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Abstract: The effects of pressure on the structural and elastic properties of orthorhombic TiAl are
investigated using first-principles calculations based on density functional theory within the projector
augmented wave method. The calculated lattice parameters at 0 GPa are in good agreement with
the available experimental data. The pressure dependence of the normalized lattice parameters and
the single crystal elastic constants are investigated. By the elastic stability criteria under pressure,
it is found that orthorhombic TiAl is mechanically stable under pressure up to 100 GPa. The elastic
moduli and Poisson’s ratio under pressure up to 100 GPa are calculated using the Hill average method.
The ductility /brittleness under pressure are evaluated, and a critical pressure for brittle-to-ductile
transition is found to be 40 GPa. The elastic anisotropy and Debye temperature under different
pressure are estimated from the calculations.
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1. Introduction

Intermetallic alloys based on y-TiAl are widely considered as promising high-temperature
structural materials for aerospace and automotive applications because of their low density,
high strength, and good high temperature resistances to creep, oxidation, and corrosion [1]. However,
these alloys have the serious drawback of their low ductility that also results in their limited hot
workability. One strategy to improve their ductility and hot workability is to employ a combination
of alloying and heat treatments to encourage the formation of more ductile phases. Nevertheless,
the strategy can also induce the formations of some lower symmetry ordered phases which are
constituents of the microstructure [1-3]. As a significant constituent, the orthorhombic B19-TiAl phase
is commonly observed in TiAl-based alloys [2-7].

Although some experiments have been reported with the aim of understanding the B19-TiAl phase,
theoretical calculations are still rare. Using first-principles calculations, Nguyen-Manh and Pettifor [8,9]
successfully investigated the structural phase transitions related to the B19-TiAl phase. Recently,
Holec et al. [10] investigated the preferential site occupations of ternary elements in the B19-TiAl. Most
recently, Wen et al. [11] investigated the structural stability and the elastic and mechanical properties of
the B19-TiAl at ground state. However, to our knowledge, the influence of pressure on the structural,
elastic, and mechanical properties of the B19-TiAl has not been reported so far.

In this work, we will use first-principles calculations to further investigate the structural, elastic,
and mechanical properties of orthorhombic B19-TiAl under pressure. The rest of the manuscript is
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organized as follows: the computational methodology is briefly described in Section 2; the pressure
dependence of the structural, elastic, and mechanical properties is presented in Section 3, together
with detailed discussions; the conclusions are finally drawn in Section 4.

2. Computational Methodology

Density functional theory-based first-principles calculations of orthorhombic B19-TiAl were
performed using the projector augmented wave method [12] within the Perdew—Burke-Ernzerhof
(PBE) generalized gradient approximations (GGA) [13,14], as implemented in the Vienna Ab initio
Simulation Package (VASP) [15-17]. The 3s23p®3d?4s? and 3s23p' were treated as the valence electron
configurations for Ti and Al, respectively. An energy cut-off or the plane wave basis set was set
to 600 eV. The energy convergence threshold was 10~ eV. Special sampling points in the Brillouin
zone were generated by the Monkhorst-Pack scheme [18], and a k-point mesh of 11 x 19 x 11 was
used for the orthorhombic TiAl. Before calculating the elastic constants, the structures at the given
pressure P were fully relaxed with respect to the volume, shape, and internal atomic positions until
the atomic forces were less than 0.01 eV /A for a unit cell. The phonon dispersion calculations for the
orthorhombic B19-TiAl were performed using a 3 x 4 x 3 supercell with 124 atoms and 4 x 5 x 4
k-points grid meshes for BZ integrations.

An orthorhombic crystal has nine independent elastic constants C11, Cyp, C33, C12, C13, C23, Cas,
Cs5, and Cgg. Starting from the optimized geometry of a unit cell at the given pressure, the elastic
constants of the orthorhombic TiAl can be determined using the strain—stress relationship method
embedded in the VASP. The elastic tensor is determined by performing six finite distortions of the
lattice and deriving the elastic stiffness constants from the strain—stress relationship [19]. The elastic
tensor is calculated both for rigid ions, as well as allowing for relaxation of the ions. The ionic
contributions are determined by inverting the ionic Hessian matrix and multiplying with the internal
strain tensor [20-23]. The final elastic stiffness constants include both the contributions for distortions
with rigid ions and the contributions from the ionic relaxations.

Once the single crystal elastic constants are obtained, we could determine the isotropic bulk
modulus B and shear modulus G. In practice, these quantities are commonly estimated using the Hill
average method, in which the effective elastic moduli are the arithmetic averages of Voigt and Reuss
bounds [24]. For the specific case of orthorhombic crystals, the Voigt bounds on bulk (By) and shear
(Gy) moduli are defined as [25]

By = (C11 4+ 2Cqp +2Cy3 4+ Co +2Co3 + C33) /9,
Gy = (C11 — C12 — Cy3 + Cop — Co3 + C33 + 3Cyq + 3Cs5 + 3Cgg) / 15.

The Reuss bounds on bulk (Bg) and shear (Gr) moduli are defined as [26]

)

Br = x[C11(Ca2 + C33 — 2Cp3) + C2(C33 — 2Cy3) — 2C33C12
+C12(2C23 — C12) + C13(2C12 — Ci3) + C23(2C13 — Coz)]
Gr = 15{4[C11(Ca2 + Cs3 + C23) + C22(Cs3 + C13) + C33C12 — Ci2(Co3 + Ci2) @)
—C13(Cr2 +Ci3) — Co3(Ciz + Ca3)] /X + 3<C4_41 +Ca5 + C6_61>} P
X = C13(C12Co3 — C13C22) + C23(C12C13 — Co3C11) + Ca3(C11Cap — C3,).
The Hill averages of bulk (B) and shear (G) moduli are obtained by [24]

B = (By+Bgr)/2,

G= (GV + GR)/Z. ©)

The effective moduli can be used to calculate the Young’s modulus (E) and Poisson’s ratio (v) by

E=9BG/(3B+G),

v = (3B —2G)/ (6B +2G). 4
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In addition, the elastic anisotropy and Debye temperature can be estimated in terms of the above
elastic constants and isotropic moduli. The single crystal shear anisotropy factors Aygg) in {100} planes,
Ajo10) in {010} planes, and Ajgg;) in {001} planes are defined as [27]

Aoy = 4Caa/ (Cr1 + Ca3 — 2C13),
Aqo10y = 4Cs5/(C2 + Ca3 — 2Co3), (5)
Agoory = 4Ce6/ (C11 + Ca2 —2C1p).

The deviation of Ajjog; and Ajgg1} from one is a measure of the shear anisotropy. The percentage
anisotropy in compressibility (Ap) and shear (Ag) is defined as [28]
Ap = (Bv — Br)/(By + Br),
Ag = (Gy — Gr)/(Gy + Gr).

A zero value of Ap and Ag corresponds to elastic isotropy, while a value of 100% corresponds to
the largest possible anisotropy. The universal anisotropy index (AY) is defined as [29]

(6)

AY = By/Bg +5Gy/Ggr — 6. 7)

A nonzero value of AY is a measure of the anisotropy. The Debye temperature (@p) is
calculated as [30]

®p = (1/K)[(3n/47)(Nap/ M)] /*Vy, ®)

where F is the Plank’s constant, k is Boltzmann’ constant, # is the number of atoms per unit cell, N, is
Avogadro’s number, and p is the mass density of the crystal. V,, is the average elastic wave velocity,
which is given by
1
-/

Vi = [(1/V2+2/v2) 73] 7, )
where V) and V; correspond to the longitudinal and transverse elastic wave velocities, which are
given by [31]

V, = [(3B+4G)/30] /2,
Vi=(G/p) ">

3. Results and Discussion

The orthorhombic B19-TiAl has Pmma space group, and its crystal structure is shown in Figure 1.
The experimental and theoretical structural parameters are presented in Table 1. Note that the present
lattice parameters and elastic constants are obtained by using the method of Wen et al. [11]. From the
selected-area electron diffraction patterns, the lattice parameters were estimated by Abe et al. [2] to be
a=45A,b=28A,andc=49 A, and by Ducher et al. [5] to be a = 4.65 A, b=2828A,andc=494 A,
respectively. In the unit cell, there are two Ti and two Al atoms at 2e (1/4,0,5/6) and 2f (1/4,1/2,1/3)
Wyckoff positions, respectively [5]. In the present study, the lattice parameters of the orthorhombic
TiAl at 0 GPa are calculated to be a =4.632 A, b =2.863 A, and ¢ = 4.895 A, which are in good agreement
with the corresponding experimental values [2,5]. Ti and Al atoms occupy the respective Wyckoff
positions 2e (1/4, 0, 0.83983) and 2f (1/4, 1/2, 0.33919) in the theoretically optimized unit cell, which
agree with the respective experimental values [5].
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Figure 1. The orthorhombic structure of B19-TiAl.

Table 1. The lattice parameters (g, b, c) and atomic Wyckoff positions (x, y, z) of the orthorhombic TiAl.

Atomic Coordinates

Method Lattice Parameter (A) Atom (Wyckoff)
x y z
Exp. [2] a=4.50,b=2.80,c=4.90
_ _ _ Ti (2e) 1/4 0 5/6
Exp. [6] a=4.65b=2828,c=494 AL 26 /s 12 3
_ _ _ Ti (2e) 1/4 0 0.83983
Present a=4.632,b=2.863,c=4.895 Al (26) 1/4 12 0.33919

Figure 2 shows the pressure-dependent parameters a/ag, b/by, c/co, V/Vy, a/b, and c/b of the
orthorhombic TiAl, where ay, by, ¢y, and V) are the equilibrium lattice constants and primitive cell
volume at 0 GPa. In Figure 2a, the normalized lattice parameters and cell volume decrease with
increasing pressure. By fitting these zero temperature theoretical data under different pressure with
a second-order polynomial, we obtain the following relational expressions:

a/ag = 0.99561 —2.20 x 1073P +9.38330 x 10~°P2,
b/by = 0.99580 — 1.92 x 1073P + 7.68101 x 10~°P2,
c/co = 0.99689 — 2.03 x 1073P + 8.05396 x 10~°P2,
V/Vy = 098432 — 5.74 x 1073P + 2.62120 x 10~5P2.

(11)
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Figure 2. Pressure dependence of the normalized parameters (a) a/ag, b/bg, c/co, and V/Vj and (b) the
ratios a/b, ¢/b, and a/c of the orthorhombic TiAl.

The goodness of fit for the equations are 0.996 for a/ag, 0.996 for b/by, 0.998 for c/cy, and 0.993
for V/ V. From the first-order coefficients of these function expressions, one can find that when the
pressure increases, the normalized lattice parameter a/ay decreases most quickly, followed by c/co;
b/ by decreases most slowly, indicating that the a axis is most easily compressed, while the b axis most
difficultly. In Figure 2b, the ratios a/b, ¢/b, and a/c decrease slightly with increasing pressure.
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Table 2 lists the calculated results of the single crystal elastic constants of the orthorhombic TiAl
under pressure up to 100 GPa. All of the computed elastic constants have been corrected according
to the procedure described by Mahmoud et al. [32]. It can be found that (except for C44 and Css)
other elastic constants increase monotonously with increasing pressure. The Cy1, Cyy, and Cs3 are
susceptible to the pressure, while the C15, C13, C23, and Cgg have little variations under pressure. As the
pressure increases, the C44 and Cs; firstly increase and then start to decrease after 70 GPa and 90 GPa,
respectively. Although no available experimental and theoretical data are employed to cross-check the
present results, these results can provide a useful reference for future studies. Moreover, the elastic
stability criterion for orthorhombic crystals under isotropic pressure is as follows [33,34]:

Ci>0(i=1,456), Ci1Cpn— C%z >0,

(12
C11C22C33 + 2C12C13Ca3 — C11C35 — CopC24 — C33C3, > 0, )

It is obvious that the theoretical elastic constants of the orthorhombic TiAl under different pressure
can satisfy the elastic stability criterion, making the orthorhombic cell mechanically stable. To ensure
the stability of the orthorhombic TiAl, the phonon spectra are calculated at 0 GPa and 100 GPa
(see Figure 3). There are no imaginary frequencies, indicating that the orthorhombic TiAl can be stable
up to 100 GPa.

Table 2. The elastic constants C;; (in GPa) of the orthorhombic TiAl under pressure up to 100 GPa.

P Cn Ci2 Cis Cx Ca3 Css Cyy Css Ces

0 206.90 68.03 47.40 193.56 79.65 218.56 56.15 54.17 74.66
10 260.12 83.71 61.45 239.30 104.51 267.14 65.40 67.95 91.45
20 309.50 99.74 72.87 279.31 127.09 305.42 73.06 79.20 105.55
30 355.40 116.64 81.78 309.93 152.57 336.49 78.80 86.60 118.61
40 399.59 130.41 93.43 340.45 174.01 368.51 85.28 92.50 130.20
50 441.64 141.36 105.53 371.18 192.30 402.62 92.01 98.05 140.47
60 482.66 154.15 114.05 403.73 209.87 432.78 95.75 100.53 150.48
70 518.99 165.85 124.43 430.46 229.20 462.66 97.52 103.41 158.18
80 552.09 178.17 135.87 454.08 247.04 484.82 97.05 105.24 165.41
90 581.41 188.91 151.06 472.70 263.88 504.37 94.58 105.97 172.14

100 610.47 200.27 164.36 492.73 279.07 514.74 94.00 105.66 178.59
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Figure 3. The phonon spectra of the orthorhombic TiAl at 0 GPa and 100 GPa.

Table 3 lists the calculated results of the bulk modulus B, shear modulus G, Young’'s modulus
E, and Poisson ratio v of the orthorhombic TiAl under pressure up to 100 GPa. It is obvious that
each of B, G, E, and v increases with increasing pressure. The bulk modulus (Beq) obtained using a
Birch-Murnaghan equation of state (DOS) fitting the volume—-energy data at a given pressure is also
listed in Table 3 for comparison [35]. The EOS-fitted bulk modulus is in excellent agreement with the
value obtained from elastic calculations. The zero-pressure bulk modulus of the orthorhombic TiAl
is very close to that of pure «-Ti (117 4= 9 GPa) [36], but is significantly larger than that of pure Al
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(73 GPa) [37]. Additionally, the zero pressure bulk modulus of the orthorhombic TiAl falls within the
range of 97 + 3 GPa to 124 &+ 6 GPa for 3-Ti-based alloys [38].

Table 3. The Voigt, Reuss, Hill, and bulk (By, Bg, B, Beq, in GPa) and shear (Gy, G, G in GPa) moduli,
Young’s modulus (E in GPa), Poisson ratio (v), and Vickers hardness (Hy in GPa) of the orthorhombic
TiAl under pressure up to 100 GPa.

P BV BR B Beq GV GR G G/B E v HV

0 11213 111.92 112.02 11239 65.26 63.41 64.33 0574 16199 0.259 8.936
10 140.66 14042 140.54 140.08 79.42 76.95 78.18 0556 197.86 0.265  9.889
20 16596 165.77 165.87 165.68 91.20 87.96 89.58 0540 22773 0271 10.489
30 189.31 189.14 189.23 188.60 100.19 9554 9787 0517 25043 0.279  10.500
40 21158 21147 21153 21141 10898 103.26 106.12 0.502 27275 0.285 10.675
50 23264 23259 23262 231.84 117.86 111.37 11461 0493 29533 0.288 11.006
60 25281 25275 25278 25199 12543 11759 12151 0.481 314.18 0.293 11.081
70 27234 27229 27231 270.15 131.33 12212 126.73 0465 32913 0299 10.872
80 290.34 29029 29032 287.69 135,53 124.83 130.18 0.448 339.75 0.305 10.491
90 30735 30734 30735 30674 138.18 125.87 132.03 0430 34647 0312 9965
100 322.82 32276 32279 32427 14060 126.84 133.72 0414 35248 0318  9.495

As suggested by Pugh [39], a material behaves in a ductile manner if G/B <0.5, otherwise it should
be brittle. It is clear that the G/B ratio decreases with increasing pressure and has a value of 0.517 at
30 GPa and 0.502 at 40 GPa. According to Frantsevich’s rule [40], a material is brittle if its Poisson’s
ratio is less than 1/3; otherwise, the material is ductile. It is seen that the Poisson’s ratio increases from
0.259 to 0.318 with increasing pressure. As suggested by Pettifor [41], a material has more metallic
(angular) bonds and is thus more ductile (brittle) if it has a larger positive (negative) Cauchy pressure.
For an orthorhombic crystal, the Cauchy pressures can be defined as Cp3—Cayq4 for (100) plane, C13—Css
for (010) plane, and C15—Cgg for (001) plane. Figure 4 shows the pressure-dependent Cauchy pressures
of the orthorhombic TiAl. In Figure 4a, the positive value of Cp3-Cyq is always large and increases with
increasing pressure. In Figure 4b, the values of C13—Cs5 and C12—Cgg also increase on the whole with
increasing pressure. At 30 and 40 GPa, the values of C13—Css correspond to —4.826 and 0.928 GPa,
and those of C1,—Cgg correspond to —1.972 and 0.205 GPa. These show that the orthorhombic TiAl
has intrinsic brittleness at pressures smaller than 40 GPa while having intrinsic ductility under higher
pressure. Moreover, the Vickers hardness of materials can be expressed as Hy = 2(k*G)*58 — 3, where
k = G/B [42-44]. The calculated values of Vickers hardness for the orthorhombic TiAl under pressure
up to 100 GPa are also listed in Table 3. It is observed that the Vickers hardness firstly increases from
8.936 GPa and then starts to decrease from 11.081 GPa to 9.495 GPa after 60 GPa.

180 | (a) / 60 F (b)

S0t e _c, / N —a—(c €
2 “/ 40} ——(C,-C

™)
S

(=

<

™y
=

Cauchy pressure (GPa

w
=3
T T
=)

. - DN
0 20 40 60 80 100 0 20 40 60 80 100
P (GPa)

Figure 4. The pressure dependence of the Cauchy pressures (a) Cp3—Ca4, (b) C13-Css, and C1p—Cgg of
the orthorhombic TiAlL

Figure 5 shows the calculated results of various anisotropy factors under pressure up to 100 GPa.
In Figure 5a, as the pressure increases, the value of Ao decreases monotonously from 0.6793, Ay
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firstly increases quickly from 0.8571 and starts to decrease slowly from 1.0251 after 40 GPa, and Ay,
decreases slowly on the whole from 1.1295 to 1.0167. A{op) has the largest absolute deviation from
one under identical pressure, indicating that the shear anisotropy for the {100} plane is the strongest.
The difference of these shear anisotropy factors is due to the variations of the elastic constants with the
pressure. In Figure 5b, as the pressure increases, the positive value of Ap decreases very slowly from
0.0945%, and A increases sharply from 1.4370% to 5.1436%. Under identical pressure, the value of
A is significantly larger than the corresponding one of Ap. These imply that the anisotropy in shear
is stronger than the corresponding one in compressibility. However, the above anisotropy measures
ignore the bulk contributions of the elastic stiffness tensor. The universal anisotropy index AY can
overcome the limitations. It is clear that the positive value of AU increases with increasing pressure,
indicating that the elastic anisotropy of the orthorhombic TiAl increases with increasing pressure.

() (b)

o —
T T
U

=1
=]
T

Anisotroy factors
o o
~J oo

=]
(=
T

S
W
T

L 1 L | L L L 1 L I

;
0 20 40 60 80 100 0 20 40 60 80 100
P (GPa)

Figure 5. The pressure dependence of the shear anisotropy factors (A9}, Ajo10) (), and Agy}), percent
anisotropy factors of bulk (Ag) and shear (Ag) moduli, and universal anisotropy factor (AY) of the
orthorhombic TiAl (b).

Table 4 gives the pressure dependence of the mass density, transverse, longitudinal, and average
sound velocities, and Debye temperature of the orthorhombic TiAl. It can be found that as the pressure
increases, the density p increases monotonously, the transverse sound velocity V; firstly increases
from 4098.8 m/s and then starts to decrease from 4876.6 m/s to 4815.2 m/s after 70 GPa, and the
longitudinal sound velocity V] increases monotonously from 7187.0 m/s to 9321.1 m/s. Because of
the pressure effect on the transverse and longitudinal sound velocities, the average sound velocity
Vi firstly increases from 4555.2 m/s and then starts to decrease from 5447.0 m/s to 5390.9 m/s after
80 GPa. It can also be found that the Debye temperature increases with increasing pressure.

Table 4. The density (o in g/cm?), transverse (V}), longitudinal (V;), and average (V) elastic wave
velocities (in m/s) and Debye temperature (©p in K) of the orthorhombic TiAl under pressure up to
100 GPa.

P ) Vi V; Vin ©p

0 3.8295 4098.8 7187.0 4555.2 535.50
10 4.1342 4348.7 7694.7 4836.7 583.29
20 4.4531 4485.1 8004.2 4991.8 617.09
30 4.6106 4607.2 8327.3 5133.0 641.94
40 4.8113 4696.4 8565.8 5236.0 664.19
50 4.9962 4789.6 8783.3 5342.1 686.22
60 5.1670 4849.3 8959.8 5411.7 702.99
70 5.3290 4876.6 9099.9 5446.0 714.77
80 5.4810 4873.5 9199.7 5447.0 721.63
90 5.6266 4844.0 9268.8 5419.1 724.23
100 5.7673 4815.2 9321.1 5390.9 726.42
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4. Conclusions

The structural and elastic properties of the orthorhombic TiAl under pressure up to 100 GPa have
been obtained by the first-principles density functional theory calculations based on the projector
augmented wave and the generalized gradient approximation. The equilibrium lattice parameters at
0 GPa are found to be in agreement with the available experimental data. The pressure dependence of
the elastic constants, elastic moduli, Poisson’s ratio, Cauchy pressure, elastic anisotropy, and Debye
temperature are investigated for the first time. By the elastic stability criterion under isotropic
pressure, it is found that the orthorhombic TiAl is mechanically stable under pressure up to 100 GPa.
By analyzing the Pugh’s ratio, Cauchy pressure, and Poisson’s ratio, the ductile/brittle behavior of the
orthorhombic TiAl is evaluated. It is shown that the ductility of the orthorhombic TiAl increases with
increasing pressure and a brittle-to-ductile transition occurs at 40 GPa. Besides, the elastic anisotropy
and Debye temperature of the orthorhombic TiAl are found to increase with increasing pressure.
Although there is no available experimental and theoretical data under pressure for comparison,
the present results can provide a useful reference for future experimental and theoretical works.
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