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Abstract: The present work introduced first-principles calculation to explore the substitution behavior
of Ag atoms for Al or Ti atoms in the Ti;AIC MAX phase ceramic. The effect of Ag substitution
on supercell parameter, bonding characteristic, and stability of the Ti; AIC was investigated. The
results show that for the substitution of Ag for Al, the Al-Ti bond was replaced by a weaker Ti-Ag
bond, decreasing the stability of the Ti; AIC. However, the electrical conductivity of the Ti; AIC was
enhanced after the substitution because of the contribution of Ag 4d orbital electrons toward the
density of states (DOS) at the Fermi level coupled with the filling of Ti d orbital electrons. For the
substitution of Ag for Ti, new bonds, such as Ag-Al bond, Ag-C bond, Al-Al bond, Ti-Ti anti-bond,
and C-C anti-bond were generated in the Ti; AIC. The Ti-Ti anti-bond was strengthened as well as the
number of C-C anti-bond was increased with increasing the substitution ratio of Ag for Ti. Similar
to the substitution of Ag for Al, the stability of the Tip AlC also decreased because the original Al-Ti
bond became weaker as well as the Ti-Ti and C-C anti-bonds were generated during the substitution
of Ag for Ti. Comparing with the loss of Ti d orbital electrons, Ag 4d orbits contributed more electrons
to the DOS at the Fermi level, improving the electrical conductivity of the Ti; AIC after substitution.
Based on the calculation, the substitution limit of Ag for Al or Ti was determined. At last, the
substitution behavior of Ag for Al or Ti was compared to discriminate that Ag atoms would tend
to preferentially substitute for Ti atoms in Ti; AIC. The current work provides a new perspective to
understand intrinsic structural characteristic and lattice stability of the Ti AIC MAX phase ceramic.

Keywords: Ti; AIC MAX phase ceramic; first-principles calculation; substitution behavior; bonding
characteristic; stability

1. Introduction

The MAX phases, a group of ternary compounds with layered nanostructure, have
attracted interest in the field of ceramics in recent 20 years. They have the general formula
of M, ,1AX,, (n =1, 2 or 3), where M belongs to a transition metal, A is an element of group
IIIA or VIA, and X pertains to C or N [1-3]. When n = 1, they are named as 211 phases
with the typical representative of Tip AIC. The Ti; AIC has a low density, high Young’s
modulus, good thermal/electrical conductivity, superior oxidation resistance, and self-
lubricating capability, making them ideal structural materials in many fields, particularly
in high-temperature occasions [4-10].

It should be mentioned that Ti, Al, and C atoms in the Ti, AIC lattices can be substi-
tuted by other atoms [11-19]. Through the substitution, the Tip AIC modified will exhibit
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distinctive properties to accommodate the requirements in diverse environments, broaden-
ing their applications [20-22]. F. Meng et al. [11] proposed the Tip AC could be strengthened
through substituting Ti with V. Compared to the Ti;AC, the Vickers hardness, flexural, and
shear strength of the (Tip g, V2)2AlC were enhanced by 29%, 36%, and 45%, respectively.
J. Rosen et al. [12] deposited Tip AlC film with the aid of a multiple cathode pulsed cathodic
arc and found that a substantial amount of oxygen was incorporated into the lattice. The
first-principles calculation described that oxygen atoms could substitute for carbon atoms
and then tailor properties of the Ti;AIC. C.J. Lu et al. [13] observed that the presence of
Si element made the lattice constants of Ti; AIC shrink in the Tip AIC brazed joints using
transmission electron microscope, proving the Tiy(Al; _,,Siy)C structure was stable in the
vibration aspect through first-principles calculation. We once adopted pure Ag to braze the
Tip AIC at 1030 °C, and found that Al and Ti migrated out of the Ti; AIC while Ag diffused
into the lattices along the vacancy channels driven by the migration of Al and Ti [23]. The
high-resolution transmission electron microscope analysis further demonstrated that Al
and Ti atoms could be replaced by Ag atoms in the Ti, AIC [24]. However, the effect of
substitution behavior of Ag on the lattice structure and thermodynamic stability of the
Tip AIC remained unknown through the experimental investigation. Based on this, the
first-principles calculation based on density functional theory (DFT) was carried out in the
present work to explore the effect of Ag substitution behavior and substitution degree on
supercell parameter, electronic structure, bonding characteristic, and stability of the Ti; AIC.
The changes in bonding characteristic and charge distribution between the atoms were
then acquired for the Ti; AIC during the interaction. Based on this the interaction mecha-
nism between Ag and Ti; AIC were illuminated, which will provide a new perspective to
understand the intrinsic structural characteristic and lattice stability of the Tip AIC MAX
phase ceramics.

2. Materials and Methods

In this work, the first-principles calculation was conducted using the Cambridge
Sequential Total Energy Package (CASTEP) in the Materials Studio [25,26]. The Ti; AlIC
unit cell having 8 atoms crystallizes with a hexagonal structure having the P63 /mmc space
group (Ti at 4f, Al at 2c and C at 2a Wyckoff positions). A 2 x 2 x 1 Ti;AlC supercell
containing 32 atoms (16 Ti atoms, 8 Al atoms, and 8 C atoms) was built to model the
substitution behavior, as shown in Figure 1. Such a supercell size can ideally reflect the
structural characteristics of TipAlC [13,27]. The Ti;AIC consists of one Al atomic layer
and one Ti¢C octahedral layer alternately distributed, in where C atoms are located in
the octahedral gap formed by Ti atoms. For the original Tip AlC, Tiy(Al;_y,Agy)C, and
(Ti1—y,Agy)2AlC, the equilibrium lattice parameter and ground-state electronic structure
were calculated by adjusting the substitution ratio of Ag for Al and Ti in the supercell.
J.Y. Wang et al. [27] reported that the Ti; AIC was destabilized when the vacancy concen-
tration of Al exceeded 50% in the lattice. It should be mentioned that the generation of
Al vacancies was prerequisite for the replacement of Ag for Al in the Ti; AIC. For this the
substitution ratio (x) of Ag for Al was set as 0.125, 0.25, 0.375, and 0.5, and accordingly the
number of Al atoms substituted was 1, 2, 3, and 4, respectively. The (Tig g125,Ag0.1875)2AlC
supercell (Ti atoms substituted: 3) cannot be converged during optimization, suggesting
the structure with more than 3 substituted Ti atoms (y > 0.125) cannot exist stably. So, the
substitution ratio (y) of Ag for Ti was set as 0.0625 and 0.125, and accordingly the number
of Ti atoms substituted was 1 and 2, respectively. For the lattice with substituted atoms
over two, the effect of substitution position on supercell structure should be took into
consideration, conforming to the principle of total energy minimization. The Vanderbilt
ultrasoft pseudopotential was employed to describe the interaction between electrons and
ions during the calculation while the exchange-correlation energy function was constructed
by the generalized gradient approximation (GGA-PW91) [28]. The Monkhorst-Pack grids
were used to configure the k-space within the Brillouin zone [29], and the k-point mesh
was set as 10 x 10 x 2, along with a plane-wave cutoff energy of 450 eV. Finally, the
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convergence accuracy of geometrical optimization was chosen to be ultra-fine. These
parameters used were sufficient to give rise to well converged total energy and geometrical
configuration [30-33].
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Figure 1. Crystal structure of Tip AIC supercell (2 x 2 x 1 unit cells).

3. Results and Discussion
3.1. Crystal Structure and Stability of the Tiy(Al;_y, Agx)C

Figure 2 describes the models of Tiy(Al;_,,Agy)C (x = 0.125, 0.25, 0.375, 0.5) supercells,
in which the number of Al substituted is 1, 2, 3, and 4, respectively. It can be seen from the
figure that the substitution of Ag for Alis preferentially carried out in one layer rather than
random substitution. Table 1 displays the calculation results after geometrical optimization.
With increasing the substitution concentration of Ag for Al in the Tiy(Al;_,,Agy)C, as
exhibited, the equilibrium supercell parameters of 2 and b show no obvious change whereas
the value of ¢ increases slightly, which makes the volume of supercell increase. When
the substitution ratio of Ag for Al reaches 37.5%. However, the value of ¢ stops growing
as well as the volume of supercell decreases. Besides, it is interesting to find that as the
substitution ratio increases, the parameters of 2 and b become different, the lattice distortion
then appears. The fact suggests that the symmetry of the hexagonal Ti; AIC will be distorted
with Ag substitution for more than 1 Al atoms. At last, it should be noted that the total
energy of the system decreases with an increase in the substitution ratio of Ag for Al,
whereas the formation energy and cohesive energy increase continuously, indicating that
the substitution behavior of Ag for Al will decline the lattice stability of the Ti; AIC.
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Figure 2. Models of the Tiy(Al;_,,Agy)C supercells with different substitution ratios of Ag for Al:
(a) Tiz(Alg g75,A80.125)C; (b) Tip(Alg 75,A80.25)C; () Tiz(Alp 625,A80.375)C; (d) Tiz(Aly5,Ag0.5)C.
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Table 1. Effect of substitution ratio of Ag for Al on lattice structure and stability of the Tiy(Al;_,,Agy)C supercells.

Supercell Supercell Parameter (A) Volume Etot E¢ Econ
a b c (A3) (eV) (eV) (eV)

Tip AIC 6.136 6.136 13.733 447.747 —27,380.253 —6.735 —0.767

Tiz (Alp.875,A80.125)C 6.134 6.134 13.833 450.763 —28,350.931 —6.667 —0.725

Tip (Alp 75,A80.25)C 6.145 6.156 13.971 457.419 —29,320.755 —6.573 —0.657

Tip (Al 625,A80.375)C 6.118 6.119 13.971 452.983 —30,293.051 —6.555 —0.632

Tip (Al 5,A805)C 6.128 6.113 14.059 455.752 —31,263.752 —6.488 —0.624

Figure 3 displays total density of states (TDOS) for the Tip(Al;_y,Ag,)C supercells with
different substitution ratios of Ag for Al. The Ti d-C s hybridized peak at the energy level of
—10 eV varies slightly while the hybridization effect of Ti d-C p near —2.5 eV is enhanced.
The position of pseudogap triggered by Ti d-Al p hybridization near the Fermi level (Er)
shifts toward a higher energy level, as well as the width of the pseudogap decreases. The
fact suggests that the Ti d-C s bond is almost unaffected and stability of the Tiy(Al;_,,Agy)C
decreases, as the substitution proportion of Ag for Al increases. It is also noted that the
TDOS of TipAlC at the Er is located at a minimum position in the curve, which is usually
considered to be the critical point between the bond and anti-bond state of the structure.
When the substitution proportion of Ag for Al reaches 25%, the Ef is located close to one
of the peaks in the TDOS, indicating that part of electrons occupy anti-bond states and
the structure of Tip(Alg 75,Ag0.25)C becomes unstable, being consistent with the calculated
result of cohesive energy in Table 1. When the substitution proportion of Ag for Al is 37.5%,
the Er is located at one of the peaks in the TDOS, indicating that such a structure is not
able to arise stably. To sum up, the Ti; AlC remains stable with the Ag substitution ratio
of 12.5% (i.e., Tip(Alp g75,A80.125)C), whereas it becomes unstable when the substitution
ratio of Ag for Al reaches 25% (i.e., Tiz (Al 75,Ag0.25)C). It has been reported that the Ti; AIC
could maintain stability with incorporation of 50% vacancy concentration of Al [27], which
is much higher than the substitution limit of Ag for Al (12.5%) calculated in the current
work. Therefore, it can be inferred that the substitution of Ag for Al would not only fill
the Al vacancies within the Tip AIC lattice but also give rise to the bonding interaction with
neighboring Ti atoms.
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Figure 3. TDOS of the Tiy(Al;_,,Agy)C supercells with different substitution ratios of Ag for Al.

The fact mentioned suggests that the Tip AIC maintained structural stability without
ruining its lattice with the Ag substitution ratio of 12.5%. Considering this the supercell
with 12.5% Ag substitution was analyzed in the followings. Figure 4 presents the TDOS
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and partial density of states (PDOS) of the supercells before and after Ag substitution.
It can be shown from Figure 4b that a characteristic peak can be discovered at —4.5 eV
produced by 44 orbital electrons of Ag, and an increase in DOS is also observed at the Ef,
implying more filling of the d orbital electrons. It can be seen from the PDOS of Ag atoms
that the 44 orbital electrons of Ag contributes to the DOS at the Ef, suggesting the electrical
conductivity of the Tix(Alj g75,Ag0.125)C is enhanced.
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Figure 4. TDOS and PDOS of the Tiy(Al;_,,Agy)C before and after Ag substitution: (a) Tip AlC; (b) Tiy (Al g75,A80.125)C.

Figure 5 describes the maps of charge density difference of the Tiy(Al;_,,Agy)C su-
percells along the crystallographic plane of (1010). Before and after the substitution of
Al by Ag, the charge density difference around the substituted Al atoms was calculated
to determine the bonding status and stability. It can be shown from Figure 5a that the
charge density difference of C atoms is positive, showing electron acquisition, whereas Ti
atoms with a negative charge density difference exhibit electron loss. In addition, both of
C and Ti atoms are encapsulated inside the electron clouds. A charge accumulation can
be discovered between them, and the charge density difference of Ti atoms has a strong
directionality on the side close to C atom, suggesting a covalent bond between C and Ti.
The charge density difference of Al atoms close to Ti atoms is positive, showing electron
acquisition, but no directionality occurs between them. Similarly, there is no directionality
between Ti and Ti atoms, indicating a metallic bond between them. After the substitution
of Ag for Al, as presented in Figure 5b, the charge density difference of Ti and Ag decreases,
implying the newly-formed Ti-Ag bond is weaker than the original Al-Ti bond.

Table 2 shows the atomic orbital charge populations of Tip AIC and Tiy (Al g75,A80.125)C
supercells. For simplicity, only some atoms whose orbital electrons have been changed were
listed. It should be noted that the number of extranuclear valence electrons for Ti, Al, C, and
Ag are 3s23p®3d24s?, 3s?3p?, 2522p?, and 44'05s!, respectively. It can be demonstrated from
the table that electron acquisition/loss and orbital hybridization should happen during
bonding of the Ti, AIC with electrons transferring from Ti to Al and C atoms. Particularly,
C atoms have a stronger capability in gaining electrons compared to Al. Ti atoms lose part
of valence electrons to become the positive charge of +0.40, while C atoms acquire electrons
to become the negative charge of —0.75. A covalent bond will be produced between them.
Al atoms gain a small number of valence electrons to become the negative charge of —0.05.
Through examining the charge population of each atomic orbital coupled with net charge
of bonding atoms, it can be inferred that the generation of Ti; AIC should be ascribed to 3d
and 3p orbital electrons of Ti atoms, 3p orbital electrons of Al atoms and 2s and 2p orbital
electrons of C atoms. After substitution of Ag for Al in the Tip AlC, the total orbital charge
population of C atoms remains almost unchanged (from 4.75 to 4.76). Ag atoms acquire
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electrons from adjacent Ti atoms and become the negative charge of —0.48. The increase in
atomic orbital charge population of Al atoms close to or near-close to Ag atoms indicates
that the hybridization between Al and Ti is weakened, being consistent with the results of
DOS and charge density difference mentioned.
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Figure 5. Maps of charge density difference of the Tip(Al;_,,Agy)C supercells along the crystallo-
graphic plane of (1010): (a) Tip AlC; (b) Tip(Alp.g75,A80.125)C.

Table 2. Atomic orbital charge populations of Tip AIC and Ti,(Alg g75,Ag0.125)C supercells.

Supercell Species Ion s p d Total Charge (e)
Ti 2.18 6.75 2.67 11.60 0.40
Tip AIC Al 1.09 1.96 0.00 3.05 —0.05
C 1.47 3.28 0.00 4.75 —0.75
Ti 2,3,6 2.18 6.73 2.63 11.54 0.46
. Al 1,4,6 1.09 1.94 0.00 3.03 —0.03
Tia(Alogzs Ago.125)C C 147 3.28 0.00 476 ~0.76
Ag 0.76 1.02 9.70 11.48 —0.48

To clarify the changes of bond length and strength before and after the substitution of
Ag for Alin the Tip AlC, it is prerequisite to analyze the Mulliken bond overlap population.
The higher the overlap population, the stronger the covalency of interatomic bonds will
be. A strong ionic bond will be produced when the overlap population is approaching to
zero. When the overlap population is zero, an ideal ionic bond emerges [34]. Table 3 lists
the Mulliken bond overlap populations of the Tip AIC and Tiy(Alp g75,A80.125)C supercells.
In the Ti; AIC supercell, the overlap population and bond length of Ti-C bond are 0.39 and
2.10798 A, respectively. The high overlap population indicates the Ti-C bond has a stronger
covalency. The overlap population of Ti-Ti bond is close to zero with the bond length of
2.89219 A, implying the adjacent Ti atoms form a metallic bond with the aid of sharing
a small number of electrons. The overlap population of Al-Ti bond is 0.30, indicating a
covalent bond between them. However, the Al-Ti bond has a larger bond length (2.89517 A)
as well as the charge between them has no directionality. It can be then concluded that
the Al-Ti bond does not belong to a pure covalent bond, and a weak bond such as Van der
Waals force occurs between them [35]. After the substitution of Ag for Al, the Ti-Ag bond
will be produced. Compared to the Al-Ti bond, it can be demonstrated from Table 3 that
the Ti-Ag bond has a smaller overlap population and larger bond length, suggesting that
the Ti-Ag bond is weaker than the Ti-Al bond. During the transition from the Al-Ti bond to
the Ti-Ag bond, the decrease in overlap population drove the electrons filling 34 orbits of
Ti. The overlap population of the Ti-Ti bond close to the Ag atoms is therefore increased
from 0.04 to 0.09.
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Table 3. Mulliken bond overlap populations of Tip AIC and Tiy(Alg g75,Ag0.125)C supercells.
Supercell Bond Population Length (A)
C-Ti 0.39 2.10798
Ti, AIC Ti-Ti 0.04 2.89219
Al-Ti 0.30 2.89517
C 004-Ti 002 0.41 2.10481
. Ti 002-Ti 008 0.09 2.89508
Tia(Alo.s75,A80.125)C Al 005-Ti 009 0.29 2.89347
Ti 006-Ag 001 0.11 2.93873

It has been reported from Table 3 that the bond length of Ti-Ag bond was greater than
Al-Ti bond, which should be responsible for the increased supercell parameter of c of the
Tip(Aly_y,Agy)C. Similarly, the supercell parameters of 2 and b exhibited almost no change
because the Ti-C bond was less unaffected (both of the overlap population and bond length)
during the substitution. The replacement of Al-Ti bond with a weaker Ti-Ag bond should
be responsible for the decline of structural stability of the Tiy(Al;_,,Agy)C. In addition,
it has been mentioned that electrical conductivity of the Ti; AIC was enhanced after the
substitution, which should be ascribed to the filling of Ti d orbital electrons. Apart from the
contribution of Ag 4d orbital electrons toward the electrical conductivity, the replacement
of Al-Ti bond with Ti-Ag bond generated excess electrons filling the Ti d orbits, likewise
enhancing the electrical conductivity.

3.2. Crystal Structure and Stability of the (Ti;_,, Agy)2AIC

Figure 6 displays the models of (Ti; —,,Agy)2 AlC (y = 0.0625, 0.125) supercells, in which
the number of Ti substituted is 1 and 2, respectively. It can be observed from the figure
that the substitution of Ag for Ti is also preferentially carried out in one Ti atomic layer,
similar to the substitution behavior of Ag for Al. Table 4 presents the calculation results
after geometrical optimization. With increasing the substitution ratio of Ag for Ti, the
supercell parameters of a and b increase negligibly. In addition, the value of c first increases
and then decreases, but it exhibits an upward trend. For the case of 2 Ti atoms substituted,
the supercell parameters of a and b show different. Similar to the substitution of Ag for Al,
the symmetry of Ti; AIC will also be distorted when a certain substitution ratio of Ag for
Ti has been reached. The volume of supercells shows an increased trend. In addition, the
total energy, formation energy, and cohesion energy increase as the Ag substitution ratio
increases, indicating the decline of structural stability of the Ti, AlIC.
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Figure 6. Models of the (Ti;—y,Agy)2AlC supercells with different substitution ratios of Ag for Ti:
(@) (Tig.9375,A80.0625)2A1C; (b) (Tio.875,A80.125)2 AIC.
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Table 4. Effect of substitution ratio of Ag for Ti on lattice structure and stability of (Tij—,, Agy)>AlC supercells.
Supercell Supercell Parameter (A) Volume Etot E¢ Econ
a b c (A3) (eV) (eV) (eV)
Tip AIC 6.136 6.136 13.733 447.747 —27,380.253 —6.735 —0.767
(Tig.9375,A80.0625)2A1C 6.141 6.141 13.816 451.211 —26,801.127 —6.500 —0.652
(Tip.875,A80.125)2 AlC 6.169 6.163 13.761 452.959 —26,222.551 —6.344 —0.554

Figure 7 describes the TDOS of the Ti; AlC and (Ti;—,,Agy)> AlC supercells. As the
substitution ratio of Ag for Ti increases, the height and width of Ti d-C s hybridized
peak show also no change. For the Ti d-C p and Ti d-Ag s hybridized peaks, however,
their height and width increase significantly. The fact indicates that the Ti d-C s bond is
almost unaffected by the substitution, whereas the Ti d-C p hybridization is enhanced with
increasing the substitution ratio of Ag for Ti. The position of pseudogap formed by Ti d-Al
p hybridization deviates from Ef, indicating the decrease in structural stability, which is
consistent with the calculation results of formation and cohesive energies listed in Table 4.
With increasing the substitution ratio of Ag for Ti, the DOS at Er first increases and then
remains constant, which should be ascribed to the substitution of Ag for Ti weakens the
contribution of Ti d orbital electrons toward the DOS at Ef. It should be mentioned that the
contribution of Ag 4d orbital electrons toward the DOS at Er is greater than the loss of Ti d
orbital electrons. Therefore, the electronic conductivity of (Ti;—,,Agy)> AlC supercells will
also be improved, compared to the Ti, AlC.
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Figure 7. TDOS of the (Ti; —;,Agy)2AlC supercells with different substitution ratios of Ag for Ti.

Table 5 lists the Mulliken bond overlap populations of the (Ti;,, Agy)2AlC supercells.
For the (Tig9375,A80.0625)2AlC, the over population of the Ti-C bond increases from 0.39 to
0.44, implying an increase in the strength of the covalent bond. It can also be seen that the
overlap population of the Al-Ti bond decreases, meaning a decrease in bond strength. The
overlap population of part of the Ti-Ti bonds is —0.03, belonging to an anti-bond state. The
transformation from a positive bond state to an anti-bond state for the Ti-Ti bond indicates
the decline in structural stability of the (Tig 9375,A80.0625)2AlC. Besides that, part of the C-C
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bonds with an anti-bond state has the overlap population of —0.09, which is also adverse
to the structural stability. It is interesting to note that Ag atoms are hybridized with Al and
C atoms in the structure. Similar to the Al-Ti bond, the overlap population and bond length
of the Ag-Al bond is calculated to be 0.33 and 2.69190 A, respectively. The Ag-C bond
has the overlap population of 0.20 and bond length of 2.46208 A, which is weaker than
the Ti-C bond. The emergence of Ag-Al and Ag-C bonds indicates that Ag as a transition
element substituted for Ti in the Ti;AlC, and produced the bonding with Al and C atom,
respectively. It should be noted that the supercell parameters a and b in the Tip AIC would
be governed by the Ti-C bond [36]. After substitution, the bond length of Ag-C (2.46208 A)
was greater than Ti-C (2.08314 A). At the same time, the combination of Ti-Ti and C-C
anti-bonds made the bond length increase further. Therefore, the supercell parameters of a
and b increased. The Al-Ti bond was the key factor in determining the supercell parameter
of c of the Ti; AlC. The Ag-Al bond in (Tig9375,A80.0625)2AlC and Al-Ti bond in Tip AlIC had
similar bond strength and length, which further demonstrates that the substitution of Ag
for Ti had a negligible impact on the supercell parameter of ¢, being consistent with the
calculated results of the supercell parameters listed in Table 4.

Table 5. Mulliken bond overlap populations of the Tip AlC and (Ti; —y,Agy)2AlC supercells.

Supercell Bond Population Length (A)
C-Ti 0.39 2.10798
Tip AIC Ti-Ti 0.04 2.89219
Al-Ti 0.30 2.89517
C 003-Ti 012 0.44 2.08314
Ti 001-Ti 010 0.01 2.87822
Ti 008-Ti 014 —0.03 2.93187
(Tio.9375,A80.0625)2 AIC Al 003-Ti 006 0.24 2.94647
Al 001-Ag 001 0.33 2.69190
C 001-C 003 —0.09 2.94155
C 001-Ag 001 0.20 2.46208
C003-Ti 011 0.47 2.01204
C 003-Ti 004 0.50 2.05016
Ti 001-Ti 009 —0.02 2.85133
Ti 007-Ti 009 —0.05 292157
. A1 002-Ti 001 0.24 2.93558
(Tio 75, Ag0125)2A1C A1 001-Al 007 0.23 2.96005
C 001-Ag 001 0.21 2.44407
C 007-Ag 001 0.24 242123
Al 005-Ag 001 0.36 2.74509
C 003-C 005 —0.09 2.92041

In the (Tip g75,A80.125)2AlC) structure near to the Ag atoms, the Ti-C bond hybridiza-
tion is enhanced with increasing the substitution ratio of Ag for Ti, whereas the Al-Ti bond
hybridization is weakened. The Ag-C bond, Ag-Al bond, and Ti-Ti anti-bond are strength-
ened. The C-C anti-bond is not strengthened, but its number increases. It is interesting to
discover that the Al-Al bond happens in the (Tip g75,Ag0.125)2A1C with the population of
0.23 and bond length of 2.96005 A, but it does not appear in the original Ti,AIC. The charge
transfer of Ag atoms during bonding should be responsible for the overlap population of
the Al-Al bond. Due to the substitution behavior of Ag for Ti, the replacement of Ag-C
bond for Ti-C bond and formation of Ti-Ti and C-C anti-bonds reduced the structural
stability, becoming the key factor in restricting the substitution ratio of Ag for Ti.

When Ag substituted for Al in the Ti AlC, the bonding behavior of Ag was similar to
that of Al, which produced the Ti-Ag bond adjacent to Ti atoms with the overlap population
of 0.11 and bond length of 2.93873 A (for the Tip (Al s75,A80.125)C). Nevertheless, the bond-
ing behavior of Ag was similar to that of Ti (a transition element) when Ag substituted for
Ti, giving rise to the Ag-Al and Ag-C bonds in adjacent positions. The overlap population
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and bond length of the Ag-Al bond were 0.33 and 2.69190 A, respectively, while the overlap
population and bond length of the Ag-C bond were 0.20 and 2.46208 A, respectively (for
the (Tig.9375,A80.0625)2A1C). Compared to the Ti-Ag bond by Ag substituting for Al, the
Ag-Al and Ag-C bonds driven by the substitution of Ag for Ti had a shorter bond length
and stronger bond strength. That is, Ag would preferentially substitute for Ti in the Ti; AlC.

4. Conclusions

In the present work, the first-principles calculations were introduced to investigate the
influence of Ag substitution for Al or Ti on structure and stability of the Ti; AIC MAX phase
ceramic. The supercell parameter, formation and cohesive energies, density of state, and
overlap population were evaluated during the substitution. The significant conclusions
were drawn:

1. Agcould substitute for Al or Ti in Ti; AIC. With increasing the substitution ratio of Ag
for Al the supercell parameters of a and b of the Tip(Al;_,,Agy)C supercell showed
almost no change, as well as the value of c increased slightly. For the volume of the
supercell, it first increased and then decreased. The supercell parameters of 2 and b
of the (Ti;—,,Agy)2AlC supercell also exhibited no obvious change with increasing
the substitution ratio of Ag for Ti. However, the value of c first increased and then
decreased, while the volume of the supercell increased continuously. In general, for
the compound containing more Ag, the symmetry of the hexagonal Ti, AlC crystal
structure would be distorted. The formation and cohesive energies of the systems
exhibited an increasing trend after the substitution of Ag for Al or Ti, suggesting the
decline in structural stability of the Ti, AIC. Lastly, the substitution always occurred
preferentially in one atomic layer.

2. The substitution limit of Ag for Al was calculated to be 12.5% for the Tip(Al;_,,Agyx)C
supercell without ruining lattice stability. During substitution, the bonding behav-
ior of Ag atoms was similar to that of Al atoms. The original Al-Ti bond (over-
lap population: 0.30) was replaced by a weaker Ti-Ag bond (overlap population:
0.11), which should be responsible for the decline of the structural stability of the
Tip (Al 875,Ag0.125)C. The replacement of Al-Ti bond by Ti-Ag bond generated excess
electrons filling Ti d orbits, strengthening the Ti-Ti bond. The contribution of Ag 44
orbital electrons toward the DOS at Er coupled with the filling of Ti d orbital electrons
improved electrical conductivity of the Tiy(Alg75,Ag0.125)C significantly, compared
to the original Ti; AIC.

3.  When Ag substituted for Ti in the Ti;AlC, the bonding behavior of Ag atoms was
similar to that of Ti atoms, which would give rise the Ag-Al and Ag-C bonds. In
addition, the original Al-Ti bond became weaker as well as new Ti-Ti and C-C anti-
bonds were generated (the anti-bonds became weaker with increasing the substation
ratio) after substitution, being responsible for the decline of the structural stability.
The compensation effect of Ag 4d orbital electrons toward electrical conductivity of
the (Ti;—,,Agy)2AIC was greater than the loss of Ti d orbital electrons driven by the
substitution of Ag for Ti, improving the electrical conductivity. Through comparing
the Ti-Ag bond for the substitution of Ag for Al with Ag-Al and Ag-C bonds for the
substitution of Ag for Ti, it can be concluded that Ag atoms preferentially substituted
for Ti atoms in the Ti, AIC.

Author Contributions: Conceptualization, J.Z. (Jie Zhang) and Y.H.; investigation, W.C. and J.Y,;
writing—original draft preparation, G.W. and J.Z. (Jiahe Zhou); writing—review and editing, Y.H.
and J.Z. (Jiahe Zhou). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Primary Research & Development Plan of Zhejiang
Province (Gran no. 2021C01178), National MCF Energy R&D Program (Gran no. 2019YFE03100400),
and National Natural Science Foundation of China (grant number 52175368 and 51975530).

Institutional Review Board Statement: Not applicable.



Materials 2021, 14, 7068 11 of 12

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barsoum, M.W. The M1 AXy phases, A new class of solids; thermodynamically stable nanolaminates. Prog. Solid State Chem.
2000, 1, 201-281. [CrossRef]

2. Gupta, S.; Barsoum, M.W. On the tribology of the MAX phases and their composites during dry sliding, A review. Wear 2011, 9,
1878-1894. [CrossRef]

3. Eklund, P; Rosen, J.; Persson, PO.A. Layered ternary M, ;1 AX; phases and their 2D derivative MXene, An overview from a
thin-film perspective. J. Phys. D Appl. Phys. 2017, 11, 113001. [CrossRef]

4. Sun, Z.M. Progress in research and development on MAX phases, A family of layered ternary compounds. Int. Mater. Rev. 2011,
3, 143-166. [CrossRef]

5. Smialek, J.L. Kinetic aspects of Ti;AIC MAX phase oxidation. Oxid. Met. 2015, 83, 351-366. [CrossRef]

6.  Gupta, S.; Filimonov, D.; Palanisamy, T.; Barsoum, M. Tribological behavior of select MAX phases against Al,O3 at elevated
temperatures. Wear 2008, 3, 560-565. [CrossRef]

7. Wang, X.H.; Zhou, Y.C. Layered machinable and electrically conductive Tip AlC and TizAlC; ceramics, A review. J. Mater. Sci.
Technol. 2010, 5, 385-416. [CrossRef]

8. Bai, Y.L.; He, X.D.; Zhu, C.C.; Chen, G.Q. Microstructures, electrical, thermal, and mechanical properties of bulk Ti; AIC
synthesized by self-propagating high-temperature combustion synthesis with pseudo hot isostatic pressing. J. Am. Ceram. Soc.
2012, 1, 358-364. [CrossRef]

9.  Hoffman, E.N.; Vinson, D,; Sindelar, R.; Tallman, D.; Kohse, G.; Barsoum, M. MAX phase carbides and nitrides, Properties for
future nuclear power plant in-core applications and neutron transmutation analysis. Nucl. Eng. Des. 2012, 244, 17-24. [CrossRef]

10. Barsoum, M.W,; Salama, I.; El-Raghy, T.; Golczewski, J.; Seifert, H.].; Aldinger, F.; Porter, W.D.; Wang, H. Thermal and electrical
properties of Nby AIC, (Ti, Nb), AlC and Ti, AIC. Metall. Mater. Trans. A 2002, 33, 2775-2779. [CrossRef]

11. Meng, E; Zhou, Y.C.; Wang, ].Y. Strengthening Ti, AIC by substituting Ti with V. Scr. Mater. 2005, 53, 1369-1372. [CrossRef]

12.  Rosen, J.; Persson, P.O.A.; Ionescu, M.; Kondyurin, A.; McKenzie, D.R.; Bilek, M.M. Oxygen incorporation in Tiy AIC thin films.
Appl. Phys. Lett. 2008, 6, 64102. [CrossRef]

13. Lu, CJ,; Piven, K,; Qi, Q.; Zhang, J.; Hug, G.; Jankowiak, A. Substitution behavior of Si atoms in the Ti; AIC ceramics. Acta Mater.
2018, 144, 543-551. [CrossRef]

14. Liu, KX Li, YJ.; Yang, ].G.; Liu, Y.; Yao, Y. Generative principal component thermography for enhanced defect detection and
analysis. IEEE Trans. Instrum. Meas. 2020, 10, 8261-8269. [CrossRef]

15. Hug, G.; Jaouen, M.; Barsoum, M. X-ray absorption spectroscopy, EELS, and full-potential augmented plane wave study of the
electronic structure of Tip AlC, Ti; AIN, Nb, AIC and (Tig 5Nbg 5)» AlC. Phys. Rev. B 2005, 2, 24105. [CrossRef]

16. Zhou, Y.C; Meng, FL.; Zhang, ]. New MAX-phase compounds in the V-Cr-Al-C system. J. Am. Ceram. Soc. 2008, 4, 1357-1360.
[CrossRef]

17. Ma, Y,; Huang, X.W.,; Hang, W,; Liu, M,; Song, Y.X,; Yuan, J.L.; Zhang, T.H. Nanoindentation size effect on stochastic behavior of
incipient plasticity in a LiTaOj3 single crystal. Eng. Fract. Mech. 2020, 226, 106877. [CrossRef]

18. Dahlqvist, M.; Alling, B.; Abrikosov, I.A.; Rosén, J.; Dahlqvist, M. Phase stability of Ti, AIC upon oxygen incorporation, A
first-principles investigation. Phys. Rev. B 2010, 2, 24111. [CrossRef]

19. Wang, J.Y.; Zhou, Y.C. Ab initio elastic stiffness of nano-laminate (MyM’;_)AIC (M and M’ = Ti, V and Cr) solid solution. J. Phys.
Condens. Matter 2004, 16, 2819-2827. [CrossRef]

20. Ahuja, R; Schneider, ].M.; Sun, Z. Theoretical investigation of the solubility in (M,M";_,)AIC (M and M’ = Ti, V, Cr). Phys. Rev. B
2003, 22, 224112. [CrossRef]

21. Liao, T.; Wang, J.Y.; Zhou, Y.C. First-principles investigation of intrinsic defects and (N, O) impurity atom stimulated Al vacancy
in Tip AIC. Appl. Phys. Lett. 2008, 26, 261911-261913. [CrossRef]

22.  Barsoum, M.W.,; El-Raghy, T.; Ali, M. Processing and characterization of Tip AlC, Ti; AIN, and Tip AlC( 5N 5. Metall. Mater. Trans.
A 2000, 7, 1857-1865. [CrossRef]

23. Wang, G.C,; Fan, G.H.; Zhang, J.; Wang, T.P; Liu, X.W. Microstructure evolution and brazing mechanism of Tip AIC-Ti, AIC joint
by using pure-silver filler metal. Ceram. Int. 2015, 6, 8203-8210. [CrossRef]

24. Lu,CJ.;Wang, G.C,; Yang, G.; Fan, G.H.; Zhang, J.; Liu, X.W. Substitution behavior of Ag atoms in the Ti; AIC ceramic. J. Am.
Ceram. Soc. 2017, 2, 732-738. [CrossRef]

25.  Kohn, W.; Hohenberg, P. Inhomogeneous electron gas. Phys. Rev. 1964, 136, B864-B871. [CrossRef]

26. Segall, M.D.; Lindan, PJ.D.; Probert, M.].; Pickard, C.J.; Hasnip, PJ.; Clark, S.J.; Payne, M.C. First-principles simulation, Ideas,
illustrations and the CASTEP code. J. Phys. Condens. Matter 2002, 11, 2717-2744. [CrossRef]

27. Wang, ].Y;; Zhou, Y.C,; Liao, T.; Zhang, J.; Lin, Z.]. A first-principles investigation of the phase stability of Ti, AIC with Al vacancies.

Scr. Mater. 2008, 3, 227-230. [CrossRef]


http://doi.org/10.1016/S0079-6786(00)00006-6
http://doi.org/10.1016/j.wear.2011.01.043
http://doi.org/10.1088/1361-6463/aa57bc
http://doi.org/10.1179/1743280410Y.0000000001
http://doi.org/10.1007/s11085-015-9526-7
http://doi.org/10.1016/j.wear.2007.11.018
http://doi.org/10.1016/S1005-0302(10)60064-3
http://doi.org/10.1111/j.1551-2916.2011.04934.x
http://doi.org/10.1016/j.nucengdes.2011.12.009
http://doi.org/10.1007/s11661-002-0262-7
http://doi.org/10.1016/j.scriptamat.2005.08.030
http://doi.org/10.1063/1.2838456
http://doi.org/10.1016/j.actamat.2017.11.002
http://doi.org/10.1109/TIM.2020.2992873
http://doi.org/10.1103/PhysRevB.71.024105
http://doi.org/10.1111/j.1551-2916.2008.02279.x
http://doi.org/10.1016/j.engfracmech.2020.106877
http://doi.org/10.1103/PhysRevB.81.024111
http://doi.org/10.1088/0953-8984/16/16/006
http://doi.org/10.1103/PhysRevB.68.224112
http://doi.org/10.1063/1.3058718
http://doi.org/10.1007/s11661-006-0243-3
http://doi.org/10.1016/j.ceramint.2015.03.040
http://doi.org/10.1111/jace.14561
http://doi.org/10.1103/PhysRev.136.B864
http://doi.org/10.1088/0953-8984/14/11/301
http://doi.org/10.1016/j.scriptamat.2007.09.048

Materials 2021, 14, 7068 12 of 12

28.

29.
30.

31.

32.

33.

34.

35.

36.

Baben, M.; Shang, L.; Emmerlich, J.; Schneider, ].M. Oxygen incorporation in My AIC (M = Ti, V, Cr). Acta Mater. 2012, 12,
4810-4818. [CrossRef]

Pack, ].D.; Monkhorst, H.]J. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 12, 5188-5192. [CrossRef]

He, X.D.; Bai, Y.L.; Chen, Y.; Zhu, C.C.; Li, M.W,; Barsoum, M.W. Phase stability, electronic structure, compressibility, elastic and
optical properties of a newly discovered Ti3SnCy: A first-principle study. J. Am. Ceram. Soc. 2011, 94, 3907-3914. [CrossRef]

He, X.D,; Bai, Y.L.; Zhu, C.C.; Sun, Y.; Li, M.W,; Barsoum, M.W. General trends in the structural, electronic and elastic properties
of the M3AIC, phases (M = transition metal): A first-principle study. Comp. Mater. Sci. 2010, 49, 691-698. [CrossRef]

Bai, Y.L.; He, X.D.; Sun, Y.; Zhu, C.C.; Li, M.W.; Shi, L.P. Chemical bonding and elastic properties of TizAC, phases (A = Si, Ge,
and Sn): A first-principle study. Solid State Sci. 2010, 12, 1220-1225. [CrossRef]

He, X.D,; Bai, Y.L.; Li, Y.B.; Zhu, C.C.; Li, M.W. Ab initio calculations for properties of MAX phases Ti,InC, ZrpInC, and Hf,InC.
Solid State Commun. 2009, 149, 564-566. [CrossRef]

Shah, R.; Pickard, C.J.; Payne, M.C.; Segall, M.D. Population analysis of plane-wave electronic structure calculations of bulk
materials. Phys. Rev. B 1996, 23, 16317-16320. [CrossRef]

Wilhelmsson, O.; Palmquist, J.P,; Jansson, U.; Mattesini, M.; Li, S.; Ahuja, R.; Eriksson, O.; Magnuson, M. Electronic structure and
chemical bonding in Ti AIC investigated by soft x-ray emission spectroscopy. Phys. Rev. B 2006, 19, 195108. [CrossRef]

Tan, J.; Han, H.; Wickramaratne, D.; Liu, W.G.; Zhao, M.W.; Huai, P. A comparative first-principles study of the electronic,
mechanical, defect and acoustic properties of Ti, AIC and TizAIC. J. Phys. D Appl. Phys. 2014, 4721, 215301. [CrossRef]


http://doi.org/10.1016/j.actamat.2012.05.011
http://doi.org/10.1103/PhysRevB.16.1748
http://doi.org/10.1111/j.1551-2916.2011.04593.x
http://doi.org/10.1016/j.commatsci.2010.06.012
http://doi.org/10.1016/j.solidstatesciences.2010.03.007
http://doi.org/10.1016/j.ssc.2008.12.047
http://doi.org/10.1103/PhysRevB.54.16317
http://doi.org/10.1103/PhysRevB.74.195108
http://doi.org/10.1088/0022-3727/47/21/215301

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Crystal Structure and Stability of the Ti2(Al1-x, Agx)C 
	Crystal Structure and Stability of the (Ti1-y, Agy)2AlC 

	Conclusions 
	References

