?) is the mean square displacement of atoms
relative to their initial positions and ¢ is the time. The
molecular dynamics experiments for determining the
diffusion coefficient lasted from 0.5 to 2 ns. The inte-
gration time step in the molecular dynamics method

was 2 fs.

3. SELF-DIFFUSION IN LIQUID MIXTURES
OF THE Ti—Al SYSTEM

Figure 2 shows the dependences of In D on 103/T,
which were obtained in the model for Ti—Al mixtures,
as well as for pure metals Ti and Al. All diffusion coef-
ficients had values in the range 10-8—10—° m?/s. For
the temperatures considered here, these values are in
good agreement with the experimental results and data
by obtained other researchers [14, 16, 23—27]. All
these dependences are strictly linear, indicating that
the same diffusion mechanism with the same activa-
tion energy operates in the given temperature interval.

In accordance with the Arrhenius equation, the
self-diffusion activation energy can be determined
from the angular coefficient of the linear dependence,

= —kw =—ktanaq, 2)
dr)

where k is the Boltzmann constant. The preexponen-
tial factor is calculated from the intersection of the line
with the ordinate axis:

In D(0) = In D,. (3)

The resulting values of Q and D, are given in
Table 1. The diffusion activation energy in liquid Al
and Ti almost coincides with the real experimental
data [25—27] (given in italics in Table 1), which speaks
in favor of authenticity of the interatomic interaction
potentials used here. As expected, the activation
energy in alloys considerably depends on the concen-
tration of the components. This dependence is non-
monotonic and, beginning from 0.28 eV for pure Al
and ending at 0.57 eV for pure Ti, has a peak at 0.72 eV
for the identical ratios of the components. It should be
noted that in the liquid phase, a predominance of a
certain component has not been detected for any of
the mixture compositions—the diffusion characteris-
tics for Ti and Al prove to be close in the same condi-
tions. This effect was noted in [14], where self-diffu-
sion in liquid mixtures of the Ni—Al system was stud-
ied by the molecular dynamics method; however, for a
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Fig. 2. Dependences of In D on 103/ T for liquid Ti—Al
mixtures and pure metals Ti and Al.

higher concentration of one of the mixture compo-
nent, the diffusion coefficient for this element pre-
vailed. Such a difference in the results is probably due
to a higher binding energy for Ni—Al as compared to
that for the Ti—Al system.

4. SELF-DIFFUSION IN SOLID ALLOYS OF
THE Ti—Al SYSTEM

As mentioned above, the self-diffusion in solid
metals and alloys of the Ti—Al system was simulated by
introducing eight vacancies into the initial calculation
cell. The temperature dependences of self-diffusion
coefficient D' (corresponding to the given concentra-
tion of vacancies) strictly obeyed the Arrhenius law
like in the case of melts. Figure 3 shows the depen-
dences of In D' on 103/T for ordered and disordered

Table 1. Characteristics of self-diffusion for liquid alloys of
the Ti—Al system

Diffusing element 0,evV Dy, m?/s
Alin Al 0.28 0.88 x 1077
0.274[25] 1.79 x 1077 [25]
0.280 [26]
Tiin Ti 0.57 0.89 x 1077
0.56327] 1.14 x 1077 [27]
Al in TizsAl,s 0.60 1.17 x 1077
Ti in TizsAl,s 0.60 1.15 x 1077
Al in TiszAls, 0.72 1.54 x 107
Ti in TispAls, 0.72 1.47 x 10~7
Al in TiysAlys 0.59 1.21 x 1077
Ti in TiysAl5s 0.57 1.08 x 1077
Vol. 133 No.4 2021
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Fig. 3. Dependences of In D' on 10° /T for (a) ordered and (b) disordered alloys of the Ti—Al system, as well as for (a) pure metals

Ti and Al.

alloys with compositions Ti;sAlys, TispAlsy, and
Ti,sAlss, as well as for pure metals Ti and Al. We con-
sidered intermetallides Ti;Al (superstructure DO0,y),
TiAl (superstructure L1;), and TiAl; (superstructure
D0,,). For studying diffusion in disordered alloys,
three calculation cells with different random distribu-
tions of Ti and Al atoms were created for each ratio of
the components. For obtaining disordered alloys, we
used the same type of the crystal lattice as for the
ordered alloy with the same ratio of the components,
but with additional relaxation of the structure for
removing stresses caused by a random distribution of
atoms of different species.

For the self-diffusion coefficient in the thermody-
namic equilibrium conditions, we can write

S
p=%p :EDéexp AS,
k
E/ +E"

c n
xXexp| — L D, ex (_Q)
p( kT J VP

Here, ¢, and c, are the equilibrium concentration of
vacancies at temperature 7 and that specified in the
model, respectively; N is the number of atoms in the

C))

calculation cell; D(') is the preexponential factor
obtained after the introduction of # vacancies into the

calculation cell; ASVf is the vacancy formation entropy;

and Evf and E" are the energies of formation and
migration of vacancies, respectively. The right-hand
side of expression (4) is the classical Arrhenius law.

Consequently, the preexponential factor in equilib-
rium conditions has form

A
D, = MDo eXp (AS J Q)
n k
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The vibrational component of vacancy formation
entropy was determined using the technique described
in [22]. For all materials considered here, it was in the
interval from 0.3k to 0.4k.

The vacancy formation energies in a two-compo-
nent ordered alloy upon the removal of A and B atoms
are usually different; however, for calculating the dif-
fusion activation energy, it is expedient to use the
effective vacancy formation energy in the alloy:

— f
=—kTIn N—exp _E
N kT

;
+£exp L .
N kT

Here, we have used the assumption that the entro-
pies of formation vacancies A and B are identical.
Then we can write the following expressions for the
diffusion activations energies of atoms of the A and B
components:

(6)

QA—Ef+E Oy = E/ + ET. (7)

The effective activation energy of a jump of an atom
of species A or B to the vacancy site was determined
using formula (2) analogously to the method
described in Section 3.

The resulting values of E; E/ EV , 0, and D, are given
in Table 2, which also contains the data from other
works, which were obtained both experimentally [11—
13, 17, 28, 29] and by calculating based on the ab initio
method [30, 31]. For effective energy of vacancy for-
mation, Table 2 contains values for temperature 0.77,,
where T, is the melting temperature.

Analyzing the data given in Table 2, we note above
all a considerable (almost by 1.5 times) difference in
the self-diffusion activation energies in ordered and
Vol. 133

No. 4 2021



SELF-DIFFUSION IN LIQUID AND SOLID ALLOYS

459

Table 2. Characteristics of self-diffusion for solid alloys of the Ti—Al system

Diffusing element E_Vf, eV E_Vm’ eV 0,eV Dy, m?/s
Alin Al 0.71 0.65 1.36 7.2 % 1076
0.68[28, 29] 1.33[17]

1.47111] 1.71 x 10~*[11]

Tiin Ti 1.83 0.85 2.68 2.0x 103
1.55117] 3.14[11] 1.35 x 1073 [12]

2.02130]

Al in TizAl (D0) 2.13 1.68 3.81 2.0x 1073
1.35[11] 4.0812] 2.32% 1071112]

Ti in TizAl (D0,9) 2.2431] 1.25 3.38 5.4 x 10~°
2.99(12] 2.24 x 107°[12]

Al in TissAl,5 (disorder) 1.31 0.96 2.27 4.5 % 10~

Ti in TizsAlys (disorder) 0.95 2.26 4.4 x 1076

Alin TiAl (L1;) 2.02 1.46 3.48 1.6 x 1073
1.22[11] 3.71[13] 2.11 x 1072 [13]

Tiin TiAl (L1j) 1.80[31] 1.36 3.38 7.9 x 10~
2.59[13] 1.43 x 107°[13]

Al in TispAls (disorder) 1.18 0.89 2.07 9.4 x 107

Ti in TispAls, (disorder) 0.90 2.08 9.4 x 10~

Al in TiAl; (D0,) 1.53 0.63 2.16 1.4 x 10°°

Ti in TiAlz(D0,,) 1.46 [31] 0.65 2.18 4.0 x 10~

Al in Ti,sAl;5 (disorder) 0.99 0.54 1.53 2.4 %1076

Ti in TiysAl;5 (disorder) 0.53 1.52 1.7 x 106

disordered alloys. For this reason, self-diffusion in
disordered alloys occurred much more rapidly than in
ordered ones. In disordered alloys, like in melts, no
significant difference in the diffusion mobilities of
atoms of different species was detected. However, this

Fig. 4. Diffusion anisotropy in intermetallide TiAl; with
superstructure D0y,.
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difference was clearly manifested in intermetallides
Ti;Al and TiAl: in this case, Al atoms diffused much
more slowly than Ti atom, which is in good agreement
with experimental data from [12, 13].

It was found in analysis of self-diffusion in inter-
metallide TiAl; that is clearly anisotropic by nature:
main displacements of atoms occurred in atomic
planes with alternating Ti and Al atoms with super-
structure DO0,, (Fig. 4).

5. CONCLUSIONS

Using the molecular dynamics method, we have
investigated self-diffusion in liquid and solid alloys in
the Ti—Al system, as well as in pure metals Ti and Al.
Apart from intermetallides Ti;Al, TiAl, and TiAl;, we
considered disordered alloys with an analogous ratio
of the components. For these systems, we have
obtained the characteristics of self-diffusion (activa-
tion energy and preexponential factor in the corre-
sponding Arrhenius equation) for Ti and Al atoms sep-
arately.
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According to our results, the diffusion activation
energy both in liquid and in solid alloys of the Ti—Al
system substantially depends on the concentration of
components, approximately repeating the phase dia-
gram. The self-diffusion activation energy for disor-
dered alloys proved to be 1.5 times lower than for
ordered alloys.

Analysis of self-diffusion in melts and in solid dis-
ordered alloys has not revealed a noticeable difference
between the diffusion mobilities of atoms of different
species. However, in the case of ordered alloys (espe-
cially intermetallides Ti;Al and TiAl), this difference
was manifested clearly: Al atoms diffused much more
slowly than Ti atoms. In intermetallide TiAl;, diffu-
sion is anisotropic: atomic displacements mainly
occurred in atomic planes with alternating Ti and Al
atoms with superstructure packing D0,,.
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