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Ti>AlNb-based alloys are expected to be applied in the manufacture of parts of aeroengines to achieve
the goal of increasing the thrust-to-weight ratio. However, the poor high temperature oxidation
resistance of these alloys may hinder their applications. Alloying has been proven to be effective in
improving oxidation resistance properties. However, the selection of alloying elements and their
influence mechanisms are rarely studied. The TiO,/Ti,AlNb interface bonding interactions and the
effects of alloying elements of Si, Sc, Y, Zr, Mo and Hf were investigated via first principles calculations.
The separation energy and electronic structure were studied to explore the bonding interactions
between the oxide scale and Ti;AINb matrix. When Zr and Hf are used to replace Al, the bonding
properties of the TiO,/Ti,AlNb interface are improved. The tensile and shear deformations of the
interfacial zones are applied to study the influence of alloying elements on the TiO, oxide spalling on
Ti>AINb. The tensile strength is increased by more than 2 GPa when Nb is substituted by the Sc, Zr and
Hf elements. Therefore, Sc, Zr, and Hf are beneficial for inhibiting oxide spalling and will have great
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1 Introduction

Ti,AlNb-based alloys have the characteristics of high specific
strength, good high-temperature fracture toughness, and
strong creep resistance. They show broad application prospects
in the aviation field. Compared with traditional Ti alloys, they
have higher aluminum contents'” and can be used to achieve
the effect of improving the thrust-to-weight ratio of aeroengines.’
However, there are also some defects that hinder their practical
application, among which the insufficient oxidation resistance is
one of the most critical issues. Due to the bonding competition
between O-Ti and O-Al at high temperatures,® mixed oxides
such as TiO, and Al,O; appear during the oxidation process. The
irregular oxide layer cannot protect the matrix and accelerates
the oxidation process of the alloys. Oxidation behavior can
damage the mechanical properties of the alloys and even lead to
failure.” During the oxidation process, hetero-structure inter-
faces between the matrix and the oxide are formed, which
become the weakest areas. It is easy to produce interface

“School of Materials Science and Engineering, Harbin Institute of Technology at
Weihai, 2 West Wenhua Road, Weihai, 264209, China. E-mail: daijh@hit.edu.cn

b Shandong Provincial Key Lab of Special Welding Technology, Harbin Institute of
Technology at Weihai, 2 West Wenhua Road, Weihai, 264209, China.
E-mail: shibin@hit.edu.cn

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp04727j

4898 | Phys. Chem. Chem. Phys., 2024, 26, 4898-4908

potential to improve the oxidation resistance properties.

cracking under the action of stress, resulting in structural fail-
ure, which will have a serious impact on the service life of the
alloys. Research on the adhesion properties of oxides on the
substrate is necessary for the reliable design and application of
the Ti,AINb-based alloys.

Theoretical calculations can simulate the normal separation
process of the interface at the atomic scale. By applying strain
between surface slabs, the strength and fracture mechanism of
the interface can be analyzed, which can provide a reference for
the analysis of the spalling of the oxides.®*° On the other hand,
by simulating the sliding barrier, the tangential separation
behavior of the interface system can be studied. The tangential
stress, which is required to overcome the potential barrier and
maintain sliding within the surface slabs, can be used to
evaluate the shear resistance of the interface. The lower the
energy consumed by sliding, the worse the interface stability
and resistance to tangential separation.'*™*

For Ti-Al alloys, we studied the stability and oxide adhesion
properties of y-TiAl/Al,O; and y-TiAl/TiO, interfaces.”*™® By
calculating the effects of different stacking forms and relative
positions on stability, we found that Al,O; and TiO, tend to
combine with Al and Ti atoms on the surface of the y-TiAl alloy,
respectively. Alloying elements and defects will affect the
strength of the interface. For the TiO,/TiAl interface, Y, Nb
and Pd could increase the strength and help preventing spal-
ling of the oxide. For the Al,O3/TiAl interface system, the
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influence of alloying elements on the y-TiAl/Al,O; interaction is
limited. However, alloying greatly improves the adhesion strength
of the 02-Ti3Al/Al, O3 interface. The increase of strength may be due
to the strong interaction between the alloying elements and Al,Os.
Other research reports also show that elements such as Mo will
reduce the adhesion energy of the TiO,/y-TiAl interface and have a
negative impact."® The doping of B can significantly enhance the
strength of the Al,O3/y-TiAl interface, while the effect of Nb on
the strength of the TiO,/y-TiAl interface is not obvious.”>*' The
presence of P element will reduce the bonding strength of the TiAl/
TizAl interface, because P more easily combines with Ti, resulting
in the weakening of Ti-Al bonding. This indicates that the addition
of P has a negative impact on the plasticity of the TiAl/TizAl
interface.”” In summary, alloying elements can affect the stability
and adhesion properties of the interface.

The stacking form of the interface and the electronic struc-
ture at the interface are the most important factors affecting its
stability and adhesion properties. For the TiAl/Ti,AINb inter-
face, the bond strength at the interface decreases in the order of
Ti-Nb > Ti-Al > Nb-Al, and the interface bonding is enhanced
through electron redistribution and hybridization of d and p
electrons.”>** For the Ti(0001)/TiAl;(110) interface, the HCP
stacking system has the highest work of separation among
various stacking forms. Further, interface fracture toughness
calculation results show that the HCP interface structure has
the greatest degree of atomic interaction and the largest degree
of charge transfer, due to the hybridization of the d electron
orbital of the Ti atom and the p electron orbital of the Al atom,
which are the main factors that strengthen the adhesion
properties of the interface.

We have previously studied the stability of the low-index
surface of Ti,AINb and the adsorption performance of oxygen
atoms on the Ti,AINb surface and found that the mixed
terminal surface of Al, Ti, and Nb elements has good stability.
When oxygen atoms are adsorbed, they are well bonded with Ti
atoms and tend to form titanium oxides.*® The oxidation products
of the Ti,AINb alloy are mainly TiO, and AINbO,, while Al,O;
mainly exists as an intermediate product.”” Although the Ti
element competes with Al and Nb elements in the oxidation
process, the increase in oxygen partial pressure is conducive to
the formation of TiO,.**?° This paper studies the effect of alloying
on the adhesion properties of TiO, on the Ti,AINb matrix.

2. Computational details

The Vienna Ab initio Simulation Packages (VASP) are employed
to explore the interface structures and their stabilities.>® The
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional was chosen to consider the
exchange-correlation interactions of the studied systems.*!
(The PBE functional has been proven to be more accurate in
first-principles calculation studies of Ti,AINb and y-TiAl sys-
tems as shown in ref. 24, 32 and 33.) Projector augmented wave
(PAW) pseudopotentials are used in the present study.** The
k-mesh and cutoff energy were tested respectively, and the results
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Fig. 1 (a) Ti,AINb(010) surface and (b) TiO,(001) surface.

are shown in Fig. S1 (ESIt). A cutoff energy of 500 eV is selected for
the plane wave basis set. The k-mesh is set to 3 x 4 x 1. The total
energy convergence is 0.1 meV per cell, and the structural
optimization was stopped when the force on every atom was
smaller than 0.01 eV A™'. Considering the metallic properties
of studied interface systems, the method of Methfessel-Paxton
order 1 is used in the self-consistent calculation to improve the
convergence velocity.

The O-phase Ti,AINDb surface model uses a 2 x 2 supercell of
the (010) surface,”® containing a total of 6 atomic layers and
48 atoms. Fig. 1(a) shows the structure of the Ti,AINb surface
and the lattice parameters are a = 9.34 and b = 6.05. The rutile
TiO,(001) surface with a 2 x 2 supercell is chosen to simulate the
oxide scale. The TiO, structure is shown in Fig. 1(b): a = 9.19 A
and b = 5.92 A, containing a total of 6 Ti atomic layers and 12 O
atomic layers. The lattice mismatch between the Ti,AINb matrix
and rutile TiO, is 2.1%. In order to prevent interatomic interac-
tions caused by periodicity, a vacuum layer of 15 A is added.

3. Results and discussion

3.1 Stability of the alloying element containing TiO,/Ti,AINb
interface

Previously, we studied the bonding properties of the TiO,/y-TiAl
interface. It was found that the interface with a smaller mismatch
degree has stronger stability, and the stacking form was found to
have a greater impact on the stability of the interface.">'® To
establish the TiO,/Ti,AIND interface structures, different stacking
models were considered. Due to the high symmetry of the
TiO,(110) surface, the O phase (010) surface is chosen as the base
surface, and different stacking models are established by adjust-
ing the positions of TiO, terminal atoms, as shown in Fig. 2.
When the terminal oxygen atom of TiO, is located directly above
the Ti atom on the surface of Ti,AINDb, the stacking form is
labelled as OT-1. When the oxygen atom is located directly above
the Al and Nb atoms, the stacking form is then labelled as OT-2.
The oxygen position directly located above the center of Al and Ti
atoms is marked as bridge. When the oxygen atom is located
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directly above the Ti atom of the Ti,AINb subsurface layer or
directly above the Al and Nb atoms, the stacking forms are
labelled as HCP-1 and HCP-2, respectively. Similarly, two other
FCC positions are also selected to construct the interface model.
The interface stability also changes with the interface spacing.
Various interface spacings are set for each stacking structure,
ranging from 0.5 A to 4.5 A.

In order to obtain the ideal interface spacing of each
stacking interface, the universal binding energy relation
(UBER) curve proposed by Rose et al. was used to fit the
relationship between energy and interface spacing.*® The for-

mula is as follows:
_d0> exp<—d_ld0) (1)

where Eg,my is the interface formation energy under equili-
brium conditions, d is the interface spacing, d, is the equili-
brium value, that is, the ideal interface spacing, and [ is the

Etorm = —AE(I + d

Thomas-Fermi value specific to the material on each side of the
interface. The calculation formula of the formation energy E¢orm,
is defined as follows:
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Etorm = (Eriori,ainb — Emijainb — Erio,)/A (2)

In the above formula, the Erio,/riainby Eri,aing and Erio, are
the energies of the interface, O phase surface and TiO, surface
system respectively. The UBER curve describes the bonding
force between two rigid atomic planes, and the energy and
structure are obtained without relaxation. The k-mesh of the
system is set to 3 x 4 x 1.

The UBER fitting curve and interface spacing are shown in
Fig. 3 and Table 1, respectively. After UBER fitting, the d, of
each stacking form is obtained, and the formation energy of
the interface is calculated from the interface spacing d,. The
interface model was re-established using the fitted interface
spacing. Three layers of atoms on the top and bottom of the
interface model were fixed, and other six layers of atoms were
optimized. After optimization, the formation energy of the
interface is calculated according to formula (2). The results
are shown in Table 1. The formation energy of HCP-2 is the
lowest, —2.39 J m~>, indicating that this stacking form is the
most stable. The interface of y-TiAl with both TiO, and Al,O3
shows the negative formation energies of the most stable
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Fig. 3 UBER fitting Eform—distance curves of the TiO,/Ti,AlNb interface
(the abscissa corresponding to the lowest point of each curve is dg
obtained by fitting).

Table 1 Interfacial spacing and formation energies of each stacking form
of the TiO,/TiAlNDb interface

do (A) Etorm (J miz)
OT-1 1.38 —1.85
OT-2 1.89 —1.37
Bridge 1.28 —1.96
HCP-1 1.80 —1.55
HCP-2 0.87 —2.39
FCC-1 1.30 —1.98
FCC-2 1.07 —2.19

stacking forms, which are consistent with the calculation results
of this article.'>” Furthermore, Bakulin’s research studies also
showed similar results.*®*”

Based on the stable TiO,/Ti,AINb interface model, the
alloying elements of Si, Sc, Y, Zr, Mo and Hf are further
considered to study their influence on the stability properties
of the interface. The selection of these alloying elements is
mainly based on existing experimental reports. Si, Zr and Mo
have been confirmed by relevant experiments to promote the
oxidation resistance of Ti,AINb,***° and the Y element has also
been used as the anti-oxidation modification element in TiAl
alloys. There are few studies on the influence of Sc and Hf on
the oxidation properties of alloys, but the Hf element can work
together with the Zr element to improve the creep resistance of
y-TiAl.*" With a small mass density, Sc comes from the same
period as the Ti element and also belongs to the same family as
the Y element. Therefore, these alloying elements are selected to
study their effects on the interface adhesion properties. Each
alloying element is used to substitute the three elements of Al,
Ti, and Nb in the O phase of the Ti,AINDb surface layer in the
interface, and the structure is then optimized to obtain a stable
alloyed interface model. First, the substitution stability of alloy-
ing elements was calculated according to the following formula:

Eoceu = Erio,mi,ainb-x — Etioymiamn T Em — Bx  (3)
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Table 2 Formation energies (eV) of the doped alloying elements on the O
phase (010)-c surface

Alloying elements Al Nb Ti

Si —0.02 —0.23 0.39
Sc —0.50 —1.05 0.25
Y 0.27 —0.43 1.73
Zr —0.12 —0.69 0.64
Mo 1.58 0.10 1.06
Hf —0.17 —0.54 0.66

In the above formula, Erio ri,aiNb-x; Etio, i alNby Em, and Ex are
the energies of the interface after alloying with selected ele-
ments, the original interface, the substituted atoms (Al, Ti, and
Nb atoms), and the alloying atoms, respectively. The calculated
occupation energies are shown in Table 2. It can be seen that
the Nb substituted systems are more stable than the other two
substituted systems, and all the elements except Mo have
negative occupation energies. Therefore, most interface models
should be more stable compared with the bare interface.

In the Al substituted system, as shown in Fig. 4, the Si and
Mo atoms move downward after relaxation and far away from
oxygen atoms, while the Sc, Y, Zr, and Hf atoms basically
maintain their original positions and therefore strongly bond
with oxygen atoms. In the Ti substituted system, as shown in
Fig. 5, the Si atoms move downward relative to the original
position after relaxation and therefore bond with different
oxygen atoms. Affected by the movement of Si atoms, some Ti
and oxygen atoms of TiO, also move downward, which cause
large distortions. The other alloying elements basically main-
tain their original positions and should have strong bonding
interactions with oxygen atoms. In the Nb substituted system,
as shown in Fig. 6, the Si and Mo atoms move downward from
their original positions and bond with different oxygen atoms,
while the Sc, Y, Zr and Hf atoms basically maintain their
original positions (Table 3).

3.2 Interface adhesion performance

To simulate the normal separation process, the interfacial
spacing between the TiO, and Ti,AINb slabs was gradually
changed along the c-axis from —0.4 A to 4.0 A. The rigid shift
is adopted during the normal separation process,**> in which
the atomic positions along a and b axes are fixed.

The interface separation work is calculated using eqn (4).
The work of separation is defined as the energy difference
between the interface system and the isolated surface model in
the system,

Wsep = (Eri,ainb + Erio, — Eri,aiNb/Tio,)/A (4)

where Eriainn and Erjo, are the total energies of the two
separated slabs, respectively, and A is the interface area. The
larger the Wy, is, the more stable the interface will be. The
work of separation can indicate the energy required to separate
the TiO, scale and Ti,AINb matrix.

Fig. 7(a) shows the relationship between the work of separa-
tion and interfacial spacing. With the increase of interfacial
spacing, the work of separation will first increase and then

Phys. Chem. Chem. Phys., 2024, 26, 4898-4908 | 4901
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Fig. 5 Structures of the TiO,/Ti,AlNb interface (Ti substituted): (a) Si, (b) Sc, (c) Y, (d) Zr, (e) Mo, and (f) Hf.

P
"

Fig. 6 Structures of the TiO,/Ti,AINb interface (Nb substituted): (a) Si, (b) Sc, (c) Y, (d) Zr, (e) Mo, and (f) Hf.
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Table 3 Effect of alloying elements on the bond length in the TiO,/
Ti>AINDb interface

0-Al (A) O-Ti (&) O-Nb (4)

Original 1.96 2.08 2.36
Al substituted

0-X (A) O-Ti (A) O-Nb (A)
Si — 2.04 2.27
Sc 2.11 2.08 —
Y 2.22 2.08 —
Zr 2.16 2.09 —
Mo — 2.06 2.20
Hf 2.11 2.09 —
Ti substituted

0-Al (A) 0-X (A) O-Nb (A)
Si 1.85 — 2.20
Sc 1.97 2.11 2.33
Y 1.96 2.24 2.32
Zr 1.92 2.23 2.14
Mo 1.87 2.24 2.10
Hf 1.96 2.14 2.35
Nb substituted

0-Al (A) O-Ti (A) 0-X (A)
Si 1.89 2.06 —
Sc 1.99 2.10 2.15
Y 2.01 2.10 2.28
Zr 1.98 2.08 2.30
Mo 1.95 2.09 —
Hf 1.98 2.09 2.20

decrease. The separation work is the largest, 4.84 ] m ™2, at the

equilibrium position, indicating that TiO, and Ti,AINb have
the best adhesion ability. To estimate the bonding stress in the
normal direction of the interface, the partial derivative of the
work of separation with the interfacial spacing is applied. (We
process the data based on the numerical differentiation
method of Originé.0.)

_ 0 Wsep

o (5)

-

When the distance of normal separation is from 0 A to —0.4 A,
the interface is subject to compression and the stress is negative,
and therefore the absolute value of the calculation results is taken.
Fig. 7(b) is the stress-strain curve. The strain is defined as the
ratio of the movement distance to the original interface distance.
When the strain is negative, the separation stress is also negative
indicating a compressive stress state. The relationship between
the stress and strain is basically linear. When the strain is greater
than 0, the separation stress first increases linearly as the strain
increases. When the strain approaches 1.46%, the stress con-
tinues to grow but the slope decreases. The adhesion strength of
the interface is mainly affected by the bonding characteristics
at the interface. In this interface model, the oxygen atoms of TiO,
at the interface form bonds with the three metal atoms of Ti,AINb.
The main bonding types of oxides are ionic bonds and covalent
bonds, which are sensitive to changes in the bond length. When
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Fig. 7 (a) Weep—distance curve and (b) stress—strain curve of the normal
separation process of the TiO,/Ti,AlNb interface. (c) Wse,—distance curve
and (d) stress—strain curve of the tangential separation process of the
TiO,/Ti,AlND interface.
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the separation distance is small, small changes in the bond length
can cause large stress changes. When the strain approaches
1.46%, the bonds between the oxygen and metallic ions are
gradually stretched. When the strain increases from 1.46% to
2.5%, the bonds are gradually destroyed, and the change in stress
value is small. When the strain exceeds 2.5%, most of the bonds
are greatly weakened, and the adhesion strength will be mainly
affected by the weak forces such as van der Waals, and the stress
begins to decrease. The stress will gradually decrease resulting in
further separation, which indicates the spalling of the TiO, scale.
As the strain continues to increase, the stress continues to
decrease slowly and gradually approaches zero. To explore the
tangential separation behavior of the Ti,AINb/TiO, interface, the
TiO, part is moved along the (010) direction of the interface
model. Similar to the normal separation, the rigid shift method is
adopted during simulations.*>** The total shear distance is
selected as 2.49 A, and the movement is divided into 5 steps with
a step size of 0.49 A. First, the work of separation (Wsep) is
calculated according to eqn (3), and the work of separation-shear
distance curve is shown in Fig. 7(c).

It can be seen that the work of separation is the largest near
the equilibrium position. As the shear distance increases, the
work of separation first decreases and then increases. This
shows that the interface is the most stable at the equilibrium
position and is not easily destroyed. As the distance changes,
the stability of the interface decreases and it becomes easy to
separate. This is mainly related to the change in the bonding
interactions at the interfacial zone.

The shear stress is estimated from the partial derivative of
the work of separation with the shuffling strain using the
following formula:** (We process the data based on the numer-
ical differentiation method of Originé.0.)

_8 Wsep

F="%a (©)

Due to the tangential separation process, even if the direction
of movement does not change, the stress may be in different
directions because the oxygen-metal bond is stretched or com-
pressed. Therefore, unlike the normal separation process, the
absolute value of the results are not taken. As shown in Fig. 7(d),
the stress first shows an upward trend and reaches the largest
value when the strain reaches 16.7% with the increase of shear
strain. The stress then decreases rapidly, reaching the lowest at a
shear distance of 2.49 A. It can be seen from the changing trend
that when the strain reaches 16.7%, a larger stress is required to
destroy the bond between oxygen and metallic atoms. After this
point, the oxygen-metal bond is destroyed and the stress
decreases rapidly.

Fig. S2(a) (ESIT) shows the changes in W, with interface
spacing of the Al substituted system. As the interface spacing
changes, the separation work first increases and then decreases.
When the interface model is compressed, the stability decreases
rapidly and the interface is easily destroyed. Wi, decreases with
the increase of the interface spacing, indicating that the inter-
face stability is gradually destroyed during the normal separation
process. Compared with the alloying element containing
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systems, it can be seen that the change trends are basically
similar and consistent with the original system. Near the equili-
brium spacing, the Wy, of the alloying system is changed in the
order of Hf, Sc, Zr, Mo, Si and Y. Only the W, of the Hf-doped
system is slightly higher than that of the original system. The
Wiep of the Sc, Zr, and Mo systems is slightly smaller than that of
the original system, and the W, of the Si and Y systems is the
smallest. Alloying elements slightly reduce the interface stability,
and the Si and Y elements show greater effects due to their
different atomic radii. Fig. S2(b) (ESIt) shows the change in
stress with strain. The change trends of alloyed systems are
basically similar. When the strain exceeds 0.73%, the growth rate
of stress in each system gradually decreases and changes from
linear growth to nonlinear. When the strain reaches 1.46%, the
stress reaches the largest value. Then the stress remains at a high
level within a certain strain range, which is the tension of the
oxygen-metal bond. During the stretching and destruction pro-
cesses, the stress generated is relatively large. After the strain
exceeds 2.18%, the oxygen-metal bond is destroyed and the
stress decreases rapidly and gradually approaches 0. Within the
strain range of 1.46%-2.18%, the stress of the alloying system is
changed in the order of Hf, Zr, Mo, Sc, Si and Y. The stress of the
Hf doped system is the largest, which shows that the Hf element
can strengthen the adhesion of the TiO, scale on Ti,AINb and
inhibit the spalling of the oxide. The stress of the Zr, Mo, and Sc
alloyed systems is close to the original system.

Fig. S2(c) (ESIt) shows the Wy, as a function of the interface
spacing when the Ti substituted interface is separated nor-
mally. Near the equilibrium position, the Wy, is changed in the
order of Sc, Hf, Zr, Mo, Y and Si. The Sc element alloyed system is
close to the original system, and the separation work of the other
alloying systems is lower than that of the original interface.
Therefore, the stability of the interface model is slightly reduced
and the normal separation resistance is slightly weakened for
substituted Ti systems. Among all studied systems, the Si-doped
system has the lowest work of separation of 4.48 ] m™2. In the Ti
substituted system, only the Si atom moved away from the
original position and did not bond with oxygen. Among the
other systems, the Sc-doped system has the highest W;,, which
is 4.84 J m 2 near the equilibrium position. It is close to the
original system. The differences in Wi, between the substituted
Ti systems and pure interface are larger than those of substituted
Al systems, indicating that the O-Ti bond has a greater impact
on the interface stability than the O-Al bond. This shows that
the oxygen at the original interface prefers to combine with Ti.
Fig. S2(d) (ESIt) shows the stress-strain curves of the studied
systems. The compressive stress of each system shows a linear
proportional relationship with the strain. For the positive strain,
the stress first increases linearly with the increase of the inter-
face spacing. When the strain exceeds 0.73%, the slope gradually
decreases. For the strain in the range of 1.4% to 2.5%, the stress
is maintained at a high level. The stresses within this range are
arranged from high to low in the order of Sc, Hf, Zr, Mo, Y and Si.

Fig. S2(e) (ESIT) shows the calculation results of the Wi, of
the Nb substituted system. Near the equilibrium state, the work
of separation of the alloyed systems changes in the order of Sc,
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Hf, Zr, Y, Mo and Si. The W, values of the Sc and Hf element
containing systems are higher than that of the original system.
The W;,,, of the Sc element system at the equilibrium position is
5.03 J] m~?, and the difference between the Hf, Zr, and Y
element containing systems and the pure interface is small.
The W, values of the Mo and Si containing systems are lower
than that of the pure interface system. The Wy, of Si element at
the equilibrium state is 4.48 ] m 2. In the Si and Mo alloyed
systems, the Si and Mo atoms moved downward from the initial
position, indicating the weak bonding interactions with oxygen
atoms. This is the main reason for the weakening of the
stability of the interface. Fig. S2(f) (ESIt) shows the stress-
strain curves of alloyed systems. The largest normal stress is
arranged from high to low in the order of Hf, Sc, Zr, Mo, Y and
Si. Among them, the stress of the Hf element system is
significantly higher than that of the pure interface system,
followed by Sc and Zr elements. The difference between Mo
and Y alloyed systems and the pure interface system is small in
the strain range of 1.3% to 2.5%, while the stress of the Si
element alloyed system is the smallest.

The effect of alloying elements on the tangential separation
resistance of the Ti,AINb/TiO, interface was further calculated.
Fig. S3(a) (ESI{) shows the results of the change in W, with
shear strain of the Al substituted interface systems. The change
pattern of the curve is the same as that of the pure interface
system. The W, is at its largest value at the equilibrium state.
The W, increases with the shear strain; it first decreases and
then increases. As tangential separation proceeds, the bonding
state at the interface is changed and the stability decreases.
When the shear movement exceeds 1 A, the Wsep Of each system
becomes negative. The interface will be easily destroyed.
When the shear movement is around 1.5 A, the interface model
has an OT stacking structure, and the interface stability is
the worst. The W, changes in the order of Si, Y, Sc, Hf, Zr,
and Mo. As shown in Fig. S3(b) (ESIt), as the strain increases,
the stress first increases, reaching the highest value at a strain
of 16.7%, and then decreases with a larger slope. When the
strain reaches about 25%, the strain decreases to 0. Then with
reverse growth, the strain reaches a turning point near 33.3%.
When the strain is about 16.7%, the highest tangential stress is
arranged in the order of Mo, Hf, Zr, Sc, Y and Si from high
to low. The stress of the Mo element doped system is close to
that of the original system, indicating that the Mo element
has little effect on the tangential separation resistance of the
interface model.

Fig. S3(c) (ESI{) shows the results of the Wi, changing with
the shear distance of the Ti substituted systems. The Wi, first
decreases and then increases as the shear distance increases.
The W, of alloyed systems is the largest at the equilibrium.
When the shear movement is around 1.5 A, the interface model
has an OT stacking structure, and the interface stability is the
worst. Fig. S3(d) (ESIt) shows the shear stress-strain curve. The
stress first rises and reaches the highest value near the strain of
16.7% and then decreases rapidly. Comparing various systems,
the largest stress of all alloyed systems is smaller than that of
the pure interface system, which weakens the tangential
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separation resistance of the interface. The order from high to
low is Sc, Hf, Y, Zr, Mo and Si.

As shown in Fig. S3(e) (ESIt), when the shear movement is
1.5 A, the Wsep Of Nb substituted systems is arranged in the
order of Si, Mo, Y, Sc, Hf and Zr from high to low. The W, is
higher than that of the pure interface system. Fig. S3(f) (ESIT)
shows the change of stress with strain. The stress values near
the strain of 16.3% from high to low are in the order of Zr, Hf,
Sc, Y, Mo and Si. The lowest stress of each alloying system is
lower than that of the original system, indicating that alloying
slightly reduces the resistance of the tangential separation of
the interface model.

3.3 Adhesion mechanism

The Nb substituted systems are more stable than Ti and Al
substituted systems during the normal separation process as
shown above. The Si alloyed system has the lowest work of
separation, while the Hf alloyed system has the highest stress.
Four systems with strains of 0%, 0.73%, 1.46% and —0.73%
were selected for structural analysis. The bond lengths and
structures are shown in Table 4 and Fig. 8 and 9 respectively.
For the Si alloyed system, when the strain is 0, the O-Al bond
and O-Ti bond are 1.89 A and 2.06 A respectively. Since the Si
atoms move downward, the Si atom does not bind with the
oxygen atoms, and hence the Si alloyed system is less stable than
the other systems and has the lowest W.,. When the strain is
—0.73%, the compressive stress increases rapidly, and the O-Al
bond and O-Ti bond are shortened to 1.74 A and 1.94 A
respectively. When the strain is 0.73%, the O-Al bond and O-
Ti bond are stretched to 1.95 A and 2.20 A, respectively. Although
the oxygen atoms of the subsurface of TiO, no longer bond with
the Al atoms of Ti,AIND, the surface oxygen atoms are still well
bonded with the metal atoms of Ti,AINb, and the tensile stress
increases linearly. When the strain increases to 1.46%, the O-Al
bonds and O-Ti bonds at the interface are stretched and begin to
break (the O-Al bond length in the actual oxide Al,O; is about
1.75 A t0 2.19 A, and the O-Ti bond length in the main oxides of
Ti, such as TiO and TiO,, is about 1.78 A to 2.34 A). The interface
model is subject to the highest normal stress. After the strain
exceeds 2.5%, the bond fracture stress decreases rapidly. In the
Hf alloyed system, as shown in Fig. 9, the Hf atom basically
maintains the initial position. At the equilibrium state, the O-Al
bond, O-Ti bond and O-Hf bond are 1.98 A, 2.09 A and 2.20 A,

Table 4 Bond length changes during the normal separation process of
the Si and Hf element doped (Nb substituted) TiO,/Ti,AINb interface

Alloying elements Strain (%) 0-Al (A) O-Ti (A) 0-X (A)
Si —-0.73 1.74 1.94 —
0 1.89 2.06 —
0.73 1.95 2.20 —
1.46 2.02 2.35 —
Hf —0.73 1.80 1.95 2.00
0 1.98 2.09 2.20
0.73 2.04 2.24 2.37

1.46 — — —
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Fig. 8 Normal separation process of the Si element doped (Nb substituted) TiO,/Ti,AINb interface: (a) a strain of —0.73%, (b) a strain of 0%, (c) a strain of

0.73%, and (d) a strain of 1.46%.
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Fig. 9 Normal separation process of the Hf element doped (Nb substituted) TiO,/Ti>AINb interface: (a) a strain of —0.73%, (b) a strain of 0%, (c) a strain of

0.73%, and (d) a strain of 1.46%.

respectively. Compared with the Si alloyed system, the oxygen
atom is better bonded with Hf. These are the main reasons for
changes in stability and adhesion properties.

Fig. S4-S6 (ESIt) respectively show the differential charge
changes of the interface during the normal separation process
of the bare TiO,/Ti,AIND interface, the Si element doped (Nb
substituted) TiO,/Ti,AINDb interface and the Hf element doped
(Nb substituted) TiO,/Ti,AIND interface. In the bare interface,
the oxygen atoms in the bottom layer and sub-bottom layer of
TiO, have obvious electron gain, and the metal atoms in the
Ti,AINb part have obvious electron loss around them, indicating
strong bonding between oxygen and metal atoms. When the
strain increases to 1.46%, there is still obvious electron transfer.
However, the equivalent spherical surface decreases, indicating
that the oxygen-metal bond begins to break, and the stress
reaches the highest value at this strain. When the strain increases
to 3.65%, the electron transfer trend decreases significantly,
especially the electron gain from the oxygen atoms in the sub-
layer decreases significantly. At this strain, some oxygen-metal
bonds have been broken, and the stress begins to decrease. When
the strain reaches 7.3%, there is only a small amount of charge
transfer around the underlying oxygen atoms. At this strain, most
of the oxygen-metal bonds are stretched and broken, and the
stress further decreases. For the Si element doped TiO,/Ti,AINb
interface, there is always no obvious electron gain or loss around

4906 | Phys. Chem. Chem. Phys., 2024, 26, 4898-4908

Si atoms, indicating that Si and oxygen atoms do not interact with
each other. This is the main reason for its poor adhesion strength.
In contrast, the charge transfer near Hf atoms is obvious, indicat-
ing the strong bonding interactions between Hf and oxygen,
which improve the adhesion strength of the TiO,/Ti,AIND inter-
face. The density of states of alloyed systems was further calcu-
lated, as shown in Fig. 10. In the pure interface system, the
p electrons of the oxygen atom appear as a bonding peak near
—7.5 eV, overlapping with the d electrons of Ti and the d electrons
of Nb respectively. In the Si doped system, the p electrons of
oxygen near —7.5 €V only overlap with the d electrons of Ti, and
there is no hybridization phenomenon with Si. Oxygen does not
form a bond with Si. This is the reason for the small work of
separation and weak adhesion properties of the Si alloyed system.
In the Mo alloyed system, the p electrons of oxygen interact weakly
with the d electrons of Mo. Similar to the Si alloyed system, the
work of separation is high and the interface adhesion perfor-
mance is weak. In contrast, the Sc, Zr, and Hf alloyed systems
have obvious bonding interactions between alloying elements and
oxygen, and therefore, they have better stability and interface
adhesion properties, which may help to inhibit TiO, spalling and
enhance the oxidation resistance properties.

We also used first-principles molecular dynamics calcula-
tion methods to analyze the structural stability of the interface
at 1100 K with the NVT ensemble. After the simulation under
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Fig. 10 Partial wave state density of oxygen atoms and the surrounding atoms at the interface: (a) the original system, (b) Si doped system, (c) Sc doped
system, (d) Y doped system, (e) Zr doped system, (f) Mo doping system, and (g) Hf doped system.

5000 fs with the timestep of 1 fs, the energy convergence
process and the interface structure after relaxation are shown
in Fig. S7 and S8 (ESIf). Generally, the three interfaces all
maintained their original structural characteristics after relaxa-
tion. First, in the bare TiO,/Ti,AIND interface, the oxygen atoms
at the interface positions were bonded to the three metal atoms
respectively, and almost no distortion occurred. In the Si
element doped TiO,/Ti,AINDb interface, the Si atom does not
bond with oxygen, forming a large gap at the interface position,
which may weaken the adhesion strength of the interface. In
the Hf element doped TiO,/Ti,AINb interface, after relaxation,
the Hf atom moves to the TiO, part and forms bonds with
multiple nearby oxygen atoms. The good bonding state between
Hf and oxygen atoms is the main reason why Hf strengthens
the interface adhesion.

This journal is © the Owner Societies 2024

4. Conclusion

Ti,AINDb has excellent mechanical properties and good oxidation
resistance, but the insufficient oxidation resistance properties
hinder its potential application in the aerospace industry. The
oxide scales easily spall under high temperature and stress condi-
tions. First principles calculations have been employed to study
the bonding interactions between TiO, and Ti,AlNb, and the
influence of alloying elements on the separation energy and tensile
and shear deformations of the TiO,/Ti,AIND interface is studied in
detail. The following results can be achieved via this study.

(1) The TiO,/Ti,AINb interface model is established. The
HCP stacking structure interface is the most stable, in which
the oxygen atoms of TiO, at the interface form bonds with the
Al, Ti, and Nb atoms of the Ti,AINb surface, respectively.
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(2) Si, Sc, Y, Zr, Mo and Hf can exist stably at the TiO,/
Ti,AINb interface. The Si and Mo elements have a great
tendency to move into the interior of Ti,AINb, while the other
alloying elements prefer to occupy their original positions.
Alloying elements cause a certain degree of distortion, but have
a less impact on interface stability.

(3) The effects of alloying elements on the adhesion proper-
ties of the TiO,/Ti,AINDb interface were explored. During the
normal separation process, the resistance mainly acts on the
breaking of the oxygen-metal bond. In the Al substituted
systems, Zr, Mo, and Hf elements improve the adhesion proper-
ties of TiO, on Ti,AINb. The Sc, Zr, and Hf elements strengthen
the adhesion properties of TiO, in the Nb substituted systems.

Considering the requirement of specific strength of Ti,AIND,
the selection of alloying elements should be done with caution.
The Hf element has the highest mass density, the Zr element is
close to the Nb element, while the Sc element has the lightest
mass and is close to the Ti element. Therefore, from the
perspective of the application in aero-engine parts and improv-
ing the engine thrust-to-weight ratio, the Zr and Sc elements are
ideal. They maintain the advantage of lightweight and can
further strengthen the oxidation resistance of the Ti,AIND alloy.
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