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Abstract: To investigate the ordering and decomposition processes in Ti-Al-X [X = Si, Zr] alloys,
the Monte Carlo simulations with first-principles parametrization of interatomic interactions were
employed. It was shown that the processes of ordering and the precipitation in the Ti-Al system
are closely related, and the stage of homogeneous ordering precedes the formation of ordered Ti3Al
particles. It was found that the duration of homogeneous ordering is very sensitive to the annealing
temperature and composition of alloy, and that precipitation becomes preferable as the temperature
rises. In particular, uniform ordering of alloy Ti-12 at % Al was found during long-term holding at
temperature below 850 K, while annealing at 1000 K resulted in formation of ordered Ti3Al particles.
The obtained results agree well with the experimental data and allow explaining the features of the
microstructure formed during annealing of the Ti-Al-X alloys.

Keywords: titanium alloys; ordering and decomposition kinetics; ab initio calculations; Monte
Carlo modeling

1. Introduction

Titanium-aluminum alloys are distinguished by low density, high specific strength
and good high-temperature properties that make them attractive for many important
applications [1–3], especially in the aerospace industry. The Ti-rich edge of the Ti-Al
equilibrium phase diagram displays an extensive primary solid solution with hexagonal
structure (α phase) [4]. Between approximately 11% and 22at%Al, the two-phase field is
stable up to a temperature of 1180 ◦C. Short range order formation is also observed [5,6]
in a wide range of concentrations before the α + α2 two-phase region. The α2 phase
(ordered DO19 structure based upon the intermetallic Ti3Al) plays an essential role in the
mechanical behavior of Ti-Al alloys. The formation of ordered phase improves the strength
but decreases the ductility of the alloy [7,8]. Therefore, a theoretical understanding of the
mechanism of ordering in the Ti-Al alloys is an important step to control their structure
and properties.

The effect of heat treatment on α2 precipitation in Ti-Al alloys with different con-
centrations of Al and other alloying elements has been studied in papers [5,8–13]. The
decomposition mechanism of Ti-rich Ti-Al alloys may be considered as a ‘conditional spin-
odal’ [14,15] when superlattice reflections appear in diffraction patterns before any notable
composition variations [9,11,16,17]. As was shown in [16], the strength of the superlattice
reflections in Ti-15at%Al increases with both aging time and temperature, showing the de-
velopment of order in the alloy prior to the chemical phase separation. The decomposition
in Ti-15at%Al develops faster when the temperature of annealing increases from 550 ◦C to
750 ◦C [17]. Wherein, ordered regions appear to be spherical in shape initially and then
elongate to form ellipsoids after longer ageing times [8,17] and remain rather small (up to
150 × 30 nm for the considered composition).
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Thus, the ordering and decomposition processes are competitive during heat treatment
of the Ti-Al alloy, and significant ordering can occur in the alloy prior to the onset of
chemical phase separation. As a result, various structural states can be realized depending
on the annealing temperature and alloy composition [6,12,17–23]. Homogeneous ordering
has been observed in alloys containing 12.5 at% Al at annealing temperatures up to 600 ◦C,
and the formation of ordered particles of Ti3Al was found at 700 ◦C [19,22]. It was shown
in [21] that long ageing times at 500 ◦C lead to the formation of Ti3Al precipitates, while
reduced times result in short range ordering.

As follows from the available experimental results, the ordering mechanism of near-
α Ti-Al alloy is complex and very sensitive to temperature and composition. However,
microscopic reasons for this behavior remain a subject of debate. Moreover, it is unclear
whether a (quasi)equilibrium state is reached (as discussed in [18]), or the observed features
are a consequence of the kinetics of the decomposition process [16]. There is only one
study [16] where Monte Carlo simulations have been used to demonstrate the change from
ordering to precipitation kinetics with increasing time.

To clarify the interplay of the ordering and decomposition processes in Ti-Al-X (X = Si,
Zr) alloys, we carried out the ab initio based atomistic simulations at various temperatures
and alloy compositions. We showed, in agreement with previous calculations [16], that
switching of ordering and decomposition processes during annealing has a kinetic nature.
The duration of these stages was found to be very sensitive to the annealing temperature
and composition of the alloy. This opens a way to control the structural state and properties
of considered alloys.

2. Materials and Methods

Calculations of the energy of Ti-(AlX) [X = Zr, Si] alloys were performed by the density
functional theory (DFT) method in the plane augmented wave (PAW) approximation [24]
implemented in Vienna Ab initio Simulation Package (VASP) software package [25]. The
exchange-correlation effects were considered in the generalized gradient approximation
(GGA) with the Perdew–Burke–Ernzerhof (PBE) parametrization [26], which provides
high accuracy in calculating the total energies of alloys. For DFT calculations, 128 atomic
supercells containing 4 × 4 × 4 hcp titanium cells were used. Sampling of the first Brillouin
zone was performed using a k-grid of 4 × 4 × 4 k-points built according to the Monkhorst-
Pack scheme [27]. The calculated lattice parameters a0(Ti) = 2.95 Å, c0(Ti) = 4.69 Å agree
well with the experimental data at room temperature.

The dissolution energy of X atom in the Ti matrix was calculated using the following
formula (see for example [28]):

Esol = Etot[TiN X1]− NEat[Ti]− Eat[X] (1)

where Etot[TiN X1] is the total energy of a cell containing N atoms of Ti and one alloying
element atom X = Al, Zr, Si; Eat[Ti] and Eat[X] are the energies per atom in the hcp Ti lattice
and in the lattice corresponding to the ground state of element X. The energies of effective
pair interaction between atoms of alloying elements in the titanium lattice were calculated
as [28]:

E(n)
int = E(n)

tot [TiN−2X2]− 2Etot[TiN X1]− 128Eat[Ti] (2)

where n is the number of the coordination sphere; E(n)
tot [TiN−2X2] is the total energy of the

alloy containing two atoms of X at a distance from each other corresponding to the n-th
coordination sphere.

To consider the effect of thermal expansion on the dissolution and interaction energies,
the calculation was carried out for lattice parameter Ti corresponding to two temperatures:
T1 = 298 K and T2 = 1000 K. In this case, the lattice parameters a and c were determined
according to the relations a = a0(1 + α∆T), c = c0(1 + β∆T), where a0 = 2.95 Å, c0 = 4.69 Å are
lattice parameters at room temperature, α and β are linear thermal expansion coefficients,
α = 17.6× 10−6 K−1; β = 5× 10−6 K−1 [29], ∆T is the change in temperature relative to
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room temperature. When performing total energy calculations with a = 2.99 Å, c = 4.71 Å
(corresponding to T = 1000 K), the cell volume and shape were fixed, whereas the relaxation
of the positions of atoms inside the supercell was carried out.

Modeling of ordering and decomposition processes in binary (Ti-Al) and ternary
alloys Ti-Al-Zr, Ti-Al-Si was carried out by the kinetic Monte Carlo method with direct
exchange of the nearest atoms [30]. For this purpose, a crystallite with a size of 50 × 50 × 50
elementary cells of hcp titanium was used. At each step of the algorithm, a pair of the
nearest atoms of different types was selected. In binary Ti-Al alloy, the probability of
swapping a pair of atoms was fully determined by the difference in the energies of the
initial and final configurations according to the Metropolis rule. When calculating the
energies of the initial and final configurations, the effective pair interactions between the
atoms of alloying elements up to the sixth coordination sphere computed by the PAW-VASP
method were used.

In a ternary alloy, the swapping probability depends on the types of atoms in the pair
under consideration. It was assumed that for a solute atom with a higher diffusion mobility,
the swapping with the matrix atom occurs with the Metropolis probability, as in a binary
alloy. For a solute atom with a lower diffusion mobility, its exchange with a matrix atom is
carried out with the Metropolis probability multiplied by the ratio of the corresponding
diffusion coefficients of low- and high-mobile atoms [31,32]. The diffusion of Si in the
α-Ti matrix is several orders of magnitude faster than the diffusion of Al [32]; therefore, to
reduce the time of calculation and obtain qualitative conclusions, it was assumed that the
first diffusion is only 10 times greater than the second one. It was also assumed that for a
pair of Al and Zr (Al and Si) atoms, the frequency of exchange attempts is determined by
Al, which is much less mobile in the titanium matrix compared to zirconium and silicon.

Within the framework of the approach used, the simulation time interval was deter-
mined by the relation t = Pτ. Here, P is the average number of jumps realized by an Al
atom, and τ is the time required for a successful jump of an Al atom to a neighboring
position, which can be expressed in terms of the diffusion coefficient of Al in titanium,
DAl = d2/τ, where d is the distance between the nearest neighbors in the α-Ti lattice.

To characterize the kinetics of the ordering that develops during the Monte Carlo
simulation, we calculated the correlation function:

S3 = P(Al3|Al0) =
1

Z3c0N ∑N
i=1 ∑Z3

k=1 n3k(i)n0(i) (3)

which determines the probability that two Al atoms are arranged relative to each other as
third neighbors, i.e., in such coordination that is specific for the D019 Ti3Al superstructure.
Here, Z3 is the coordination number for the third coordination sphere. The value of S3
can vary from c0 to 1. To describe the process of precipitation, the integral degree of
decomposition Sdec with respect to Al was calculated:

Sdec =
1

2c0(1− c0)N ∑N
i=1|ci − c0| (4)

where c0 is the average concentration of Al, ci is its local concentration obtained by averag-
ing the occupation numbers over the neighborhood of the i-th site, and N is the number of
lattice sites. The local concentration was calculated by averaging the occupation numbers
of the given component over 6 coordination spheres:

ci =
1

Zsum
∑6

j=1 ∑Z(j)
k=1 njk(i), Zsum = ∑6

j=1 Z(j), (5)

where njk(i) is the occupation number for the k-th site of the j-th coordination sphere
around the i-th lattice site. The value of Sdec is equal to zero in a completely disordered
alloy and reaches a value of 1 with complete precipitation of pure Al. We should note that
random fluctuations of the local concentration led to the fact that Sdec differs remarkably
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from zero even in the initial state, where the atoms are arranged randomly. Therefore,
the values of Sdec presented below are for the time interval when the transient processes
are completed, and the Al atoms are located mostly in the position of the third nearest
neighbors relative to each other.

3. Results

To study the processes of ordering and decomposition in Ti-based alloys, we used
Monte Carlo simulation with first-principle parametrization of interatomic interactions (see
Section 2). The energy of effective pair interactions (EPI) between the atoms of alloying
elements in the matrix of hcp Ti, calculated by the PAW-VASP method, for lattice parameters
a and c corresponding to the temperature T = 1000 K, is shown in Figure 1. Although the
decrease in the lattice parameters with variation of temperature from 1000 K to 300 K is
small, it leads to a significant increase (in absolute value) in the interaction energies; their
change on the 3rd and 4th coordination sphere reaches 20%. Below, we use the interaction
energies obtained for the lattice parameters corresponding to a temperature of 1000 K,
which is close to the annealing temperatures used in [19–21].
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Figure 1. Energy of the effective pair interactions between alloying elements depending on their
relative position in the hcp Ti lattice.

As can be seen from Figure 1, the arrangement of Al atoms in the positions of third
neighbors relative to each other in the hcp Ti lattice is most energetically preferable. It is
the arrangement of Al atoms that determines the energy gain during the formation of the
DO19 superstructure in the Ti-Al alloy (Figure 2). The interaction energy between Zr atoms
also has a minimum in the position of the third neighbors, but the corresponding value
is much smaller than in the case of Al; indeed, there are no ordered phases in the phase
diagram of Ti-Zr. The Al-Zr interaction is characterized by the energy gain of locating Zr
atoms on the 1st and 2nd coordination sphere relative to Al, which is consistent with the
preferential filling of the Ti sublattice by Zr atoms in the Ti-Al-Zr alloy [33]. As a result,
one should expect a weak effect of Zr addition on Al ordering and the formation of Ti3Al
precipitates in the Ti-Al-Zr alloy. In contrast with Zr, Si-Si and Al-Si interactions (Figure 1)
were found to be quite similar to the Al-Al interactions. This is consistent with the broad
field of coexistence of the Ti3Al and Ti3Si in the ternary phase diagram.
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Figure 2. Unit cell of the Ti3Al alloy with the D019 structure. The Al (3) atoms are in the position of
third neighbors relative to the central Al (0) atom.

The correlation function of third neighbors S3 and the degree of decomposition Sdec
(Equations (3) and (4)) obtained from the Monte Carlo simulation of the phase transforma-
tion kinetics in the Ti-Al system are shown in Figure 3 depending on the annealing time. It
can be seen that the transformation process develops in two distinct stages. First, there is a
rapid partial ordering of the Al atoms, which is accompanied by an increase in S3 to values
around 0.5. At the next stage, corresponding to extended annealing times, diffusion of Al
over long distances occurs, which results in the formation of ordered precipitates. In this
case, the growth rate of S3(t) slows down, and the value of Sdec increases.
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Figure 3. Ordering kinetics of the Ti-14%Al alloy obtained by Monte Carlo simulation at temperatures
of 1000 K (curves 1, 1’), 850 K (curves 2, 2’) and 800 K (curves 3, 3’). Curves 1, 2, and 3 show the change
in the correlation function S3 over time, and curves 1’–3’ show the change in the parameter Sdec.

The results presented in Figure 3 are consistent with the current conception [16–22] of
the close relationship between the processes of ordering and the precipitation in the Ti-Al
system. This behavior is determined by the peculiarities of the interaction of Al atoms in
the Ti hcp lattice (Figure 1). In the first stage, a “uniform” ordering of Al atoms is realized
(Figure 4b), while the energy gain is ensured by their arrangement in the position of third
neighbors relative to each other. Note that in Figure 4b, which corresponds to the end of
stage one, fine, ordered Ti3Al clusters become visible. With an increase in the exposure time,
the formation of ordered precipitates occurs (Figure 4c), and there is a further decrease in
energy because the fraction of third neighbors between Al atoms increases.
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times in the Ti-14%Al alloy at temperature 850 K. (a) t = 0, (b) t = 7 × 104 s, (c) t = 2.5 × 106 s. Four
(0110) layers are shown. Statistically uniform ordering (b) for the selected time is seen as alternating
small antiphase domains.

Another feature of the results presented in Figure 3 is that the incubation period and
the duration of stage I of homogeneous ordering are very sensitive to temperature changes.
So, if at 1000 K the total duration of the incubation period and stage I is about 10 s, then it
increases to 104 s when the temperature drops to 850 K. This dramatic change in kinetics is
mainly due to a decrease in the diffusion rate of Al in Ti with decreasing temperature, and
it should be considered when choosing the optimal regime of heat treatment of Ti-Al based
alloys.

In Figure 5, the results of Monte Carlo simulation of the ordering kinetics in Ti-Al
alloys doped with Zr or Si for different solute atom concentrations are illustrated on a
diagram. It can be seen that in alloys with 14% Al, the addition of Zr has little effect on the
transformation kinetics; it is due to the features of the Al-Zr interaction (see Figure 1 and
its discussion). A decrease in the Al content or substitution of a part of Al for Zr leads to a
decrease in the degree of order and suppression of the first stage of alloy decomposition,
which corresponds to homogeneous ordering (curve 5).

In the case of the addition of Si, which replaces Al atoms and promotes the formation
of a superstructure D019, the picture becomes more complex. The addition of Si leads to an
acceleration of uniform ordering in stage I (curves 3, 4), but slows down the formation of
third neighbors in stage II. This is because Al is replaced by Si atoms in the position of third
neighbors, which results in a decrease in the correlation function S3 determined by Equation
(3). The modified correlation function mS3, defined as the probability P(Al3

∨⋂
Si3|Al0)

when either the Al atom or the Si atom is in the position of the third neighbor with respect
to the given aluminum atom, is described by curve 6. Comparing curves 3 and 6, we can
conclude that the addition of Si will accelerate the ordering and formation of precipitates
of the composition Ti3(AlxSi1−x). However, the actual picture of the development of
decomposition processes in Ti-Al-Si alloys can be more complex (see Section 4).

Note that, in contrast to the magnitude of the correlation function S3, the start of
ordering weakly depends on the composition of the alloy and is determined mainly by
the temperature of annealing. This can be explained by the fact that the characteristic time
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when the ordering process begins is determined by the time of the diffusion jump of the
slowest component of the alloy, in this case, Al.
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Figure 5. Ordering kinetics shown as the change in the correlation function S3 over time for alloys
Ti-14%Al (curve (1)), Ti-14%Al-7%Zr (2), Ti-14%Al-7%Si (3) and alloys Ti-7%Al-7%Si (4), Ti-7%Al-
7%Zr (5) at 850 K. Curve (6) describes the variation mS3 defined as the probability to find either the
Al atom or the Si atom in the position of the third neighbor with respect to the chosen atom of Al.

4. Discussion

To study the kinetics of ordering in near-alpha titanium alloys, the atomistic sim-
ulations with ab initio interatomic interactions were employed. In agreement with ex-
periments [6,9,16,17] and previous calculations [16], we have shown that the stage of
homogeneous ordering precedes the formation of Ti3Al D019 particles. In addition, we
found that the duration of the homogeneous ordering is very sensitive to the annealing
temperature and composition of alloy. In particular, the formation of Ti3Al precipitates
starts after a few seconds at a temperature of 1000 K and requires about 5 × 105 s at 800 K
(Figure 3). The addition of Zr has little effect on the decomposition kinetics (curves 1 and 2
in Figure 5), while the Si addition, which occupies the Al sublattice, accelerates both the
ordering and precipitation processes.

Our calculations predicted the formation of the D019 phase of composition Ti3(AlxSi1−x),
curve 6 in Figure 5. However, such a phase is absent in the equilibrium phase diagram
of the ternary Ti-Al-Si alloy [34], although the phases Ti3Si and Ti5Si3 are present in the
binary diagram. The complex phase Ti3(AlxSi1−x) is apparently a transition state that can
transform into phases Ti3Al, Ti3Si, and Ti5Si3 at rather long simulation times. Therefore,
we assume that our results correctly describe the early stages of precipitation.

Generally speaking, many-body interactions and vibrational entropy make a signifi-
cant contribution to the phase equilibrium in the Ti-Al system [35,36]. Nevertheless, we
believe that considering pair interactions is sufficient for a correct description of the main
features of the decomposition kinetics in system Ti-Al-X.

The features discussed here of the ordering kinetics in the Ti-Al-X system open a
possibility of controlling the structural state of these alloys. As shown for complex-alloyed
system Ti-Al-Zr-Sn [19], an increase in the annealing temperature leads to a change in the
mechanism of decomposition and α + α2 microstructure formation. In an alloy with 12at%
Al at temperatures below 600 ◦C, uniform ordering occurs during long-term holding; in
this case, antiphase boundaries are observed in the structure, and the domain sizes reach
300–400 nm (Figure 6a). At the same time, annealing at 700 ◦C leads to the appearance of
many dispersed ordered particles (Figure 6b), which are relatively evenly distributed over
the grains, and their size after 100 h of holding does not exceed 50 nm, wherein fracture
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toughness undergoes a remarkable decrease [23]. This observation agrees with results of
our calculations presented in Figure 3, where ordered precipitates are formed in relatively
short times at 1000 K and ordering stage I becomes very long (about 100 h) when the
annealing temperature drops to 800 K. In this case, a set of antiphase domains is formed in
the structure during Monte Carlo simulation (Figure 4b).

Figure 6. Microstructures of alloys after aging at (a) 500 ◦C (TEM bright-field image) and after aging
at (b) 700 ◦C (dark-field image) [19].

Our investigation [19] of phase transformation in the system Ti-17%Al-X (Zr, Sn in the
presence of Mo and Nb) showed that if Sn initiates the process of intermetallic formation,
then zirconium, at least, does not accelerate it. The results of our Monte Carlo simulations
for Ti-14%Al-7%Zr alloy (see Figure 5) are consistent with the last conclusion and predict
an acceleration of the ordering process in Ti-Al with the addition of Si.

As we have mentioned above, the formation of the precipitates of Ti3Al at high
temperatures can occur very quickly (in a few seconds at 1000 K, see Figure 3). Therefore,
it is not surprising that after quenching the Ti-17 at.% Al alloy from a temperature of
950 ◦C (which corresponds to single-phase α-region), homogeneously distributed dispersed
precipitates of Ti3Al with a size of up to 10 nm were observed in [20]. During subsequent
and rather long annealing at temperatures of 500–700 ◦C, certain growth of these regions
up to sizes of about 40 nm was observed, while they remained coherent with the matrix.

When we were performing Monte Carlo simulations, the processes of heterogeneous
nucleation of a new phase were neglected. As shown in [20,37], the heterogeneous nu-
cleation at internal interfaces can significantly change the transformation kinetics. The
increase in the heating temperature to 1200 ◦C (β-region) and subsequent quenching leads
to the realization of the martensitic β→ α’ transformation; martensite plates are observed
in the structure (Figure 7a), and reflections from the α2 phase are not detected. Subsequent
annealing at temperature 550–700 ◦C leads to the decomposition of α’ martensite and
the precipitation of dispersed particles of the Ti3Al intermetallic (Figure 7b). This result
indicates that the creation of a significant density of defects during the martensitic trans-
formation provides a number of nucleation centers and a new phase is formed through
subsequent annealing by the nucleation and growth mechanism. In this case, the stage I of
homogeneous ordering can be suppressed.
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5. Conclusions

The ordering and decomposition kinetics in Ti-Al-X (X = Si, Zr) alloys were studied
using Monte Carlo simulations with ab initio interatomic interactions. The simulation
results are in good agreement with experimental data on the transformation kinetics and
allow explaining the features of microstructure formation in near-α Ti-Al based alloys.

(1) It was shown that the processes of ordering and precipitation in the Ti-Al system
are closely related, and homogeneous ordering precedes the precipitation of Ti3Al
particles. This result is consistent with the widespread concept [16,17,20–22] that the
transformation in near-α Ti-Al based alloys develops according to the conditional
spinodal mechanism.

(2) It was found that the characteristic time of the beginning of ordering is determined
by the rate of diffusion of Al, which is the slowest component of the alloy, and the
duration of homogeneous ordering is very sensitive to the annealing temperature and
alloy composition.

(3) For a given annealing time, uniform ordering can be replaced by the precipitation
with increasing temperature. This opens the possibility of controlling the structural
state of the alloy by choosing the heat treatment regime and chemical composition.

It should be noted that the approach used does not take into account the possibility of
heterogeneous nucleation of α2 phase. The presence of heterogeneous nucleation centers
can suppress the stage of uniform ordering; this issue requires further consideration.

Author Contributions: Conceptualization Y.G. and A.P.; methodology, M.P., I.R. and I.N.; validation,
Y.G. and M.P.; formal analysis, M.P. and I.R.; investigation, M.P., I.R. and I.N.; data curation, Y.G.;
writing—original draft preparation, Y.G.; writing—review and editing, M.P. and A.P; visualization,
M.P., I.R., I.N. and A.P.; supervision, Y.G. All authors have read and agreed to the published version
of the manuscript.

Funding: The research was carried out within the state assignment of the Ministry of Science and
Higher Education of the Russian Federation (topic Structure, No. AAA-A18-118020190116-6).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Materials 2022, 15, 5722 10 of 11

Acknowledgments: This work was carried out using computing resources of the federal collective us-
age center Complex for Simulation and Data Processing for Mega-science Facilities at NRC Kurchatov
Institute, http://ckp.nrcki.ru/ (accessed on 1 July 2022).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Banerjee, D.; Williams, J. Perspectives on titanium science and technology. Acta Mater. 2013, 61, 844–879. [CrossRef]
2. Leyens, E.; Peters, C.; Weinheim, M. Titanium and titanium alloys. In Fundamentals and Applications; Wiley-VCH Verlag GmbH:

Weinheim, Germany, 2003; p. 532.
3. Lim, H.P.; Liew, W.Y.H.; Melvin, G.J.H.; Jiang, Z. A short review on the phase structures, oxidation kinetics, and mechanical

properties of complex Ti-Al alloys. Materials 2021, 14, 1677. [CrossRef] [PubMed]
4. Murray, J.L. Phase Diagrams of Binary Titanium Alloys; AMS: Metals Park, OH, USA, 1989; p. 12.
5. Namboodhiri, T.; McMahon, C.; Herman, H. Decomposition of the α-phase in titanium-rich Ti-Al alloys. Metall. Trans. 1973, 4,

1323–1331. [CrossRef]
6. Fitzner, A.; Prakash, D.; da Fonseca, J.; Thomas, M.; Zhang, S.-Y.; Kelleher, J.; Manuel, P.; Preuss, M. Understanding the effect of

aluminium on twin activity in binary alpha-titanium. Acta Mater. 2016, 103, 341–351. [CrossRef]
7. Gysler, A.; Weissmann, S. Effect of order in Ti3Al particles and of temperature on the deformation behavior of age-hardened TiAl

alloys. Mater. Sci. Eng. 1977, 27, 181–193. [CrossRef]
8. Li, J.; Cai, J.; Xu, Y.; Xiao, W.; Huang, X.; Ma, C. Influences of thermal exposure on the microstructural evolution and subsequent

mechanical properties of a near-α high temperature titanium alloy. Mater. Sci. Eng. A 2020, 774, 138934. [CrossRef]
9. Blackburn, M. The ordering transformation in titanium-aluminium alloys containing up to 25 at.%, Al. Trans. Metall. Soc. AIME

1967, 239, 1200–1208.
10. Lütjering, G.; Weissman, S. Mechanical properties of age-hardened titanium-aluminum alloys. Acta Metall. 1970, 18, 785–795.

[CrossRef]
11. Liew, H. Short Range Order and Phase Separation in Ti-Al Alloys. Ph.D. Thesis, University of Oxford, Oxford, UK, 1999.
12. Dear, F.F.; Kontis, P.; Gault, B.; Ilavsky, J.; Rugg, D.; Dye, D. Mechanisms of Ti3Al precipitation in hcp α-Ti. Acta Mater. 2021,

212, 116811. [CrossRef]
13. Li, J.; Xu, Y.; Xiao, W.; Ma, C.; Huang, X. Development of Ti-Al-Ta-Nb-(Re) near-α high temperature titanium alloy: Micro-

structure, thermal stability and mechanical properties. J. Mater. Sci. Technol. 2022, 109, 1–11. [CrossRef]
14. Allen, S.M.; Cahn, J.W. Mechanisms of phase transformations within the miscibility gap of Fe-rich Fe-Al alloys. Acta Metall. 1976,

24, 425–437. [CrossRef]
15. Chen, L.-Q.; Khachaturyan, A.G. Kinetics of decomposition reactions accompanied by a congruent ordering of the first-kind. Scr.

Metall. 1991, 25, 67–71. [CrossRef]
16. Wood, H.; Smith, G.D.W.; Cerezo, A. Short range order and phase separation in Ti–Al alloys. Mater. Sci. Eng. A 1998, 250, 83–87.

[CrossRef]
17. Liew, H.; Smith, G.D.W.; Cerezo, A.; Larson, D.J. Experimental studies of the phase separation mechanism in Ti-15at%Al. Mater.

Sci. Eng. A 1998, 270, 9–13. [CrossRef]
18. Belov, S.P.; Il’in, A.A.; Mamonov, A.M.; Aleksandrova, A.V. Theoretical analysis of ordering in alloys based on Ti3Al. 1. On the

mechanism of ordering in alloys based on Ti3Al. Metally 1994, 1, 134–138.
19. Popov, A.; Rossina, N.; Popova, M. The effect of alloying on the ordering processes in near-alpha titanium alloys. Mater. Sci.

Eng. A 2013, 564, 284–287. [CrossRef]
20. Popov, A.A.; Lugovaya, K.I.; Popova, E.N.; Makarov, V.V.; Zhilyakova, M.A. Features of the Two-Phase (α + α2) Structure

Formation in the Ti–17 at % Al alloy. Phys. Met. Metallogr. 2020, 121, 791–796. [CrossRef]
21. Radecka, A.; Bagot, P.A.J.; Martin, T.L.; Coakley, J.; Vorontsov, V.A.; Moody, M.P.; Ishii, H.; Rugg, D.; Dye, D. The formation of

ordered clusters in Ti-7Al and Ti-6Al-4V. Acta Mater. 2016, 112, 141–149. [CrossRef]
22. Popov, A.A.; Popova, E.N.; Karabanalov, M.S.; Popova, N.A.; Lugovaya, K.I.; Davydov, D.I. Effect of alloying and initial treatment

on the processes of structure formation in hardened Ti–10% Al Alloys. Phys. Met. Metallogr. 2021, 122, 1228–1233. [CrossRef]
23. Shimagami, K.; Matsunaga, S.; Yumoto, A.; Ito, T.; Yamabe-Mitarai, Y. Solid solution hardening and precipitation hardening of

α2-Ti3Al in Ti-Al-Nb Alloys. Mater. Trans. A 2017, 58, 1404–1410. [CrossRef]
24. Blöchl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953. [CrossRef] [PubMed]
25. Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758–1775.

[CrossRef]
26. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868.

[CrossRef] [PubMed]
27. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192. [CrossRef]

http://ckp.nrcki.ru/
http://doi.org/10.1016/j.actamat.2012.10.043
http://doi.org/10.3390/ma14071677
http://www.ncbi.nlm.nih.gov/pubmed/33805462
http://doi.org/10.1007/BF02644528
http://doi.org/10.1016/j.actamat.2015.09.048
http://doi.org/10.1016/0025-5416(77)90169-0
http://doi.org/10.1016/j.msea.2020.138934
http://doi.org/10.1016/0001-6160(70)90043-X
http://doi.org/10.1016/j.actamat.2021.116811
http://doi.org/10.1016/j.jmst.2021.08.066
http://doi.org/10.1016/0001-6160(76)90063-8
http://doi.org/10.1016/0956-716X(91)90355-5
http://doi.org/10.1016/S0921-5093(98)00540-1
http://doi.org/10.1016/S0921-5093(99)00237-3
http://doi.org/10.1016/j.msea.2012.11.043
http://doi.org/10.1134/S0031918X20080062
http://doi.org/10.1016/j.actamat.2016.03.080
http://doi.org/10.1134/S0031918X21120073
http://doi.org/10.2320/matertrans.MAW201707
http://doi.org/10.1103/PhysRevB.50.17953
http://www.ncbi.nlm.nih.gov/pubmed/9976227
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://doi.org/10.1103/PhysRevB.13.5188


Materials 2022, 15, 5722 11 of 11

28. Gorbatov, O.I.; Gornostyrev, Y.u.N.; Korzhavyi, P.A.; Ruban, A.V. Ab initio modeling of decomposition in iron based alloys. Phys.
Met. Metallogr. 2016, 117, 1293–1327. [CrossRef]

29. Liu, Y.L.; Liu, L.M.; Wang, S.Q.; Ye, H.Q. First-principles study of shear deformation in TiAl and Ti3Al. Intermetallics 2007, 15,
428–435. [CrossRef]

30. Kawasaki, K. Phase Transitions and Critical Phenomena; Domb, C., Green, M.S., Eds.; Academic: New York, NY, USA, 1972; Volume
2, p. 443.

31. Perez, R.A.; Nakajima, H.; Dyment, F. Diffusion in α-Ti and Zr. Mater. Trans. 2003, 44, 2–13. [CrossRef]
32. Landolt, H.; Börnstein, R. Numerical Data and Functional Relationships in Science and Technology, New Series, Group III: Crystal and

Solid State Physics; Mehrer, H., Ed.; Springer: Berlin/Heidelberg, Germany, 1990; Volume 26, p. 747.
33. Ravi, C.; Asokamani, R. Site preference of Zr in Ti3Al and phase stability of Ti2ZrAl. Bull. Mater. Sci. 2003, 26, 97–103. [CrossRef]
34. Li, Z.; Liao, C.; Liu, Y.; Wang, X.; Wu, Y.; Zhao, M.; Long, Z.; Yin, F. 700 ◦C isothermal section of the Al-Ti-Si ternary phase

diagram. J. Phase Equilibria Diffus. 2014, 35, 564–574. [CrossRef]
35. Asta, M.; de Fontane, D. First-principles study of phase stability of Ti-Al intermetallic compounds. J. Mater. Res. 1993, 8, 2554–2568.

[CrossRef]
36. Van de Walle, A.; Ghosh, G.; Asta, M. Ab initio modeling of alloy phase equilibria. In Applied Computational Materials Modeling;

Bozzolo, G., Noebe, R.D., Abel, P.B., Vij, D., Eds.; Springer: Boston, MA, USA, 2007; pp. 1–34.
37. Wu, H.; Fan, G.; Geng, L.; Cui, X.; Huang, M. Nanoscale origins of the oriented precipitation of Ti3Al in TiAl systems. Scr. Mater.

2016, 125, 34–38. [CrossRef]

http://doi.org/10.1134/S0031918X16130019
http://doi.org/10.1016/j.intermet.2006.08.012
http://doi.org/10.2320/matertrans.44.2
http://doi.org/10.1007/BF02712793
http://doi.org/10.1007/s11669-014-0325-7
http://doi.org/10.1557/JMR.1993.2554
http://doi.org/10.1016/j.scriptamat.2016.07.037

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

