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Polysynthetically twinned (PST) TiAl consisting of a two-phase (y and o) lamellar structure is an effective mi-
crostructural strategy for enhancing mechanical properties, and Al-rich composition is a common phenomenon. However,
the effect of the Alyy antisite defect on the deformation mechanism of the y-TiAl//op-Tiz Al lamellar structure remains un-
clear. The deformation mechanisms of the y//a, lamellar structure under pure shear mainly involve three sequential stages:
(i) The weaker Ti-Ti and Al-Al metallic bonds induce the “phase boundary (PB) transition”. (ii) The stronger Ti—Ti and
Al-Al metallic bonds induce the “orientation transition” in y-TiAl. (iii) The strongest Ti—Al covalent bonds induce the
“phase transition” in 0p-Ti3Al. Introducing an Aly; antisite defect can weaken the original Ti—Al covalent bonds while
generating new Al-Al metallic bonds, which provides an additional slip path and results in excellent enhancement of plas-
ticity. The competition mechanisms between these plastic behaviors can be well explained through generalized stacking

fault energy (GSFE) calculations.
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1. Introduction

The aircraft engines and other key components like blades
need to withstand harsh conditions, i.e., high temperature, high
pressure, high rotational speed, and alternating loads, which
underscore the necessity for designing advanced alloys.[!=]
Hence, TiAl alloys are considered ideal lightweight engi-
neering materials due to their low density, high specific
strength, high service temperature (650-850 °C), and good

(6-101 Tj Al alloys have broad application

oxidation resistance.
prospects in the aerospace field. TiAl-4822 alloys were suc-
cessfully applied to the low-pressure turbine of the GEnx en-
gine in 2011,['"1 and Motoren-und Turbinen-Union (MTU)
applied the TiAl-TNM alloy to the Airbus A320neo aircraft in
2016.!"?1 However, the low ductility at room temperature and
low high-temperature strength of TiAl alloys seriously limit
their wide application.

The lamellar structure of polysynthetically twinned (PST)
TiAl is reported to be the most effective microstructural strat-
egy to synergistically enhance the strength and ductility of
TiAl alloys. Chen et al.!'3! prepared 0°-oriented PST single
crystals and conducted tensile tests, which showed excellent
room-temperature yield strength (735 MPa) and tensile ductil-

TThese authors contributed equally to this work.
fCorresponding author. E-mail: guodonglee @whut.edu.cn

CSTR: 32038.14.CPB.ae5al0

ity (~ 7.6%), while the room-temperature tensile ductility of
previously reported TiAl alloys typically exhibits < 2%. Ma et
al." found that the Ti-46A1-6Nb PST single crystal demon-
strates exceptional high-temperature tensile performance, with
a ductility of 8.1% and a strength of 668 MPa at 800 °C. PST
TiAl lamellar colonies consist of y phase, o phase, and the
Y/ 0 phase boundary, and they have a great influence on the
mechanical properties, where the orientation relationship be-
tween ¥y and a, phases follows the Blackburn relationship:
{111}y (0001)0r, (110)y || (1120)0.[1]

In our previous work, we found that the excellent duc-
tility and high strength of y-TiAl originate from the metallic
bonding and covalent bonding, respectively.[!®) Chen er al.[!3]
considered that the good ductility of PST single crystals is due
to the large number of nanotwins in y-TiAl. In PST-TiAl al-
loys, the ap-Tiz Al phase tends to be a hard phase known for its
limited slip systems, and Goken et al. found that the hardness
of the oy phase is approximately 50% higher than that of the y
phase.[!”-18] Chen et al.'”! found that PST TiAl single crystals
exhibited significantly superior fatigue resistance at 975 °C,
and the stacking fault structures observed in the oy lamellae
played a critical role. It has been reported that the y/y twin
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structure always appears in the y phase due to the low stacking
fault energy.!?! Xiang et al.*?! reported that the y/7y twin
boundary and ¥/, phase boundary have a synergistic effect
on lamellar TiAl single crystals. However, the chemical-bond-
related deformation mechanisms of the two-phase (Y and 0y)
PST TiAl lamellae have not been fully considered in essence.
In addition, Xu et al.!>’! found that the contents of Ti and Al
are 43.17 at.% and 47.85 at.% in the y phase, respectively. Li
et al.®¥ found that the contents of Ti and Al are 61.58 at.%
and 31.60 at.% in the o, phase, respectively. The stoichiomet-
ric ratio of Ti and Al atoms in the 0,-Ti3Al phase is 3:1, while
that in y-TiAl is 1:1.123] Therefore, hyperstoichiometric (Al-
rich) compositions are common during the manufacturing pro-
cess of PST TiAl, which leads to Aly; antisite defects.[25-291 1t
is crucial to understand the effect of Al antisite defects on
the chemical-bond-related deformation mechanism of the -
TiAl/ap-Tiz Al lamellar structure.

In this work, the competitive deformation mechanisms of
the y-TiAl/op-Tiz Al lamellar structure with Aly; antisite de-
fects at the atomic scale are thoroughly investigated based on
first-principles calculations. The Alr; antisite defect preferen-
tially occupies the Al site at the phase boundary in o-TizAl
(denoted as Al3 in our structural model), as indicated by its
lowest formation energy. The deformation mechanisms of
the y/ap lamellar structure under pure shear mainly contain
three sequential stages: (I) the weaker Ti—Ti and Al-Al metal-
lic bonds induce “phase boundary (PB) transition™; (II) the
stronger Ti—Ti and Al-Al metallic bonds induce “orientation
transition” in y-TiAl; and (III) the strongest Ti—Al covalent
bonds induce “phase transition” in 0p-Ti3Al. Moreover, in-
troducing Alr; antisite defects can weaken the original Ti—Al
covalent bond while generating a new Al-Al metallic bond.
The “PB transition” can be easily activated with the lowest
strength of 3.0 GPa. The “orientation transition” induced by
SISF processes (SISF formation, SISF migration, and SISF
annihilation) in y-TiAl and the “phase transition” in a-Tiz3Al
(Alty) with a strength of ~ 5.0 GPa continuously dissipate
the strain energy, resulting in excellent ductility. The shear
strain of the Y/, lamellar structure (Alf;) increased to 0.93
from 0.78, contributing to a ~ 19% enhancement in plastic-
ity. The competitive mechanisms between these plastic behav-
iors can be well explained through GSFE calculations. The
results show that the slip energy barriers of “PB transition”,
“orientation transition” in y-TiAl, and “phase transition” in
o-TizAl are 177.0 mJ/m?, 299.6 mJ/m?, and 476.6 mJ/m?,
respectively. The slip energy barrier of “phase transition” de-
creases to 282.7 mJ/m? in the interlayer with Alr; antisite de-
fects. The presence of PB2 strengthens the 7/ lamellar struc-
ture with a high slip energy barrier of 1135.0 mJ/m?.

2. Methodology

All calculations were carried out using the projector
augmented wave (PAW) method to describe the interaction
between ionic cores and valence electrons within the Vi-
enna ab initio simulation package (VASP) through density
functional theory (DFT).[3%! The Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional within the general-
ized gradient approximation (GGA) was employed in the
DFT calculations.*!) The plane-wave cutoff energy was set
to 500 eV for geometry optimization. The electronic conver-
gence and geometry optimization energy criteria were set to
1x107% eV and 1 x 1072 eV-A~!, respectively. For Ti and
Al, the valence electrons were treated as 3s23p®3d%4s” and
3s23p!, respectively. We used the Monkhorst—Pack 8 x 8 x 8
and 6 x 3 x 6 k-point meshes to sample the Brillouin zone for
the optimization of the y-TiAl and op-Ti3 Al unit cells, respec-
tively, while a 3 x 6 X 1 Monkhorst—Pack grid was used for
the pure shear simulations and GSFE calculations. The de-
tailed description of pure shear calculations through DFT is

[32-34] We also used the electron

provided in our previous work.
localization function (ELF) to classify the chemical bond char-
acter, and crystal orbital Hamilton population (COHP) calcu-
lations were performed using the LOBSTER code to reveal the
strength of chemical bonds of the same type.!3>-3% All visual-
izations for the calculations in this study were performed with

the VESTA software.37]

3. Crystal structure and chemical bonding of -
TiAl/o,-TizAl lamellar structure

The crystal structures of y-TiAl and o-TizAl are shown
in Figs. 1(a) and 1(b). y-TiAl crystallizes in the L1 tetrag-
onal structure, and 0p-TizAl crystallizes in the hexagonal
close-packed structure, with space groups P4 /mmm (No. 123)
and P63/mmc (No. 194), respectively. The optimized lat-
tice parameters of y-TiAl and o-Ti3Al are a = b = 3.99 A,
c =407 A, and a = 5.75 A, ¢ = 4.65 A, respectively,

@) [001]

7-TiAl
2]
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o1 Qa oot
(b) %
[1100]
<«— PB2
a,-TiAl
[
_ i
[1100] |
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Fig. 1. (a)—(b) Crystal structures of y-TiAl and a,-TizAl, respectively.
(c) Coherent y-TiAl (111)/0p-TizAl (0001) lamellar models containing
two types of phase boundaries (PB1 and PB2).
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which are consistent with the experimental values.!33 We
established two-phase y-TiAl/op-Tiz Al/y-TiAl models con-
taining two types of y/a» phase boundaries (PBs), where
the in-plane [1T0]7,I [| [1120]g, || [ITO],,H, [115]7,I [| [1100]q, |
[112]y,, and [111], || [0001]4, were parallel to the x-, y-, and
z-axes, respectively, as shown in Fig. 1(c). The 0p-TizAl slab
consists of 4 atomic layers (32 atoms), while each y-TiAl slab
contains 6 atomic layers (48 atoms), resulting in a total of 80
atoms for the full supercell. In PBI, the atomic rows com-
posed only of Ti atoms in TiAl and Ti3Al are aligned across
the interface, whereas they are not aligned in PB2.5°! More-
over, we have taken into account the influence of the Alp; an-
tisite defect, as shown in Fig. 2. In each supercell, only one
Ti atom is substituted by an Al atom among the six distinct
substitution sites, corresponding to a defect concentration of
approximately 1.25%. The formation energy was determined
for all possible Alr; antisite defect sites, as shown in Fig. 2(b).
By analyzing the formation energy, the preferred site for the
Alr; antisite defect was identified as Al3, indicating its stabil-
ity.

The structure of PB1 and y-TiAl consists of intrinsic Ti—
Ti, Al-Al, and Ti—Al bonds, while the main chemical bonds
that resist external deformation are Ti—Ti and Al-Al bonds, as

(@ w1
- y-TiAl

shown in Fig. 3(a). Thus, we used ELF and COHP calculations
to analyze the critical Ti-Ti and Al-Al bond characteristics,
as shown in Fig. 3. In Fig. 3(a), the Ti-Ti and Al-Al bonds
in PB1 and y-TiAl are typical metallic bonds due to their low
electron localization values. Moreover, -ICOHP can quantita-
tively measure the strength of chemical bonds, and the higher
the -ICOHP value, the stronger the chemical bond.[*0*!] Fig-
ure 3(c) shows that the -ICOHP values of Ti-Ti and Al-Al
bonds in y-TiAl (1.13 eV and 2.05 eV, respectively) are both
larger than those in PB1 (1.08 eV and 1.92 eV, respectively),
indicating a stronger ability to resist external deformation. The
Ti—Al covalent bond in y-TiAl is also stronger than that in
PB1, as shown in Fig. S1.
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Fig. 2. (a) Schematic of the y/a, lamellar structure with six possible Alr;
antisite defect sites in different components: y-TiAl, op-TizAl, and PB.
(b) Formation energy for Al doping in the /o, lamellar structure.
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Fig. 3. (a) Front-view ELF sections of the y/a, lamellar structure across different crystallographic planes. (b) Front-view ELF sections of the
Y/ layered structures before and after the introduction of the Aly; antisite defect. (¢) The -COHP/-ICOHP values of critical Ti—Ti and Al-Al
bonds in PB1 and y-TiAl, as well as those of Ti—Al bonds before and after the introduction of the Aly; antisite defect in ;.
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As for op-TizAl, we find that the main chemical bonds
that resist external deformation along the easy slip system of
1/6[1100] basal stacking faults are Ti~Al covalent bonds with
highly localized electrons, as shown in Fig. 3(b). In our pre-
vious work, the high strength of TiAl alloys was attributed to
the high-strength Ti—Al covalent bond.!'®! Thus, the intrinsic
strength of 0p-TizAl to resist external deformation would be
higher than that of y-TiAl, which means that the deformation
mechanism of 0-Ti3Al would occur after that of y-TiAl in the
Y/ 0 lamellar structure. In addition, the effect of the Alr; anti-
site defect in the Y/ lamellar structure is significant, and we
have confirmed the site preference of Al doping in the previ-
ous section, whose ELF section in the front view is shown in
Fig. 3(b). At the red arrow in Fig. 3(b), we find that a chemical
bond in the y/op lamellar structure (Aly;) changes from a high-
strength Ti—Al covalent bond to an Al-Al metallic bond. The
degree of charge localization of the Ti—Al covalent bond in the
same layer is reduced by Al doping, as shown by the black
arrow in Fig. 3(b). The -ICOHP value of the Ti—Al covalent
bond decreases from 1.69 eV to 1.58 eV, as shown in Fig. 3(c),
indicating that the strength of the Ti—Al covalent bond in the
same layer decreases due to the effect of the Aly; antisite de-
fect.

In conclusion, the main Ti—Ti and Al-Al chemical bonds
that resist deformation in y-TiAl are stronger than those in
PB1.
r-Tiz Al are high-strength Ti—Al covalent bonds. The results

The main chemical bonds that resist deformation in

show the sequence of the deformation mechanism during shear
loading. Moreover, the Alr; antisite defect has weakened the
ability of the interlayer to resist deformation, which indicates
a plastic strengthening mechanism in Y/, lamellar structure.

4. Result and discussion

4.1. Deformation mechanisms of /¢, lamellar structure
with Aly; antisite defect

According to the calculation of the formation energy, we
constructed a y/ap lamellar structure with an Aly; antisite de-
fect to study the competitive deformation mechanisms of the
Y/op lamellar structure (Alr;) under shear loading along the
easy slip direction. The stress-strain curve, atomic config-
uration changes, and dynamic responses of the typical bond
lengths during pure shear are shown in Fig. 4. The stress-
strain curve of the y/o lamellar structure without any defect
is shown as a red dashed line in Fig. 4(a), with the correspond-
ing competitive deformation mechanisms shown in Fig. S2a.
As shown in Fig. 4(a), there are multiple stress mutation pro-
cesses, and we classify them into three sequential stages: “PB
transition”, “orientation transition” in y-TiAl, and “phase tran-
sition” in a-Ti3Al. The peak stress of the “PB transition” is
3.0 GPa, and the “orientation transition” occurs in y-TiAl at

about 5.0 GPa. The stress of the last “phase transition” stage
is 7.6 GPa. Moreover, there is a special deformation stage,
leading to SISF formation in y-TiAl and a phase transition in
ap-Tiz Al (Aly;) simultaneously.

The y-TiAl/op-TizAl lamellar structure (Altj) remained
intact after stress mutation, with chemical bonds broken and
reformed. The atomic configurations of the Y/, lamellar
structure (Alfj) during shearing, along with the correspond-
ing chemical bond lengths, are shown in Figs. 4(b) and 4(c).
From strains of 0 to 0.09, the lamellar structure was uniformly
deformed to resist shear deformation. The State 2 (strain 0.10)
in Fig. 4(b) shows atomic configurations after the first stress
mutation, with the main Ti—Ti and Al-Al bonds broken and
reformed, which results in the “PB transition”. As shown
in Fig. 4(c), the Ti—Ti bond length changes from 3.05 A to
4.02 A, with an increase of ~ 30%, indicating bond breakage.
The low strength of 3.0 GPa for the “PB transition” means that
it can be easily activated to create slip pathways for ductil-
ity. With increasing strain, the deformation mechanism of the
“orientation transition” in y-TiAl is the SISF process (SISF
formation, migration, and annihilation) from State 2 to State
6. The atomic configuration changes involve repeated slipping
of the y-TiAl phase along the 1/6[112] Burgers vector on the
(111) surface, accompanied by the breaking of Ti—Ti and Al-
Al bonds between layers and the generation of new Ti—Ti and
Al-Al bonds. Thus, the structure of y-TiAl finally becomes a
hard slip system of (111)/[112]. The strength of the “orienta-
tion transition” is ~ 5.0 GPa, and the continuous interlayer slip
in 7-TiAl results in the excellent ductility of the y/c, lamellar
structure by dissipating strain energy. As shown in Fig. 4(b)
for State 7 (strain 0.95), the deformation mechanism of the
last stress mutation is “phase transition” with a high strength
of 7.6 GPa, which causes the 0-TizAl phase to change from
a hexagonal close-packed (HCP) structure to a face-centered
cubic (FCC) structure due to the 1/6[1100] incomplete dislo-
cation in 0p-TizAl In addition, from State 3 (strain 0.22) to
State 4 (strain 0.40), there is a special deformation mechanism
of “phase transition” that occurs between layers where the Al;
antisite defect exists. The stress of this special deformation
stage is approximately 5.0 GPa, which means that the strength
of the phase transition in this special stage is similar to that of
the SISF process owing to the effect of the Aly; defect. Ul-
timately, the structure of the Al-doped y/op lamella becomes
a full FCC structure. Due to the effect of the Aly; defect, the
incomplete “phase transition” occurs during “orientation tran-
sition”, which provides additional low-energy slip paths for
atomic rearrangement under applied shear, effectively delay-
ing structural instability. The shear strain of the y/c, lamellar
structure (Alry) increased to 0.93 from 0.78, contributing to a
~ 19% enhancement in plasticity.
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Fig. 4. Deformation mechanisms of the y/o, lamellae structure (Aly;) under shear loading. (a) Shear stress-strain relationship during shearing.
(b) Intact atomic structure of the Y/, lamellae structure (Alyy) at strain 0 and atomic configurations after stress release at strains 0.10, 0.22, 0.40,
0.61, 0.71, and 0.95, respectively. (c) Dynamic responses of typical bond lengths as a function of shear strain.

4.2. Energy explanation of the deformation competitive
mechanisms

During pure shear in the y/a,-TizAl lamellar structure
(AlTy), according to the shear stress-strain relationship and
atomic configuration changes, there are three deformation
stages:

“PB transition”, “orientation transition”, and “phase

transition”. As shown in Fig. 4(a), we found that the sequence

of the three deformation stages is related to their strength;
the lower the strength, the earlier the stage occurs. To re-
veal the intrinsic mechanical behavior, we calculated the gen-
eralized stacking fault energy (GSFE) of possible competitive
deformation mechanisms. As shown in Fig. 5(a), there is a
schematic of possible slip directions under pure shear loading

in the Y/ lamellar structure (Alr;), and G1, G2, G3, G3(Al),

076401-5
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and G4 are the possible deformation modes in PB1, y-TiAl,
ar-TizAl, and PB2, respectively. Figure 5(b) shows the GSFE
curves with different displacements during the deformation
process, where we found that the lowest slip energy barrier
is 177.0 mJ/m? when the structure slips in PB1 (G1) of the
Y/ 0 lamellar structure. The slip energy barrier in y-TiAl (G2)
is 299.6 mJ/m?. The slip energy barrier of 476.6 mJ/m? in a;-
Tiz Al (G3) is larger than that in y-TiAl and PB1. The highest
slip energy barrier of 1135.0 mJ/m? in PB2 (G4) indicates that
it is difficult to slip, demonstrating that the presence of PB2
strengthens the y-TiAl/op-TizAl lamellar structure. The slip
energy barrier of the phase transition decreases to 282.7 mJ/m?>
(G3(AlTy)), which occurs in the layers where the Alr; antisite
defect exists in ap-TizAl. This slip energy barrier is as low as
that of y-TiAl (G2).

Therefore, during pure shear in the Y/, lamellar struc-
ture, interlayer slipping occurs in PB1, y-TiAl, and o,-TizAl,
and the interlayer in 0p-TizAl (Alf) slips together with -
TiAl, providing an enhancement in plasticity. Moreover, the
interlayer slipping in PB1 leads to a PB transition based on
atomic configuration analysis (PB1 to PB2), which strength-
ens the interfacial strength of the phase boundary owing to its
high slip energy barrier of 1135.0 mJ/m?2.

1200 —=—Gl1 Y= 1135.0
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Fig. 5. (a) Schematic of possible slip systems under pure shear loading
in the Y/, lamellar structure (Aly;). (b) Calculated generalized stacking
fault energies of the y/0p lamellae for possible competitive mechanisms
among deformation modes during pure shear. The arrow directions of G1
and G4 indicate the force directions of PB1 and PB2, respectively, when
they resist deformation. The arrow directions of G2 and G3 are the easy
slip directions for y-TiAl and o-TizAl, respectively, during shear load-
ing. In addition, G3(Al) is an easy slip direction for a,-Ti3Al after the
introduction of the Aly; antisite defect.

5. Conclusion

The competitive deformation mechanisms and the rela-
tionship between the structure-related chemical bond charac-
teristics of the y-TiAl/op-Tiz Al lamellar structure were thor-
oughly investigated. The main research results are as follows:

(i) The deformation mechanisms of the /o, lamellar
structure under pure shear mainly contain three sequential
stages: “PB transition” in PB1, “orientation transition” in -
TiAl, and “phase transition” in 0-TizAl. Their shear strengths
are 3.0 GPa, 5.0 GPa, and 7.6 GPa, respectively. The sequence
of these stages depends on the comparison of bond strengths.

(ii) Introducing an Aly; antisite defect can weaken the
original Ti—Al covalent bond while generating a new Al-Al
metallic bond. This provides an additional slip path for the
Y/ 0 lamellar structure that dissipates strain energy, resulting
in a ~ 19% enhancement in plasticity.

(iii) The competition mechanisms between these plastic
behaviors can be well explained through GSFE calculations.
The presence of PB2 strengthens the Y/, lamellar structure
owing to its high slip energy barrier of 1135.0 mJ/m?.
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