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The elastic constants, elastic anisotropy index, and anisotropic fractional ratios of TigAlC3, Zry AlC3, and Hf AlC3
are studied by using a plane wave method based on density functional theory. All compounds are characterized by the
elastic anisotropy index. The bond length, population, and hardness of the three compounds are calculated. The degrees
of hardness are then compared. The minimum thermal conductivity at high temperature limitation in the propagation
direction of [0001] (0001) is calculated by the acoustic wave velocity, which indicates that the thermal conductivity is also
anisotropic. Finally, the electronic structures of the compounds are analyzed numerically. We show that the bonding of the
M4 AlC3 lattice exhibits mixed properties of covalent bonding, ionic bonding, and metallic bonding. Moreover, no energy
gap is observed at the Fermi level, indicating that various compounds exhibit metallic conductivity at the ground state.
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1. Introduction

The properties of ceramic materials include high hard-
ness, high elastic modulus, good high-temperature perfor-
mance, corrosion resistance, and oxidation resistance. Mean-
while, the properties of metal materials include good thermal
and electrical conductivity, machinability, damage resistance,
and flexibility. However, certain application limitations ex-
ist for both types of materials. Thus, a material called “cer-
met” has been successfully developed to overcome these lim-
itations. This material combines the excellent properties of
ceramics and metal.['! The chemical formula of cermet is
M,1AX, (n =1, 2, 3), where M represents the early few
groups of the transition metal, A represents IIIA or IVA main
group elements, and X represents C or N atom.

A hundred kinds of monophase ternary nitrides and car-
bides have been reported by Nowotny et al.l?! as early as the
1960s. When n = 1, 2, 3, these compounds are known as
MAX 211, 312, and 413 phases. An MAX phase has a hexag-
onal layered structure that belongs to the space group with
P63 /mmc symmetry. Moreover, the planar interlayer stacking
is formed by the M, X, layer and the A atoms in the crystal
structure. To date, more than fifty kinds of M>AX phases have
been discovered. Previous experiments have demonstrated the
existence of five kinds of M3AX, phases: Ti3SiC,, Ti3GeCs,
Ti3AlC,, Ti3SnC,, and TazAlC,.37! Since the discovery of
the first 413 phase Tis AIN3 in 2000, seven kinds of 413 phases
have been known to exist.[®14 Ti;AIN3, V4AIC3, NbsAlC3,
and Ta4AIC; are primarily present in bulk, whereas TisSiCs3

and TiyGeC3 primarily exist in the form of thin films.[!>-2?]
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The mechanical, electrical, and thermal properties of M>AX
and M3AX, have been mainly studied in previous reports on
MAX. Hu et al. employed ab initio calculation to study elec-
trical, thermal, and mechanical properties of NbsAIC3; and
TagAlC;.123] The electron structure and elastic properties of
Ti4GaCs were studied by Bai ef al.!'"]

However, the elastic anisotropy and thermal properties
of the compounds TizAlC3, Zr4AlC3, and Hf4AIC3 have not
been investigated. Therefore, first-principles calculation is
employed to obtain the elastic anisotropy, hardness, thermal
conductivity anisotropy, and electron structure of TizAlCs,
ZryAlC3, and Hf4AlC3. A comparative analysis was addition-
ally performed. Although none of the three compounds were
developed in the experiment, their physical and chemical prop-
erties could be studied theoretically. This study on three kinds
of cermet aims to explore the properties of a single-crystal
compound M4AX3 (Ti, Zr, and Hf), which contains elements
in the same group. The change regularity in the properties is
summarized. Therefore, a preliminary theoretical basis is pro-
vided for the experimentation and application of these three
compounds.

2. Computational methods and theory
2.1. Calculation parameters

The parameters were calculated by the CASTEP (Cam-
bridge Sequential Total Energy Package) program using first-
principles calculation based on the density functional the-
ory (DFT).[**! The periodic boundary conditions were uti-

lized during the calculation. The exchange correlation en-
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ergy of electrons was calculated using the CA-PZ method!?!

with local density approximation (LDA). The crystal wave
function was expanded by the plane-wave basis set. More-
over, the interaction potential between the ion core and the
valence electron was realized by ultrasoft pseudopotentials
(USPP).[2I The outer electronic configuration considered in
the calculation of atomic pseudopotential was as follows:
the elements in the same group were Ti:3d?4s?, Zr:4d?5s2,
Hf:5d%6s2, A1:3523p1, and C:2522p2. In wave vector K-space,
the plane-wave cut-off energy was 310 eV. We performed Bril-
louin Zone integration using 10 x 10 x 2 special Monkhorst—
Park K point.[>”] The change in the system total energy was
stable within 5x 107 eV. The force on each atom in the unit
cell after optimization was lower than 0.01 eV/A. The residual
stress of the unit cell was lower than 0.02 GPa. The toler-
ance offset was lower than 5x10~% A. When these conditions
were achieved, convergence occurred. The lattice constants
used for the structure optimization were all experimental val-
ues. The lattice model and the atomic position in the lattice
were optimized by the Broyden-Fletcher—Goldfarb—Shanno
(BFGS) algorithm[28‘31] to determine the structure with the
lowest energy. The elastic properties, thermal conductivity,
and anisotropy were further analyzed on this basis.

2.2. Structural properties

M4AIC3 belongs to the P63/mmc (#194) space group.
The position of the M1 atom is 4f (1/3, 2/3, Zy1) and that
of M2 is 4e (0, 0, Zyn). Meanwhile, the positions of Al, C1,
and C2 are 2c (1/3, 2/3, 1/4), 2a (0, 0, 0), and 4f (2/3, 1/3,
Z¢), respectively. However, Zy1, Zm2, and Zc are free internal
coordinates that have approximate values of 0.055, 0.16, and
0.11, respectively.

The lattice parameters are obtained through geometry op-
timization of the crystal structure in each degree of freedom,
the elastic constants and the elastic moduli at the ground state
of each crystal were calculated by linear fitting the stress—
strain curve. The bulk modulus B and the shear modulus G
were calculated using Voigt'??! and Reuss!**! models, respec-
tively. The hexagonal system has five independent constants
(Ci11, C12, C13, C33, and Cyq). The respective formulae for the
models are as follows: 34!

BY = [2(Cy1 4 C12) C33 +4C13] /9, )
GY = (7Cy| — 5C12 + 12C44 +2C33 — 4C13) /30, )
BR = [(C11 +C12) C33 —2CT3] /(C11 +C12 4+ 2C33 — 4Cy3), (3)
GR = 5C?C44Ce6/[6BY C44Ces +2C* (Caq + Ces)] 4)
where

C? = (C]l +C12)C33 — 2C123.

Using extremum principle, Hill[>3 proved that the Voigt and

the Reuss models are the upper and the lower bounds of elastic

constants, respectively, suggesting that the Voigt—Reuss—Hill
(VRH) approximation of the constants are closer to the exper-

imental results

B=(BY +B")/2, o)
G=(G'+GY)2. (6)

The Young’s moduli E and the Poisson’s ratios v of the poly-
crystalline materials are further calculated based on the Hill

values of bulk modulus and shear modulus

E =9BG/(3B+G), @)
v =(3B—2G)/[2(3B+G)]. ®)

3. Calculation results and discussion
3.1. Crystal elasticity and anisotropy

The response of the lattice to external stress within the
elastic limit can be characterized by the elastic constant.
The elastic constants of solids provide valuable information
on their mechanical and dynamical properties. In particu-
lar, they provide information of the stability and stiffness of
materials.[*®! The LDA method was used to obtain the lattice
constants, elastic constants, and elastic moduli of TizAlIC3,
Zr4AlC3, and Hf4AIC3.

The hexagonal system has five independent elastic constants,

The values are listed in Table 1.

namely, Cy1, C12, C13, C33, and Cy4. The criterion of mechani-
cal stability is as follows: 34!

C44 >0, C1 > [Cra|, (Ci1+2C12)C33>2C3  (9)

All elastic constants listed in Table 1 satisfy this criterion, in-
dicating that the structures of the three kinds of M4AIC3 are
mechanically stable. The bulk modulus B and the shear mod-

ulus G were estimated by using the VRH method.

Table 1. The lattice constants of the three kinds of M4AIC3. a, b, and
c are in units of A; density p in g-cm™3; one-electron energy E; in eV,
elastic constant C;; in GPa; Young’s modulus E in GPa; bulk modulus
B in GPa; shear modulus G in GPa; and Poisson’s ratio is v.

Parameter TigAlC3 Zr4AlC3 Hf4AIC;
a, b 3.038 3.298 3.289
¢ 23.234 24.972 24.653
p 4.581 6.076 11.234
Chy 400.3 3553 411.8
Ci2 76.3 754 91.7
Ci3 70.4 78.9 96.9
Cs3 312.0 287.6 330.8
Cas 155.4 133.0 158.1
E 354.6 311.0 361.4
B 170.6 162.1 190.9
G 153.7 131.7 152.5
G/B 0.90 0.81 0.80
v 0.154 0.180 0.185
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According to Pugh’s criterion,®”! when G/B < 0.5, this
kind of materials generally exhibit toughness; however, when
G/B > 0.5, they generally exhibit brittleness. The result in-
dicates that all three kinds of M4AlC3 are brittle materials.
Young’s modulus E and Poisson’s ratio v for a polycrystalline
system were calculated by using Egs. (7) and (8), respec-
tively, as shown in Table 2. The Poisson’s ratio v of the com-
pounds containing the elements in the same group increases
from TigAlC3 and Zrs AlC3 to Hf4 AlC3, demonstrating the in-
creasing incompressibility of the materials. The changes in
Poisson’s ratio v and G/B ratio show that incompressibility
increases with decrease in brittleness and progressive increase
in metallicity of TigAlC3, Zr4AlC3, and Hf4 AIC3.

The influence of microcracks and lattice distortion is typ-
ically considered when studying the mechanical properties of
materials. The anisotropy of elastic properties is usually the
condition responsible for the formation of the two abovemen-
tioned factors. The mechanical durability of materials can be
significantly improved by studying the elastic anisotropy. All
three kinds of M4AIC3 belong to the hexagonal system, the
bonding arrangement of which has high directionality. There-
fore, large differences are expected to exist in the elastic prop-
erties of crystals in the coordinate base vector and along dif-
ferent crystal orientations. Shivakumar and Ranganathan in-
troduced the elastic anisotropy index AY,[*8 which is appli-
cable in all crystals, to study the anisotropy of a monocrystal
quantitatively,
56V BY

—6>0, (10)

U _
A _F—FB*R =

where BV and BR are the bulk moduli of Voigt and Reuss mod-
els, respectively; GV and GR are the shear moduli of Voigt and
Reuss models, respectively; and AY= 0 indicates the isotropy
of a monocrystal. The greater degree by which AV deviates
from O results in a greater anisotropy of the material. The
anisotropy indices of M4AlC3 (Ti, Zr, and Hf) were calculated,
and the values are listed in Table 2. The calculation results in-
dicate that all anisotropy indices AU of these three monocrys-
tal compounds are greater than 0, proving the anisotropy of the
elastic properties. The obtained elastic anisotropy indices AY
of M4AlC3 (M = Ti, Zr, and Hf) are 0.050, 0.044, and 0.053,
respectively. Therefore, Zr4AlC3 has the minimum anisotropy
index.

Moreover, Chung and Buessem!**! proposed the concept
of fractional anisotropy ratio, which is defined as follows:

- BY _ BR - GV _GR
BY +BR GV +GR

These ratios are used to evaluate the degrees of anisotropy of
the bulk modulus and shear modulus. A = 0 and AS = 0 in-

Y

dicate the elastic isotropy of the material. Meanwhile, AB = 1
and A® = 1 indicate the greatest possible elastic anisotropy.
The calculated values of the three compounds are listed in
Table 2. As shown in Table 2, AB and AC are not equal to
0, demonstrating the anisotropy of the bulk modulus and the
shear modulus of M4AlC3(Ti, Zr, and Hf).

Table 2. Bulk modulus BY and BR (in GPa) of Voigt and Reuss mod-
els, shear modulus GV and GR (in GPa) of Voigt and Reuss models,
fractional anisotropy ratios A® and AC, and elastic anisotropy index AY.

Parameter TisAlIC3 Zr4AlC; Hf4AIC;
BR 169.43 161.42 190.04
BY 171.84 162.74 191.69
GR 153.14 131.28 151.88
GY 154.24 132.21 153.21
AB 0.00709 0.00409 0.00430
AC 0.00358 0.00352 0.00439
AY 0.05013 0.04357 0.05269

Among the three kinds of materials, for bulk modulus, the
anisotropy of Zr4AlC3 is the smallest, whereas the anisotropy
of TisAlIC;3 is the largest. However, the degree of anisotropy
of ZryAlCs is the smallest for shear modulus, whereas that
of Hf4AIC; is the largest. Considering every aspect, the
anisotropy (AY) of Zr4AIC3 is the smallest, while that of
Hf4AlC3 is the largest.

The three-dimensional diagrams of elastic moduli in

40]

spacel*?! are provided in Fig. 1 to illustrate the elastic

anisotropies of the three materials. The calculation for-
mula of the elastic modulus for the hexagonal system is as
follows:[41:42]

Bulk modulus
B™' = [(S11+S12+813) — (S11 +S12 — S13) — S33]R3, (12)
Young modulus
E' =81 (1-R3)” +Su3RE + (2513 + Sag) RS (1 - RZ) , (13)

where §;; is the elastic flexible coefficient, and R3 is the direc-
tion cosine for the coordinate in the specified direction. The
anisotropy diagram of the hexagonal system is symmetrically
rotating about the [0001] direction. Therefore, the expressions
of Young’s modulus and shear modulus only have one direc-
tion cosine R3 and no direction cosines along the other two
directions. When the generatrix direction of the circular coni-
cal surface along the [0001] direction is considered as the axis,
the bulk modulus and the Young’s modulus have equal mag-
nitude. Therefore, the (0001) surface is isotropic, whereas the
other surfaces are anisotropic at varying degrees.
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Fig. 1. (a)—(c) Three-dimensional diagrams of the bulk modulus and (d)—(f) Young’s modulus for My AlC3 (M = Ti, Zr, and Hf) are
shown from left to right, respectively.

The Young’s modulus and the bulk modulus can be shown
by diagrams directly in space because the stress and stressed
surface have the same direction. However, the shear modu-
lus involves two factors, namely, the shear plane and the shear
direction. Therefore, the shear modulus cannot be directly rep-
resented by a diagram in space. As shown in Fig. 1, the three-
dimensional diagrams of TisAIC3;, ZrsAlC3, and Hf4AIC;
present similar configurations. The bulk modulus of ZrsAIC3
in the z crystal orientation is much higher than that of the other
two compounds. However, the Young’s modulus of Hf4AIC3

is the largest in the z direction.

3.2. Hardness

Hardness is an important physical quantity for character-
izing the resistances to elastic and plastic deformation of solid
materials. In general, materials with greater hardness have
better wear resistance. Therefore, hardness is an important
indicator of the wear resistance of materials. The theoreti-
cal values of the hardness of M4AIC3 (M = Ti, Zr, and Hf),
which simultaneously contains metallic bonding, ionic bond-
ing, and covalent bonding, can be obtained using the following
formulae: (4343

. 1/yn*
I (. "
u
HY (GPa) =740 (P — PH*) ()% as)
=@’/ x (@) my], 16
\%4
pH Nfree [V, a7

where Hy is the hardness, H\‘,L is the hardness of the u bond,
PH* is the calculated population of Mulliken, P** is the metal
population of the ¢ bond, Vb” is the volume of the y bond, d*
is the bond length of the pt bond, n* is the number of u bonds,
V is the total volume, and nge.e is the number of free electrons.

The bond length and the number of population of My AlC3
(M = Ti, Zr, and Hf) are calculated, and the values are listed
in Table 3. The bond length and the number of population
are introduced into formulae (14)—(17). Then, the hardness
of the three compounds is obtained, as shown in Table 3.
Hy is 11.33, 5.33, and 10.05 GPa for TiAlC3, Zr4AlC3, and
Hf4AlC3, respectively. Based on Table 3, the hardness of
Zr4AlC3 is the smallest among the three compounds, pos-
sibly because Zr does not bond with Al. The hardness of
Ti4AlC3 is the largest because the bond length of TisAlC3
is the smallest among the compounds, indicating the highest
bonding strength in unit volume. Therefore, the hardness ob-
tained by formulae (15) and (16) is the largest. The greater the
hardness of the material, the better its wear resistance. There-
fore, Ti4AlC3 may can be used as an ideal wear-resistant ma-
terial.

Table 3. Bond length d* of M4AIC3 (M = Ti, Zr, and Hf) and the
number of population P*.

Bonding type ~ PH daH PH d+ PH daH

1189 2.04%) 124 223 1499 2249
M-C 0.980 2.12%)  1.02» 230" 1.189 2.30%
0.79% 2209 081Y 239Y) 0939 2379
M-Al 0.42%)  2.85% - - 0749 2959

ATiyAlCs, P Zrs AlCs, 9 HE, AICs.
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3.3. Anisotropy of thermal conductivity

Thermal conductivity is the physical property of a mate-
rial that reflects its capacity for heat transmission. However,
the macroscopic thermodynamic properties of crystals are de-
termined by lattice vibration. The phonon system can reflect
the lattice vibration. Acoustic wave velocity is an important
physical quantity in studying the thermal conductivity of ma-
terials.

M4AIC3 (M = Ti, Zr, and Hf) belongs to the hexagonal
system. The propagation velocities of the transverse acous-
tic wave and the longitudinal wave of M4AlC3 (M = Ti, Zr,
and Hf) along the directions of [0001] and (0001) are calcu-
lated, respectively. The results are shown in Table 4. The

calculation formula is as follows.[*] When the direction of
propagation is [0001], the vibration direction of the longitu-
dinal wave is [0001] and the wave velocity is v; = \/CT/p ;
the transverse wave is a degenerate wave, the vibration direc-
tion is (0001), and the wave velocity is v = vp = \/CT/p .
When the propagation direction is (0001), the vibration di-
rection of the longitudinal wave is parallel to the direction
of propagation and the wave velocity is v; = \/CT/p ; when
the vibration direction of the transverse wave is [0001], the
wave velocity is vy = \/CT/p; when the vibration direc-
tion of the transverse wave is (0001), the wave velocity is
Vo = \/(Cn —C12)/(2p). Here, Cj; is the elastic constant
and p is density.

Table 4. Wave velocities of acoustic wave in anisotropic My AlC3 (M = Ti, Zr, and Hf) (in units of km/s).

Vi Vi Vi Vi Vi
TisAIC; 8.252% 5.824%) 9.347%) 5.824%) 5.946")
Zr4AlC; 6.881% 4.679 7.647°) 4.679% 4.800")
Hf,AIC; 5.427% 3.753% 6.054) 3.753) 3.774°)

400017, ®(0001).

The thermal conductivity and the acoustic wave veloc-
ity of the materials are closely related. Thermal conduc-
tivity decreases with the increase in temperature in high-

[47) Therefore, determining its mini-

temperature conditions.
mum value is of great importance in the application of ma-
terials in high-temperature conditions. In this article, the cal-
culations of the thermal conductivities of the polycrystallines
TisAlC3,ZrsAlC3 and Hf4AlC3 are based on the following

Clark model®”! and the Cahill model:*3!

Clark model
Kmin=0.87kgM, />EV/2pl/6, (18)
Cahill model
k
Kunin = % PP (i +2w), (19)

where p is density, E is Young’s modulus, kg is Boltzmann’s
constant, M, = [M/ (nNa)] is the average atomic mass in the
crystal lattice, M is the molar mass, Ny is the Avogadro con-
stant, n is the number of atoms in a molecule, p is the number
of atoms for unit volume, and v| and v, are the average waves
of the acoustic longitudinal wave and the transverse wave, the
(B+4G/3) /p and v, = \/G/p,

respectively. In addition, the Debye temperatures of the mate-

formulae of which are v| =

rials are calculated using their mass densities as follows:[*"]
h [3n (Nap\1'"/?
=—|—|— 20
o | (%2)] o)

1/2 1\
Vm:[s(vsw)] | @D

Here h is Plank constant. Debye temperature ®@p is gener-
ally used to distinguish the high- and low-temperature zones

of the solid. When T > @p, all models have the energy of
ksT. When T < @p, all high-frequency models fail.

The lower bound of the lattice thermal conductivity is cal-
culated by using the Clark and the Cahill models. The calcu-
lation results are shown in Table 5. As shown in Table 5, the
minimum thermal conductivity decreases from Ti4AlC3 and
Zr4AlC3 to Hf4AIC3, which contains elements in the same
group. The Debye temperature decreases accordingly. There-
fore, the Debye temperature of the materials is positively cor-
related with the minimum thermal conductivity. In contrast
to the Clark model, the calculation of thermal conductivity of
the Cahill model is based on the velocity of acoustic waves
associated with lattice vibration. Therefore, v; and v; in the
formula correspond to the acoustic waves in the crystal orien-
tation. Consequently, the thermal conductivities of the lattice
in different crystal orientations can be calculated. The formula
is converted into the following form:[>°!

k
Knmin = ~o=p*3 (vi +v2 +13). (22)

2.48

As shown in Table 5, the thermal conductivity along the
(0001) direction approaches that of the Cahill model. How-
ever, the thermal conductivity along the [0001] direction is
lower than that of the Cahill model.
mal conductivity is anisotropic. The values of the minimum

In general, the ther-

thermal conductivity under high-temperature conditions cal-
culated by the two models reveal that Hf4 AlC3 has the small-
est thermal conductivity. Thermal conductivity is inversely
proportional to temperature under high-temperature condi-
tions. Therefore, Hf4AlC3 is the ideal thermal barrier mate-
rial among the three materials, and it may have great potential
application in high-temperature conditions.
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Table 5. The average atomic mass of polycrystalline M4AIC3 (M = Ti, Zr, and Hf) is M, (in units of kg). The velocity of acoustic
transverse wave is v;. The velocity of longitudinal wave is v; (in units of km/s). The atomic number per unit volume is p. The minimum
thermal conductivity under high temperature is Ky, (in units of W/(m-K)). The Debye temperature is @p (in units of K).

My -10726%) Knin®) v ) p-10%°) Knin”) Kuinjooo1)” Kin(ooo1)" ©p
Tig AlC; 5.284 2.070 5792.27 9054.56 8.618 2.242 2.162 2.294 837.32
ZrsAlC3 8.882 1.437 4656.61 7455.78 6.802 1.556 1.506 1.589 623.76
Hf4AIC; 16.120 1.154 3684.90 5924.02 6.926 1.248 1.214 1.275 496.81
) Clark, ®) Cahill.

3.4. Electron structure

The energy band structure of MyAlIC3 (M = Ti, Zr, and
Hf) is shown in Fig. 2. The red dotted lines represent the
Fermi energy level. The properties of the material are pri-
marily determined by the characteristics of electrons near the
Fermi surface. As shown in Fig. 2, the energy band structures
of the three compounds are very similar. Energy bands excited
from the valence band to the conduction band exist across the

Fermi level. The valence and the conduction bands overlap

the existence of free electrons near the Fermi level. There-
fore, all three compounds have metal-conductive properties.
As shown in Fig. 3, the total densities of states of Ti4AlC3,
Zry4AlC3, and Hf4 AlC3 reveals the specific composition of the
electronic state in the energy band structure. The properties of
the electron structure near the Fermi energy level on the right
side of the pseudogap in TisAlC3, Zr4AlC3, and Hf4 AIC3 are
significantly different from the properties on the left side. The
density of states primarily comes from the contribution of the
metal atoms in d orbits, which indicates the metallicity of the

over a large area. Moreover, no band gap is present, indicating material.
’ e = e
=" H == S =
H = : i ~
0 'ﬁ%g\_ 0 ;@—Qﬁ' ;; 0 ; :\,
>§% — = ém% = e~ =
-5t x A~ _5i T 1 5t i
: Ziiknd N =a il
o~ Sl == -0 =
=15+ —15f —15
20 (a) (b) ()
A THK @ ML 21 THK G ML 00 HK ¢ ML

Fig. 2. Energy band structures of (a) TigAlC3, (b) Zr4AlC3, and (c) Hf4AlCs.

25 25 25—
(a) (b) b (c)
20t 20¢ 20t —d
— TDOS
7 7 T
151 » I
> > 15 > 15
% 5 >
< 10t 8 8
= g 10 Q10
5t 5 5t
%0 =10 o 10 0 10 o 10 Y90 S0 0 10
E/eV E/eV E/eV

Fig. 3. Density of state diagram of (a) TigAlC3, (b) Zr4AlC3, and (c) Hf4AlC;3.

Meanwhile, the peaks with minimum energy in the va-
lence band of Ti4AlC3, ZrsAlC3, and Hf4AlC3 appear near
—9.84, —9.38, and —10.04 eV, respectively. They mainly
consist of s-orbital electrons of non-metallic atoms, with very

small contribution from the d-orbital electrons of metal atoms.

Strong orbital hybridization exists between the p orbital of
non-metallic atoms and the d orbital of metal atoms in the
range from —9 eV to —3 eV, which corresponds to the cova-
lent bonding of M4AIC3. The p orbit has greater contribution
to the density of states compared with the d orbit. The broad-
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ening of the peak of orbital hybridization is narrow. The elec-
tronic density of states is highly concentrated, which reflects
the characteristics of a certain ionic bonding.3-33

In conclusion, the electron structures of TizAlCs,
Zr4AlC3, and Hf4AlC3 have been proven to consist of a mix-
ture of metallicity, covalency, and ionicity. Therefore, these
compounds present thermal conductivity and oxidation resis-

tance, which are characteristics of both metals and ceramics.

4. Conclusion

In this work, the elastic properties, thermal conductivity
anisotropies, and energy band structures of TigAlC3, Zr4AlC3,
and Hf;AlC3; under a hexagonal system have been calcu-
lated using first-principles calculation of plane wave ultrasoft
pseudopotentials based on DFT. The calculation results re-
flect the typical anisotropy of elastic properties, which would
inevitably result in lattice distortion and microcrack forma-
tion of the material in the preparation. Meanwhile, as the
metallicity of the material in the system increases, the in-
compressibility increases, the brittleness decreases, and the
degree of anisotropy of a monocrystal increases. Hf4AIC;3
has the highest metallicity and the lowest brittleness, and its
anisotropy index is the largest among all compounds. The
hardness of ZrsAlCj3 is the lowest among the three kinds of
compound, whereas that of TigAlC3 is the highest. Moreover,
the minimum thermal conductivity decreases from TigAlC3
and Zr4 AlC3 to Hf4 AIC3 at high temperature. The Debye tem-
perature demonstrates the same trend. Therefore, Hf4AIC3 is
the most ideal thermal barrier material. Finally, their electron
structures indicate that the bonding in the M4AIC3 lattice is
a mixture of covalent bonding, ionic bonding, and metallic
bonding, indicating that the material has thermal conductiv-
ity, metallic conductivity and oxidation resistance, thus com-
bining the advantages of metals and ceramics. No energy gap
exists at the Fermi level. We provide a theoretical basis for the
study of elastic properties, hardness, anisotropy, and energy
band structure of My AlIC3 (M = Ti, Zr, and Hf). Moreover, we
provide a reference for experimental study on the preparation
of these materials and other compounds of 413 phase.
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