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Quaternary carbide TizNiAl,C ceramics has been investigated as a potential nuclear fusion structural material, and
it has advantages in certain aspects compared with Ti; AlC, TizAlC,, and Ti3SiC; structural materials. In this paper,
quaternary carbide Ti3NiAl,C ceramics is pressurized to investigate its structural, mechanical, electronic properties, and
Debye temperature. Quaternary carbide Ti3NiAl,C ceramics still maintains a cubic structure under pressure (0—110 GPa).
At zero pressure, quaternary carbide Ti3NiAl,C ceramics only has three bonds: Ti—Al, Ni-Al, and Ti—C. However, at
pressures of 20 GPa, 30 GPa, 40 GPa, 60 GPa, and 70 GPa, new Ti—Ni, Ti-Ti, Al-Al, Ti—Al, and Ti-Ti bonds form. When
the pressure reaches 20 GPa, the covalent bonds change to metallic bonds. The volume of quaternary carbide Ti3NiAl,C
ceramics can be compressed to 72% of its original volume at most. Pressurization can improve the mechanical strength
and ductility of quaternary carbide Ti3NiAl,C ceramics. At 50-60 GPa, its mechanical strength can be comparable to pure
tungsten, and the material changes from brittleness to ductility. However, the degree of anisotropy of quaternary carbide
Ti3zNiAl,C ceramics increases with the increasing pressure. In addition, we also investigated the Debye temperature,
density, melting point, hardness, and wear resistance of quaternary carbide Ti3NiAl,C ceramics under pressure.

Keywords: quaternary carbide TizNiAl,C ceramics, structural properties, mechanical properties, electronic

properties, Debye temperature, first-principles

PACS: 62.20.—x, 62.20.de, 62.20.fk, 62.20.mj

1. Introduction

M,,+1AX,, phases (M represents the early transition metal
of B group, n represents 1/2/3, A stands for an element of
A group, and X is C or N) have both metallic and ceramic
properties with its hexagonal close-packed structure, which
have attracted great interest from researchers due to its ex-
cellent performances such as high melting point, high tem-
perature stability, high temperature resistant to oxidation, high
corrosion resistance, high elastic modulus, significant machin-
ability, excellent resistant to thermal shock, good thermal
and electrical conductivity, low density and micro-ductility
at room temperature.!'"1% In addition, M, AX, phases
also exhibit good radiation resistance,!!! especially at high

(12-15] and are considered as a potential structural

temperatures,
material for nuclear fission and fusion reactors.!!6-13! In the
M, +1AX,, phases, many materials have been studied, such as
Ti, AIC, 19201 Tiz A1C, 21221 and Ti3SiC, 2324 compounds.
On the other hand, the composite carbides of TipA1C and
Ti3A1C formulations have high efficiency when used as abra-
sives for glass polishing. With nickel proposed as a possi-

ble binder, the research on the Ti—-Ni—-Al-C quaternary sys-

DOI: 10.1088/1674-1056/abca20

tem began to arouse the interest of researchers. The quater-
nary system: titanium-nickel-aluminum-carbon (Ti3NiAl,C)
was established for 1100 °C (quench), and a quaternary 1-
carbide with a lattice parameter of a = 11.40-11.463 A was
found to exist.[?>) The H-phase Ti>AIC and the perovskite
phase TizAIC are no longer stable in the presence of minor
amounts of nickel.[*>! Cubic TizNiAl,C compounds as qua-
ternary carbide ceramics!>! may also have the characteristics
of the M1 AX,, phases. So far, however, this material has not
been further investigated, especially in theory.

In addition, high pressure can cause a material to undergo
phase changes that change its chemical and physical prop-
erties, such as structural, mechanical, thermodynamic, opti-
cal, electronic, and magnetic properties.?°=1 At the same
time, computational materials science can be used to inves-
tigate the structure performance relationship and design ma-
terials since the traditional experimental design is expensive
and time-consuming. Computer simulation can improve the
chemical and physical properties of specific compounds and
greatly reduce the number of components to be prepared and

characterized. [36-43]
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In this paper, our purpose is to improve the chemical and
physical properties of cubic Ti3NiAl,C compounds through
pressurization based on density functional theory. Therefore,
we focus on investigating the effect of pressure on the mechan-
ical properties of quaternary carbide TizNiAl,C ceramics.

2. Model and computational details

Figure 1 shows the crystal structure of cubic TizNiAl,C
compounds, which belongs to the Fd-3m space group. The
model of cubic Ti3NiAl,C compounds consists of 112 atoms,
which including 16 C, 32 Al, 16 Ni, and 48 Ti atoms. The
valence electron of C, Al, Ni, and Ti atoms is C-2522p2, Al-
3s23p!, Ni-4s?3d®, and Ti-4s>3d?, respectively. Using VASP
software, the first principles method according to density func-
tional theory (DFT) along with the plane-wave pseudopoten-
tial is used to complete the current calculations.***3] Accord-

461 it can

ing to the projector augmented wave method (PAW), |
characterize the relationship between core ions and valence
electrons. The generalized gradient approximation (GGA) of
Perdew and Wang (PWO91) is used to calculate the exchange-
correlation potentials.[*”] 3 x 3 x 3 Monkhorst—Pack meshes
as sampling k-point in Brillouin-zone.[*8) All calculated plane
wave cutoff energy is set to 430 eV, and further increasing the
cutoff energy has little effect on the energy. Gaussian smear-
ing method is used for all calculations, and its smearing width
is 0.05 eV.

According to the relationship between pressure and vol-
ume, the Birch—-Murnaghan equation of state (EOS) can be

28,35,49]
()]
x{1+iw6—@[<?>§—4}, (1)

where P is the pressure, Vj is the volume at 0 GPa, V is the vol-

expressed as!

Wi

3By

ume at different pressures, By is the bulk modulus at 0 GPa, B6
is the derivative of bulk modulus to pressure at 0 GPa. The By
and By, are obtained by the following relations:

(0P , (9B
Bo=-v (av) Bo= (ap) @

According to Voigt—Reuss—Hill averaging scheme, 5031

a series of required mechanical parameters can be obtained
by fitting the elastic constants, such as bulk modulus (B),
Young’s modulus (E), shear modulus (G), Poisson’s ratio (V),
anisotropy coefficients (A), and Cauchy pressure (C'). The
equation constructed can be expressed as

B = (Ci1+2C12)/3, (3)
Gy = Cll_C152+3C44, @)
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Debye temperature (@p) is an important parameter for
studying the thermodynamic properties. Therefore, it is nec-
essary to explore the Debye temperature of quaternary carbide
Ti3NiAl,C ceramics at different pressures. Debye temperature

can be expressed as>¥

o= | am (%22)] (an
ks

ar m

where kg is the Boltzmann constant, h is the Planck constant,
Ny is the Avogadro number, p is the mass density, m is the
molecular weight, n is total number of atoms per formula, and
v is the average sound velocity.

The average sound velocity (vy) can be acquired by the

following equation:>*!

1

1/2 1 3
m= ==+~ , 12
’ [3(&*@” (12)

where v is the longitudinal sound velocity and vy is the shear
sound velocity, which can be calculated based on the B and G.
The equation constructed is as follows: >3]

v =(G/p)?, (13)
1
3B+4G\ 2

V= (;;) ) . (14)

3. Results and discussion
3.1. Structural properties

As shown in Fig. 1, we pressurized and optimized the
crystal structure of quaternary carbide TizNiAl,C ceramics
with a pressure range of 0—110 GPa and an interval of 10 GPa.
At the same time, the optimized atomic positions and crystal
configurations are used as the model for the study of mechan-
ical properties.

Table 1 lists the cell volumes and lattice constants of
quaternary carbide Ti3NiAl,C ceramics at different pressures.
The lattice constant 11.454 A calculated for cubic Ti3NiAl,C
ceramics at zero pressure is consistent with the experimental
values 11.40-11.463 A,[?3 which indicates that our calcula-
tions are reliable. The TizNiAl,C ceramics still maintains a

036202-2
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cubic lattice at different pressures. The lattice constants of
quaternary carbide TizNiAl,C ceramics decrease with the in-
crease of pressure due to the shortened bond lengths, as shown
in Fig. 2.

Table 1. The lattice constants a, b and ¢ (A), volume V (A?) of cubic
TizNiAl,C compounds at different pressures, and the bulk modulus By
(GPa) and its pressure derivative B(, at 0 GPa.

Pressure

(GPa) a b c Vv By Bj, (GPa)
0 11.454 11454 11454 1502.69 164.58 3.47552
10 11.244 11.244 11.244 1421.54
20 11.080 11.080 11.080 1360.35
30 10.939 10.939 10.939 1309.13
40 10.819 10.819 10.819 1266.39
50 10.713 10.713 10.713 1229.41
60 10.617 10.617 10.617 1196.81
70 10.531 10.531 10.531 1167.80
80 10.451 10.451 10.451 1141.42
90 10.380 10.380 10.380 1118.27

100 10.313 10313 10.313 1096.77
110 10.247 10.247 10.247 1075.79

Fig. 1. Crystal structure model of cubic Ti3NiAl,C compounds. Black,
pink, grey, and blue balls are C, Al, Ti, and Ni atoms, respectively.
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Fig. 2. The bond lengths of quaternary carbide TizNiAl,C ceramics at
different pressures.

The bond lengths of quaternary carbide Ti3NiAl,C ce-
ramics decrease with the increasing pressure. At zero pres-
sure, there are three kinds of bonds, namely Ti—Al, Ni—-Al, and
Ti—C bonds. At pressures of 20 GPa, 30 GPa, 40 GPa, 60 GPa,
and 70 GPa, the new bond lengths of Ti—Ni, Ti-Ti, Al-Al, Ti—
Al, and Ti-Ti are produced, respectively. At the same time,
we can see that the Ti—Ti and Ti—Al bonds appear twice in
the process of pressurization. It indicates that pressurization

can lead to the diversity of the bonding of quaternary carbide
TisNiAl,C ceramics.

Based on Egs. (1) and (2), the relationship between vol-
ume and pressure can be expressed by the pressure-volume
curve. At the same time, we can get these results by fitting
the Birch-Murnaghan equation of state. Figure 3 plotted the
pressure-volume curve of quaternary carbide TisNiAlL,C ce-
ramics, and the volume decreases with the increasing pressure.
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100 .\. fitting curve
\
= 80} .
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Fig. 3. Birch-Murnaghan fitting curve of quaternary carbide TizNiAl,C
ceramics based on volume (A%) and pressure (GPa).

The values of bulk modulus By and its derivative 36 are
listed in Table 1. The value of By at 0 GPa is approximate to
the B value in Table 2.

As shown in Fig. 4, we can normalize the lattice constant
and volume of quaternary carbide TizNiAl,C ceramics to in-
vestigate the effect of pressure on the cell structure. We can
see that the normalization constants of the lattice constant and
volume decrease with the increase of pressure. Obviously, the
normalization constant of the volume decreases faster. How-
ever, we can also see that quaternary carbide TizNiAl,C ce-
ramics cannot be compressed endlessly. The reason is that
as the pressure increases, the volume is continuously com-
pressed, and the bond length between atoms is shortened,
which leads to the increase of repulsive force between atoms
and makes the crystal difficult to be compressed. We can see
from Fig. 4 that the volume of quaternary carbide TizNiAl,C
ceramics is compressed to about 72%.

1.00 -

0.95

0.90 -

0.85

0.80

0151 o= (a=b=c)/(ap="bo=co)

070 —®=V/V,

Normalization constant

0 20 40 60 80 100
Pressure (GPa)

Fig. 4. The normalization parameter of the volumes and lattice con-
stants of cubic Ti3NiAl,C compounds at different pressures.
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Table 2. Elastic constants (C;;, in GPa), Young’s modulus (£, in GPa), shear modulus (G, in GPa), bulk modulus (B, in GPa), B /G ratio, Poisson’s ratio
(v), Cauchy pressure (C’, in GPa) and anisotropic coefficients (A) of cubic Ti3NiAl,C compound at different pressures (GPa).

Pressure Ch Cip Cys B G E B/G v c A

0 278.59 105.7 110.88 163.33 101.11 251.43 1.62 0.243 -2.59 1.28
10 334.70 131.52 134.72 199.24 121.47 302.86 1.64 0.247 —1.60 1.33
20 379.38 159.36 155.94 232.70 137.57 344.76 1.69 0.253 1.71 1.42
30 422.37 186.87 176.11 265.37 152.77 384.52 1.74 0.258 5.38 1.50
40 472.57 208.09 193.95 296.25 169.27 426.57 1.75 0.260 7.07 1.47
50 504.02 237.36 212.36 326.24 180.75 457.72 1.81 0.266 12.50 1.59
60 541.22 261.91 228.85 355.01 193.17 490.55 1.84 0.270 16.53 1.64
70 576.46 286.22 244.56 382.97 204.78 521.41 1.87 0.273 20.83 1.69
80 609.99 310.12 259.39 410.08 215.61 550.37 1.90 0.276 25.37 1.73
90 641.54 333.92 273.38 436.46 225.56 577.23 1.94 0.280 30.27 1.78
100 672.17 357.83 287.00 462.61 235.07 603.06 1.97 0.283 35.41 1.83
110 701.56 381.23 299.89 488.01 244.00 627.43 2.00 0.286 40.67 1.87

3.2. Charge transfer

The charge transfer between atoms can reduce the en-
ergy of the compounds to achieve a stable structure. Based
on electronegativity analysis, the Ni and C atoms of quater-
nary carbide TizNiAl,C ceramics can gain charge, while the
Ti and Al atoms can lose charge. Therefore, Ti and Al can
produce positive charges, and C and Ni can produce negative

charges.
3.5)
N e
& 301 —=— Ni
250 —A— Al
s —— Ti
S 20t
5 —0-—00-90-90-900¢9¢090-0-9
% 1.5F
=}
[}
& 1ot
0.5}
1 1 1 1 1 1
0 20 40 60 80 100

Pressure (GPa)

Fig. 5. The transfer charges of quaternary carbide Ti3NiAl,C ceramics
at different pressures.

As shown in Fig. 5, we investigated the effect of pressure
on the charge transfer of quaternary carbide TizNiAl,C ceram-
ics. According to the Bader charge calculation, we can see that
the charge gained by the C atom decreases with the increasing
pressure, but the change is not obvious, and the charge transfer
is relatively stable. The charge gained by Ni atoms obviously
increases with the increasing pressure. Similarly, we can also
clearly know that the charge loss of Ti atom decreases with
the increase of pressure, but the charge loss is not obvious,
and the charge transfer is also relatively stable. However, the
charge loss of Al atom obviously increases with the pressure.
These results show that pressure has a greater effect on the
charge transfer of Ni and Al atoms in cubic TizNiAl,C com-
pounds, but it has a smaller effect on the charge transfer of C
and Ti atoms. How much is the charge transfer? According
to Marcus’s charge transfer theory, it may be caused by orbital
interaction.

3.3. Mechanical properties

Firstly, we fitted the elastic constants of quaternary car-
bide TizNiAl,C ceramics at different pressures, and then ex-
ported the mechanical parameters such as Poisson’s ratio,
Cauchy pressure, elastic modulus, and anisotropic factors
based on the Egs. (3)-(10), as shown in Table 2.

The elastic constant Cj; is often used to characterize the
stiffness of compounds. It can be seen from Table 2 that the
C11 increases with the pressure, indicating that the stiffness of
quaternary carbide Ti3NiAl,C ceramics can be enhanced by
pressurization. C, is generally used to characterize resistance
to lateral deformation. Similarly, it can also be seen that the
C1, increases with the pressure, indicating that pressurization
can also increase resistance to lateral deformation. The reason
is that pressure makes the bond length shorter, the interaction
between atoms is strengthened, and the bond energy also in-
creases, leading to an improvement of the mechanical proper-
ties of quaternary carbide TizNiAl,C ceramics. At the same
time, as shown in Table 2, we can also see that the elastic con-
stants of quaternary carbide Ti3NiAl,C ceramics at 50-60 GPa
are equivalent to that of pure tungsten (Tungsten is considered
the most promising first wall material).[¢-66]

In addition, the relations (Cy; — Ci2) > 0, C11 > 0, Cag >
0, (C;1 +2Cpp) >0 (671 serves as the criterion for determin-
ing the mechanical stability of cubic systems. We can deduce
that the elastic constants of quaternary carbide TizNiAl,C ce-
ramics at different pressures obviously meet the stability cri-
teria. It indicates that these structures are mechanically stable.
Meanwhile, the phonon dispersion of cubic TizNiAl,C ceram-
ics (the primitive cell with 28 atoms) at zero pressure is calcu-
lated based on density functional perturbation theory (DFPT),
as shown in Fig. 6. It is obvious that cubic TizNiAl,C ceram-
ics is dynamically stable.

Bulk modulus is generally used to evaluate the material’s

[68.69] We can

resistance to deformation under external forces.
see from Table 2 that the bulk modulus of quaternary carbide
TisNiAl,C ceramics increases with the increasing pressure,
indicating that pressurization can improve the ability to re-

sist deformation. At the same time, it is found that the bulk
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modulus (163.3 GPa) at zero pressure is higher than Ti; AIC
(135.8 GPa)!®?! and Ti3AIC, (156.2 GPa)!®?! ceramics but
lower than Ti3SiC, (185.3 GPa)!%! ceramics, which means
that cubic TizNiAl,C ceramics has certain advanced proper-
ties. Shear modulus is generally used to characterize the ma-
terial’s resistance to shear deformation.[%8%%1 We can also see
from Table 2 that the shear modulus increases with the pres-
sure, indicating that pressurization can improve the ability of
quaternary carbide Ti3NiAl,C ceramics to resist shear defor-
mation. Young’s modulus corresponds to that of Cj;, which
also characterizes the stiffness of materials. Similarly, we can
also see from Table 2 that Young’s modulus increases with the

pressure, which is equivalent to the conclusion of Cy;.

18

15

12F

Frequency (THz)

‘Wave vector

Fig. 6. The phonon dispersion curves of cubic Ti3NiAl,C ceramics at
zero pressure is calculated based on DFPT.

According to the Pugh theory,!®! the (B/G) ratio can
characterize the ductile and brittle behavior of solid materi-
als. 1.75 is usually used to determine whether a material is
ductile or brittle. We can see from Table 2 that the B/G
value increases with the increase of pressure, indicating that
pressurization can improve the ductility of quaternary car-
bide TizNiAl,C ceramics.
see that the B/G values are all lower than 1.75 when the
pressure is below 40 GPa, indicating that quaternary carbide

At the same time, we can also

Ti3NiAl,C ceramics has a brittle phase. However, the brittle
phase of the cubic TizNiAl,C compound changes from brit-
tle to ductile when the pressure reaches 40 GPa. This excel-
lent performance is not available in M,,;1AX,, phases, such
as Tip AIC,17%) TizA1C,,7%71 and Ti3SiC, " compounds at
different pressures, which fully reflects the advanced nature
of quaternary carbide Ti3NiAl,C ceramics. Poisson’s ratio is
generally used to evaluate the plasticity of solid materials. The
quality of plasticity is proportional to Poisson’s ratio.!”?! Obvi-
ously, pressurization can improve the plasticity of quaternary
carbide TizNiAl,C ceramics.

According to the characteristic parameter of Cauchy
pressure, it can be determined whether the material has

metallic or covalent bond behavior. The positive/negative

values of Cauchy pressure indicate that the material has
metallic/covalent bond behavior, respectively, as well as
ductility/brittleness.*®73 As shown in Table 2, we can see that
Cauchy pressure increases with the pressure, indicating that
pressurization can improve the metallic bond behavior of qua-
ternary carbide Ti3NiAl,C ceramics. At the same time, we can
also see that quaternary carbide Ti3NiAl,C ceramics changes
from covalent bond to metallic bond at pressure to 20 GPa.
Eventually, metallic bonds dominate in the quaternary carbide
TizNiAl,C ceramics.

The material’s anisotropy is quantitatively characterized
by the anisotropy factor (A). The values of A generally have
three types: A > 1,A < 1,and A =1. A > 1 or A < 1 indicates
that the material has anisotropy, and the greater the deviation
from 1, the more severe the anisotropy, and A = 1 indicates
that the material is isotropic. We can see from Table 2 that
the A values increase with the pressure, which indicates that
pressurization may aggravate the degree of anisotropy of qua-
ternary carbide Ti3NiAl,C ceramics.

3.4. Electronic properties

To further understand the bonding characteristics of qua-
ternary carbide TizNiAl,C ceramics at different pressures and
investigate the mechanical properties and structural stability
mechanisms, the total density of states (TDOS) of quaternary
carbide Ti3NiAl,C ceramics at different pressures (0 GPa,
50 GPa, 80 GPa, 110 GPa) is plotted in Fig. 7. We can see
from Fig. 7(a) that the TDOS at the Fermi level has no gap,
indicating that quaternary carbide TizNiAl,C ceramics at dif-
ferent pressures exhibits metallic characteristics. We can also
see from Fig. 7(a) that the shape of the TDOS curve changed
slightly, which indicates that the structures of quaternary car-
bide Ti3NiAl,C ceramics at different pressures did not change
drastically, nor did the structural phase change.

However, as the pressure increases, the TDOS of quater-
nary carbide TizNiAl,C ceramics shows a downward trend,
which indicates a decreased inter-atomic hybridization energy
and weaker inter-atomic hybridization. At the same time, we
found that the distance between the valence band and conduc-
tion band of the TDOS widens with the pressure, indicating
that the delocalization of quaternary carbide TizNiAl,C ce-
ramics is enhanced.

In general, the TDOS value at the Fermi level (Df) can
indirectly reflect the hardness of the intermetallic, because the
hardness is inversely proportional to D;.[’+71 As shown in
Fig. 7(b), The D¢ value of quaternary carbide Ti3NiAl,C ce-
ramics at the Fermi level decreases with the increasing pres-
sure, which indicates that the hardness increases with the pres-
sure. It is consistent with the trend of elastic constants in Ta-
ble 2.
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Fig. 7. The total density of states of quaternary carbide Ti3NiAl,C ceramics at different pressures (0 GPa, 50 GPa, 80 GPa, 110 GPa).

The energy is with respect to the Fermi level.

Table 3. Mass density (p, in g-cm~3), Debye temperatures (@p, in K), average wave velocity (vi,), longitudinal sound velocity (v;), shear

sound velocity (vs), melting point (7, in K), and hardness (H, in GPa) of quaternary carbide Ti3NiAl,C ceramics at different pressures.

Acoustic velocity (m-s~1)

Pressure (GPa) P 6p T H H/E H3/E?
Vs Vi Vm
0 4.75 4612 7920 5117 641 2199 14.0 0.056 0.044
10 5.02 4921 8486 5461 697 2231 15.7 0.052 0.042
20 5.24 5123 8910 5689 737 2495 16.5 0.048 0.038
30 545 5296 9280 5885 772 2749 17.3 0.045 0.035
40 5.63 5483 9628 6094 808 3046 18.4 0.043 0.034
50 5.80 5582 9888 6209 832 3232 18.6 0.041 0.031
60 5.96 5694 10139 6336 856 3452 19.1 0.039 0.029
70 6.11 5791 10364 6447 879 3660 19.5 0.037 0.027
80 6.25 5875 10567 6543 898 3858 19.9 0.036 0.026
90 6.38 5948 10752 6626 916 4045 20.1 0.035 0.024
100 6.51 6011 10921 6699 933 4226 203 0.034 0.023
110 6.63 6067 11078 6765 947 4399 20.5 0.033 0.022

3.5. Debye temperature, melting point, and hardness

Debye temperature (Op) comes from the atomic thermal
vibration theory of solids, which corresponds to the highest
frequency of lattice vibration.®p is often used to describe the

35,76,77] It is re-

interatomic bond strength of solid materials.!
lated to many physical quantities of solids, such as hardness,
melting point, elasticity, and specific heat. In general, high
Debye temperature indicates that solids have high modulus,
high melting points and high hardness, and vice versa.

As shown in Table 3, we can see that the ®p values in-
crease with the increase of pressure, indicating that pressuriza-
tion can enhance the Debye temperature of quaternary carbide
Ti3NiAl,C ceramics. It also indicates that pressurization can
increase the strength of the interatomic bonding force.

Melting point (7p,) and hardness (H) are also two criti-
cal characteristic parameters of solids. At the same time, H is
usually used as an important index to evaluate the wear prop-

erties of solids.[”8

| Herein, it is necessary to investigate the
two parameters. Based on the elastic constant Cy1, shear mod-
ulus G, and bulk modulus B, the melting point!’®! and Vickers

hardness!®9 formulas are as follows:

T = 553K+ (5.91 K/GPa)Cy; £300 K,
HV =092 (G/B)1.137 G0'708.

15)
(16)

As shown in Table 3, the melting point and hardness in-

crease with the increase of pressure, indicating that pressuriza-
tion can enhance the melting point and hardness of quaternary
carbide Ti3NiAl,C ceramics. In addition, the elastic strain
failure (H /E)!"*! and the plastic strain failure (H3/E*)['" are
usually used to evaluate the wear and resistance to plastic de-
formation of solids, respectively. It can be seen from Table 3
that the H/E and H*/E? values decrease with the increasing
pressure, which indicates that the wear and resistance to plastic
deformation of quaternary carbide TizNiAl,C ceramics may
be weakened under pressure.

4. Summary and conclusion

In this paper, we investigate the structural, electronic, me-
chanical properties, and Debye temperature of quaternary car-
bide Ti3NiAl,C ceramics under high pressure according to the
first-principles method. The quaternary carbide TizNiAl,C ce-
ramics still has a cubic structure under pressure (0—110 GPa).
At zero pressure, there are only three kinds of covalent bonds
in Ti3NiAl,C: Ti—Al, Ni—Al, and Ti—C. However, at the pres-
sures of 20 GPa, 30 GPa, 40 GPa, 60 GPa, and 70 GPa, new
Ti—Ni, Ti-Ti, Al-Al, Ti—-Al, and Ti—Ti bonds are formed, re-
spectively. The results show that pressurization may result in
the bond diversity of quaternary carbide TizNiAl,C ceram-
ics. When the pressure reaches 20 GPa, the covalent bonds
turn into metallic bonds. The volume of quaternary carbide
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Ti3NiAl,C ceramics can be reduced to 72% of the original

volume. The effect of pressure on the charge transfer of Ni

and Al atoms in quaternary carbide Ti3NiAl,C ceramics is

greater than that of C and Ti atoms. The mechanical strength

and ductility of quaternary carbide Ti3NiAl,C ceramics can

be improved by pressure treatment. At 50-60 GPa, its me-

chanical strength is comparable to that of pure tungsten, and

the material changes from brittleness to ductility. However,

the anisotropy of quaternary carbide Ti3NiAl,C ceramics be-

comes more serious with the increasing pressure. In addition,

pressurization can also improve the Debye temperature, melt-

ing point, and hardness of quaternary carbide Ti3NiAl,C ce-

ramics, but the wear resistance is decreased.
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