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Abstract: The first-principle calculations are performed to investigate the structural, mechanical and electronic properties of titanium
borides (Ti,B, TiB and TiB,). Those calculated lattice parameters are in good agreement with the experimental data and previous
theoretical values. All these borides are found to be mechanically stable at ambient pressure. Compared with parent metal Ti (120
GPa), the larger bulk modulus of these borides increase successively with the increase of the boron content in three borides, which
may be due to direction bonding introduced by the boron atoms in the lattice and the strong covalent Ti—B bonds. Additionally, TiB
can be regarded as a candidate of incompressible and hard material besides TiB,. Furthermore, the elastic anisotropy and Debye
temperatures are also discussed by investigating the elastic constants and moduli. Electronic density of states and atomic Mulliken
charges analysis show that chemical bonding in these titanium borides is a complex mixture of covalent, ionic, and metallic
characters.
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1 Introduction

With the actual increasing interest and impetus in
the search for materials possessing specific and desired
properties, transition metal borides have attracted much
attention for their fundamental physics and technological
application [1-3]. More precisely, titanium borides (Ti,B,
TiB and TiB,) are a group of materials with outstanding
properties such as chemical stability, high hardness, high
melting point, good thermal conductivity, and low
electrical resistivity [4—5]. Besides bulk titanium borides,
increasing attention is also devoted recently to their
nano-sized forms such as nanopowders, nanowires,
nanotubes, and nanocomposites [6—8].

Among these borides, the most known AlB,-type
TiB, is a potential candidate for many high-performance
applications, in cutting tools, wear-resistant coating,
electrodes in aluminum-extraction cells, etc. A great deal
of experimental and theoretical effort has been

performed on TiB, at ambient pressure as well as high
pressure [9—18]. However, some previous experimental
results for the measured mechanical properties are
somewhat different [10, 13, 19]. Besides, by contrast, it
turned out that the works (including ab initio calculations)
for other borides (especially Ti,B) are limited. So, this is
one of motivations for the present work. Furthermore, to
the best of our knowledge, TiB whiskers as
reinforcements play an important role in various titanium
alloys [20], while Ti,B is an essentially intermetallic
compound [21]. Therefore, systematic studies on the
crystal structure and related physical properties of
titanium borides are necessary and of great interest.

In the present work, in order to get insight to the
mechanical and electronic properties of transition borides
systematically, a first-principle study for Ti,B, TiB and
TiB, has been performed using the projector augmented
wave (PAW) method. We have evaluated and analyzed a
set of physical parameters of these transition borides
such as lattice parameters, density of states, Mulliken
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charges, and mechanical properties (elastic constants,
bulk and shear modulus, elastic modulus, elastic
anisotropy, etc.). Additionally, the numerical estimates of
sound velocities and Debye temperature of three borides
were also predicted.

2 Computational methods

The first-principle calculations were performed with
the plane-wave basis based on the density functional
theory, as implemented in the Vienna ab initio simulation
package [22]. The electron and core interactions were
included by using the frozen-core all-electron projector
augmented wave (PAW) method [23]. The exchange
correlation function was treated by the generalized
gradient approximation (GGA) proposed by PERDEW,
BURKE and ERNZERHOF (PBE) [24]. The plane-wave
basis set cut-off was set as 420 eV for all cases. The
special points sampling integration over the Brillouin
zone was employed by using the Monkhorst-Pack
scheme [25] with a grid of 0.035 A™'. Convergence of
the total energy with different number of & points and the
plane-wave cut-off energy has been tested. The
tolerances for geometry optimization were set as the
difference in total energy within 1x10° meV/atom. The
elastic constants were determined by applying a set of
given homogeneous deformation with a finite value and
calculating the resulting stress with respect to optimizing
the internal atomic freedoms, as implemented by
MILMAN and WARREN [26]. Atoms were allowed to
relax until Hellman—-Feynman forces were less than
0.001 eV/A and the maximum strain value was 0.2%.
The bulk modulus, shear modulus, elastic modulus, and
Poisson ratio were thus derived from the Voigt-Reuss-
Hill approximation [27].

3 Results and discussion

3.1 Crystal structure parameters

Almost all known transition metal semi-borides
crystallize in a body centered tetragonal (Al,Cu-type,
7Z=4) structure (Dg4'") with space group [4/mem [21].
Hence, for Ti,B, there are four formula units (f. u.) in the
conventional tetragonal cell (Fig. 1(a)), in which the B
and Ti atoms occupy the 4a (0, 0, 0) and 64 (1/6, 2/3, 0)
positions, respectively. There exists an ambiguity
regarding the crystal structure of TiB. WYCKOFF [28]
reported TiB in FeB structure, whereas PEARSON [29]
and LANDOLT-BORNSTEIN [30] suggested NaCl and
ZrS  structure, respectively.  However, recent

investigations [31] have confirmed the FeB configuration.

In our calculations, we have taken the orthorhombic FeB
structure with the unit cell containing four f. u.
(Fig. 1(b)). TiB, typically crystallizes in the well-known

AlB,-type structure (P6/mmm, Z=1) with Ti and B atoms
sitting at the origin and (1/3, 2/3, 1/2) sites (Fig. 1(c)), in
which the coplanar graphite-like B layers are present
alternatively with the close-packed Ti sheets.
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Fig. 1 Crystal structure of Ti,B (a), TiB (b) and TiB, (c))
(Large and small spheres represent Ti and B atoms, respectively;
a, b, ¢, A, B and C represent directions of crystal cells)

For each compound, the crystal structure was fully
optimized with respect to the total energy to determine
the lattice parameters: a, b, and c. The calculated lattice
constants are given in Table 1, together with the
available experimental data and previous theoretical
values for comparison [9, 12, 14-17, 21, 31-34]. As
seen from Table 1, agreement between the results of the
present calculations and experimental data is very good:
the deviations between the experimental and theoretical
values for TiB and TiB, are all less than 1%. For
tetragonal Ti,B, the calculated lattice parameter a/c is
5.647/4.741, which is in excellent agreement with those
previous theoretical calculations. However, compared
with the experimental results [21], the highest
disagreement in lattice constant a (7%) is obtained for
Ti,B. Here we shall emphasize that the transitional metal
borides with metal-deficient or boron-deficient
compositions can be easily obtained in actual
experiments [35]. In one word, the agreement of the
structural to be published results confirms the accuracy
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Table 1 Calculated equilibrium lattice parameters a, b, ¢, and volume ¥ for Ti,B, TiB, and TiB, compounds

Crystal Source alA b/A clA VI(A(fu) ™)
This work 5.647 5.647 4.741 37.8
TiB Theoretical VAJEESTON et al [15] 5.864 5.864 4.356
MOUFFOK et al [32] 5.666 5.666 4.754 38.1
Experimental MOHNT [21] 6.100 6.100 4.530
. This work 6.115 3.050 4.561 21.3
TiB Theoretical PAND et al [33] 6.111 3.051 4.559 21.3
Experimental MOHNT and PETTIFOR [31] 6.120 3.060 4.560 21.3
This work 3.034 3.034 3.226 25.7
MILMAN and WARREN [14] 3.029 3.029 3.219
Theoretical VAJEESTON et al [15] 3.070 3.070 3.262
TiB, PEROTTONI et al [16] 3.027 3.027 3.240 25.7
Van CAMP and Van DOREN [17] 3.023 3.023 3.116 25.1
POST B etal [9] 3.030 3.030 3.230 25.7
Experimental MUNROE [12] 3.023 6 3.0236 3.2204 25.5
ARNOLD and TOSHIMOTO [34] 3.028 3.028 3.228 25.6

and reliability of the computational procedure employed.

3.2 Mechanical properties

The accurate calculation of elasticity is essential for
understanding the macroscopic mechanical properties of
solid. Elasticity describes the response of a crystal under
external strain and provides key information of the
strength of the material, as characterized by elastic
constants. To our knowledge, there is almost no
experimental data about the elastic constants for Ti,B
and TiB except for TiB,. We hope that our work could
provide a useful reference for future study. The complete
sets of zero-pressure single crystal elastic constants were
calculated by using strain—stress method, as shown in
Table 2. The elastic stability is a necessary condition for
a stable crystal. A tetragonal crystal has to obey the
following restrictions of its elastic constants [36]: C1;>0,
C33>0, Cy>0, Cs6>0, (C11—C12)>0, (C1+C33—2C13)>0 and
2(Cy+Cp)+C33+4C13>0. For a stable orthorhombic
structure, C; has to satisfy the elastic stability criteria:
Ci>0, C>0, C33>0, Cys>0, Cs5>0, Co6>0, C1y+CoptCazt
2(CiatCi3tCa3)>0, (C1+Cpp=2C12)>0, (C1i+C33-2C13)>0
and (Cy+C53—2C5;3)>0. For the hexagonal structure with
five independent elastic constants Cy;, Cs3, Cyy, C), and
Ci3, they are Ci3>0, Cy>0, C1>|Chol, (C1112C1)C53>
2C1;% In terms of the above conditions, the calculated
elastic constants (Table 2) indicate that all these borides
are mechanically stable. Our calculated elastic constants
for TiB, are consistent with experimental and previous
theoretical results [10—11, 13—14, 16, 19, 33, 37-38]. In
addition, one should be aware that the values presented
in Table 2 were obtained at 7=0 K, and that temperature
effects generally reduce the elastic constants. Therefore,
we expect the experimental data for Ti,B and TiB at

room temperature to be smaller than those listed here.

Using the calculated elastic constants Cj, bulk
modulus and shear modulus for the corresponding
polycrystalline aggregate are thus determined by the
Voig-Reuss-Hill approximation method [27].
Furthermore, the elastic modulus £ and Poisson ratio v
are obtained in the light of the following equations:

9BG
= (1)
3B+G
b 3B-2G )
6B+2G

The calculated bulk modulus, shear modulus, elastic
modulus and Poisson ratio are listed in Table 2. Clearly,
the calculated results for TiB, agree well with
corresponding experiment [11], supporting the accuracy
and reliability of our elastic calculations. For TiB, the
large bulk modulus (218 GPa) manifests its strong
incompressibility besides TiB,. As expected, all these
borides have larger bulk modulus than their parent metal
(120 GPa) due to the direction bonding introduced by the
boron atoms in the lattice. Moreover, it can be seen that
the bulk modulus increases from 173 GPa to 262 GPa
with the increase of the boron content in three borides,
which are mainly due to the fact that the atomic volume
decreases with the increase in the boron content in these
borides. Furthermore, as a better indicator of potential
hardness for materials, shear modulus quantifies the
resistance to the shear deformation. Compared with the
well-known hard TiB,, TiB has a relatively large shear
modulus shown in Table 2, indicating that it is expected
to withstand shear strain to a certain extent and may act
as hard material. By contrast, Ti,B possesses much lower
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Table 2 Calculated elastic constants Cy;, bulk modulus B, shear modulus G, elastic modulus £ and Poisson ratio v for three borides

Crystal Source

C11/GPa Cy,/GPa C,3/GPa C,,/GPa C»3/GPa C33/GPa Cy/GPa Css/GPa Co/GPa B/GPa G/GPa E/GPa v

Ti,B  Theoretical  This work 321 100 94

299 105 100 173 97 245 0.26

This work 433 99 117 524

66 439 195 185 223 218 194 448  0.15

TiB  Theoretical  Ref. [33] 411 91 107 524 61 410 189 186 193 206.5 1845 427 0.15
Ref. [37] 425 86 106 529 61 409 201 182 224 207 1935 443 0.14
This work 651 76 115 461 259 288 262 255 578 0.13

Ref. [38] 411 91 107 524 61 410 189 186 193 2065 1845 427 0.15
Theoretical ~ Ref. [14] 655 65 99 461 260 295 251
) Ref. [16] 786 127 87 583 271 329 292
T Ref. [9] 660 48 93 432 260 306 240 259 569  0.12
Ref. [13] 588 72 84 503 238 258 239
Experimental ~ Ref. [19] 672 40 125 224 232 316 194
Ref. [10] 690 410 320 440 250 140 399

shear modulus than TiB and TiB,, resulting in low
bond-bending force constants and consequently a low
hardness.

It is well known that microcracks are easily induced
in the materials due to the significant elastic anisotropy.
Therefore, it is important to calculate elastic anisotropy
in order to improve its mechanical durability. In view of
the high bulk and shear moduli of TiB and TiB,, we here
have calculated the bulk modulus B along the different
crystallographic axes for these two compounds. The
anisotropy of the bulk modulus along the a-axis and
b-axis with respect to the c-axis are given by Az,=B,/B.
and Ap,=B,/B,, where B,, B, and B, are the bulk modulus
along different crystal axes, defined as B~=idP/di, i=a, b,
and c. Note that a value of 1.0 indicates elastic isotropy
and any deviation from 1.0 represents elastic anisotropy.
Using the relations mentioned above, the calculated
parameters about elastic anisotropy together with the
available experimental data are shown in Table 3. From
our calculations, it is clear that both compounds are all
elastic anisotropic. For TiB, it is interesting to note that
the directional bulk modulus along the b-axis is larger
than that along the @-axis or c-axis, which is consistent
with the predicted elastic constants along different axes
(see Table 2). Compared with TiB, TiB, is more
anisotropic characterized by larger anisotropy of the bulk
modulus Ap, and Ag,, which are also in agreement with
experimental values [11].

As a fundamental parameter, Debye temperature
closely relates to many physical properties of solids, such
as specific heat, dynamic properties, and melting
temperature [39]. At low temperature, it can be
calculated from the elastic constants using the average
sound velocity v,,, by the following equation:

1/3
h|3n( pNy
Op =—| —| A 3
D k|:47t( M ):| m ()

where % is Planck’s constant; & is Boltzmann’s constant;
Ny is Avogadro’s number; # is the number of atoms per
formula unit; M is the molecular mass per formula unit; p
is the density. The average sound velocity v, is given by

-1/3
112 1
Vi = =| =+— @)
) 3(%3 VEJ
where v, and v; are the transverse and longitudinal elastic
wave velocities of the polycrystalline materials,

respectively, and are given by Navier’s equation [40].
The calculated longitudinal, transverse and average
elastic velocities, and Debye temperatures for three
titanium borides are listed in Table 4. The calculated
Debye temperature for TiB, is higher than that of Ti,B or
TiB, which agrees well with the experimental results [11,
41].

3.3 Electronic properties

To understand the mechanical properties of these
borides on a fundamental level, the site projected and
total electronic densities of states (DOS) of three
titanium borides were calculated at zero pressure, as
plotted in Fig. 2. It can be seen that all these compounds
possess finite DOS at the Fermi level. Hence, these
borides exhibit clear metallic behavior in their crystalline
state. Moreover, the major orbital occupancy near Fermi
level stems is predominated by the Ti-3d electrons,
which are the principal cause for their metallicity. In Fig.
2, the DOS of Ti-3d and B-2p are energetically
degenerated from the bottom of valence band to the
Fermi level, indicating the covalent hybridization
between the Ti and B atoms in these compounds,
especially for TiB,. It is earlier proposed that the lower
DOS at the Fermi level often characterizes a more stable
structure [42—43]. Among three borides, TiB, possesses
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Table 3 Calculated directional bulk modulus B,, B,, B,, anisotropy factors A,, and A, of TiB and TiB,

Crystal Source B, B, B, Apa Agy,
TiB Theoretical ~ This work 646.1 718.1 601.0 1.07 1.20

i Theoretical ~ This work 833.8 833.8 580.5 1.44 1.44
e Experimental ~ Ref. [9] 1.54 1.54

Table 4 Longitudinal, transverse, average elastic wave velocities (v, v, and v,,), and Debye temperature @, at theoretical equilibrium

volume

Crystal Source

v/(ms™) w(ms ™) Y/ (s 1) Op/K

This work
This work

Ti,B Theoretical

TiB Theoretical

648.0
967.7

4552.0
6499.1

8031.0
10 191.2

5061.5
7143.3

This work

. SPOOR et al [9]
Experimental
HASSEL and LEDBETTER [41]

Theoretical
TiB,

1204.5
1211
1217

7545.0 11 585.9 82724

(a)

[ o]
T

P8 L]

DOS/(states eV~ !*(f.u.)™)

0 i
-6 =3 0 3
Energy/eV

Fig. 2 Calculated total and partial state density of Ti,B (a), TiB
(b) and TiB; (¢)

the lowest DOS on the Fermi level, indicating its highest
stability. Moreover, the decrease in the total DOS at the
Fermi level is accompanied with the appearance of the
pseudo gap around the Fermi level (Fig. 2(c)), which is
helpful to increase the stability of TiB, and the strength
of the covalent of the chemical bond between the Ti and
B atoms. Since the coincidence between the pseudogap
and the Fermi level in the TiB; is due to the band-filling
effect and depends only on the electron number, it must
be also noted that the presence of the Fermi level near

the minimum of the DOS histogram indicates that the
bonding states are occupied when all the antibonding
ones are empty. So TiB, has better cohesively than Ti,B
and TiB. This is confirmed through the large bulk
modulus of TiB, compared with Ti,B and TiB.

In order to understand the changes of the DOS on
the Fermi level, we calculated the charge transfer
situation between Ti and B atoms of Ti,B, TiB and TiB,
by the Mulliken atomic population analysis and tabulated
them in Table 5. In Table 5, Ti atoms of TiB, have the
largest charge values among the three titanium borides.
The large charge transfering from Ti to B atoms of TiB,
mainly comes from more electrons of Ti-3d orbital of
TiB, taking part in the covalent bonding between Ti and
B atoms or transferring from Ti and B atoms, which can
be seen from the smallest Mulliken charge value (2.61).
Consequently, the more Ti-3d electrons of TiB, become
the bonding states than Ti,B and TiB, which is
accompanied with the larger decrease of Ti-3d states on
the Fermi level. In addition, we found a charge
transferring from Ti to B atom for all these borides,
implying an ionic contribution to Ti—B bonding.
We thus conclude that the chemical bonding in these

Table 5 Calculated atomic population of three titanium borides

Crystal  Ion s p d Total Charge
B 1.12 248 0.00 360 —0.6
Ti,B Ti 2.19 6.81 2.69 11.70 0.30
Ti 2.19 6.81 269 11.70 030

) B 1.02 2.60 0.00 3.62  —0.62

TiB

Ti 2.06 6.66 265 1138  0.62

0.94 2.65 0.00 359 -0.59

TiB, B 0.94 2.65 0.00 3.59 -0.59
Ti 1.95 6.26 261 1082 1.18
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titanium borides is a complex mixture of covalent, ionic
and metallic characters. Such a conclusion was also
found in other transition metal borides [15, 44—45].

4 Conclusions

1) Our calculated lattice parameters are in good
agreement with the experimental data and previous
theoretical values for these titanium borides. The
calculated elastic constants indicate that all these borides
are mechanically stable at ambient pressure.

2) The larger bulk modulus of these borides
increase successively from Ti,B to TiB, compared with
parent metal Ti, which may be due to direction bonding
introduced by the boron atoms in the lattice and the
strong covalent Ti-B bonds. Additionally, TiB and TiB,
show different degrees of elastic anisotropy. Debye
temperatures calculated by elastic constants are 648 K
for Ti,B, 967.7 K for TiB, and 1 204.5 K for TiB,.

3) According to the electronic density of states and
Mulliken atomic population analysis, we thus conclude
that the chemical bonding in these titanium borides is a
complex mixture of covalent, and metallic
characters

ionic,
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