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BORON IMPURITY EFFECT
ON THE STRUCTURAL, ELASTIC, AND ELECTRONIC
PROPERTIES OF TITANIUM CARBIDE'

1. Introduction

Atomic, structural, and elastic properties of titanium carbide with the boron impurity have
been studied in the framework of the density functional theory in the general gradient approxi-
mation, by using the software ABINIT. The calculations of the total energy of a TiC supercell
with boron impurity atoms showed that the latter do not tend to form clusters in titanium
carbide. The equilibrium distances between the adjacent planes of titanium atoms were found
to increase in the presence of the boron impurity. The electronic spectra of TiC supercells
with various numbers and positions of boron impurity atoms are analyzed. The presence of
boron impurity atoms is found to result in the appearance of a subband of their electron states,
which is located between the local electronic spectra of the 2s and 2p carbon states by about
0.24 Hartree below the Fermi level. The coordination positions of boron impurity atoms af-
fect only the shape and half-width of their electronic subband. An insignificant increase in the
electron density of states just below the Fermi level also takes place. The bulk modulus of a
titanium carbide supercell with boron impurity atoms is calculated and analyzed.

Keywords: titanium carbide, boron impurity, atomic structure, elastic properties, electronic
structure.

cause of the excellent combination of their mechanical
and electrical properties, as well as their high corro-

The issues associated with the creation and fabri-
cation of highly durable materials are very impor-
tant for the further development of engineering and
advanced technologies. Therefore, the elaboration of
ceramic-matrix composites has a particular impor-
tance, since those composites are characterized by
a higher resistance to the destruction in compari-
son with a monolithic ceramics. Solid-alloy compos-
ites of transition metals are good candidates for their
practical application under extreme conditions be-
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sion and oxidation resistance at high temperatures. In
particular, materials on the basis of titanium boride
and titanium carbide possess remarkable physical and
mechanical characteristics such as the hardness, cor-
rosion resistance, Young’s modulus, and high melting
point. In addition, recent studies have demonstrated
that the metal ceramics on the basis of TiC-TiB,
composite have higher hardness and chemical resis-
tance at high temperatures, being considered a good

1 The paper was presented at XXIVth Galyna Puchkovska In-
ternational School-Seminar “Spectroscopy of Molecules and
Crystals” (August 25-30, 2019, Odesa, Ukraine).
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alternative to the wear-resistant application of metal
ceramics on the basis of tungsten carbide (WC) [1-3].

One of the most efficient ways to produce TiC-
TiBs heteroceramics is the reactive hot pressing of
a TiC-B4C mixture. Therefore, there arises a chal-
lenging problem consisting in discovering the atomic
mechanisms giving rise to the nucleation of titanium
diboride (TiBs), as well as in a theoretical study of
the electronic and elastic properties of TiC with the
boron impurity.

2. Calculation Results and Their Discussion

This work is devoted to the ab initio study of the in-
fluence of the boron impurity on the structural, me-
chanical, and electronic properties of titanium car-
bide. The theoretical calculations are performed in
the framework of the density functional method [4]
in the generalized gradient approximation [5] and us-
ing the software ABINIT [6].

2.1. Atomic structure

Titanium carbide is known to possess a NaCl-type
structure. The latter can be represented as two hcc
lattices of titanium and carbon atoms that are shifted
with respect to each other by the half-lattice pe-
riod along any of the (100) edges. Accordingly, in the
(111)-type planes, there are alternating layers filled
with only titanium or carbon atoms that are arranged
according to the structure of close-packed spheres. In
order to elucidate the influence of the boron impu-
rity on the titanium carbide properties, a TiC su-
percell with 24 atoms was constructed. Namely, it
contained three (111)-type planes of titanium atoms
(close sphere packings of types A, B, and C) with 4
atoms in each plane; and the same planes for carbon
atoms. Hence, the initial supercell can be described
as Til12C12.

Then boron atoms were arranged in this supercell
either at the carbon atom substitution positions or
at the interstitial positions corresponding to the po-
sitions of boron atoms in TiBy. Titanium boride also
consists of layers composed of titanium atoms with
the structure of close-packed spheres (e.g., of type
A) which alternate with graphite-like layers of boron
atoms (positions B and C). The distance between the
layers of close-packed titanium atoms in TiB, is larger
than in TiC by about 28%. After the introduction of
boron impurity atoms into the Ti12C12 supercell and
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Fig. 1. Changes of the distance between the adjacent planes
of close-packed Ti atoms in a Ti12C12 supercell: (a) two boron
atoms replace two carbon atoms, (b) three boron atoms replace
three carbon atoms, and (c¢) two boron atoms replace two car-
bon atoms and the third boron atom occupies an interstitial
position

in order to relax internal stresses, a numerical anneal-
ing procedure of the atomic positions was carried out
in accordance with the forces calculated from the first
principles.

Figure 1 illustrates a change of the distance be-
tween the adjacent planes of close-packed layers of
titanium atoms in the TiC cell in the course of nu-
merical annealing (N is the annealing step number),
when boron atoms are inserted into the layer of car-
bon atoms: (a) two boron atoms replace two carbon
atoms; (b) three boron atoms replace three carbon
atoms; and (¢) two boron atoms replace two carbon
atoms, and the third boron atom is at the immer-
sion position (which corresponds to the graphite-like
layer of boron atoms in TiBs). One can see that ten
steps of the numerical annealing are enough to achieve
the equilibrium distance between the corresponding
atomic layers.

In the case where two boron impurity atoms re-
place two carbon atoms, the distance between the
adjacent layers of close-packed Ti atoms increases by
about 6% (curve a in Fig. 1). Three boron impurity
atoms at the substitution positions increase the cor-
responding interplanar distance by approximately 8%
(curve b in Fig. 1). Finally, if two boron impurity
atoms are at the substitution positions, and if the
third one is at the interstitial position, the distance
between the adjacent layers of close-packed Ti atoms
increases by 10.5% (curve c¢ in Fig. 1). This result is
quite expected, because the covalent radius of a boron
atom is larger than that of a carbon atom.

Hence, the results of calculations from the first
principles allow an assumption to be made about the
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Fig. 2. Pressure changes at the uniform compres-
sion/extension of Til2C12, Til2C11, and Til2C9B3 [before
annealing (a), after annealing (b)] supercells

mechanism of TiBy formation during the hot pressing
of the TiC-B4C system. Boron atoms, which can be
captured at carbon vacancies in substoichiometric ti-
tanium carbide TiCx during the hot pressing of TiC-
TiBs heteroceramics, increase the distance between
the (111)-type planes in TiC and thus enhance the
probability for additional boron atoms to be included
into the TiC lattice.

We also studied the behavior of boron impurity
atoms from the viewpoint of their tendency to form
clusters in titanium carbide. For this purpose, the
changes in the total energy of the Til2C12 super-
cell for various numbers and positions of boron impu-
rity atoms were analyzed. The impurity atoms were
arranged so that the numbers of adjacent impurity
atoms in the first coordination sphere of non-metallic
atoms should be different. The corresponding addi-
tional analysis, as well as the results of works |7, §],
testifies that the boron impurity atoms in titanium
carbide do not tend to form clusters.

2.2. Elastic properties

In order to determine the influence of the boron im-
purity on the elastic characteristics of titanium car-
bide, the calculations of the electron subsystems of
Ti12C12 supercells with various numbers and posi-
tions of defects under isotropic compression and ex-
tension conditions were carried out. As one can see
from Fig. 2, the corresponding pressure calculated
from the first principles changes linearly at that,
which makes it possible to determine the bulk mod-
ulus according to the formula B = =V (dP/dV).
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It is known [9] that, as a rule, titanium car-
bide exists in the substoichiometric form TiCx with
a certain concentration of carbon vacancies. In one
of the pioneering works devoted to the study of
the mechanical properties of titanium carbide, the
substoichiometric compound TiCgg;was considered
[10]. It is the results obtained for substoichiomet-
ric TiCx that should be compared with the exper-
imental ones. Therefore, we firstly studied the be-
havior of the Til2C12 and Til2C11 supercells cor-
responding to TiC and substoichiometric TiCy g2, re-
spectively [11]. By linearly approximating the pres-
sure dependences on the supercell volume V' (Fig. 2),
the following values of the bulk modulus B were ob-
tained: B = 251 £ 1 GPafor the Ti12C12 supercell
and B = 238 + 1 GPafor the Til2C11 one. The re-
sults obtained are in good agreement with the results
of experimental measurements, from the pioneering
experimental study of the elastic properties of tita-
nium carbide TiCgg; (B = 242 GPa [10]) to elec-
tronic databases for the properties of ceramic ma-
terials. In the latter case, the corresponding elastic
moduli of titanium carbide fall within an interval of
234-241 GPa.

There is an opinion [12] that, when metal-ceramic
composites of the TiC-TiB, system are fabricated by
the hot pressing of a TiC-B4C mixture, the boron
atoms diffuse in both the vacancy positions and the
substitution positions of carbon atoms. Therefore, we
performed an ab initio simulation of the state of the
Ti12C12 supercell with various numbers and posi-
tions of boron impurity atoms. As an example, Fig. 2
demonstrates the pressure dependence on the vol-
ume of the Til2C9B3 supercell in which all three
boron impurity atoms are at the substitution po-
sitions of carbon atoms in the same plane. As one
can see (curve Ti12C9B3(a)), the substitution of car-
bon atoms by boron ones with a larger covalent ra-
dius leads to a substantial pressure growth before
the annealing. The linear approximation of the cor-
responding curve gives a value of 261 + 2 GPa for the
bulk modulus. However, this result is not reliable, be-
cause the stresses in such an unannealed cell are not
isotropic.

After the procedure of numerical annealing of the
atomic positions and the supercell size, a quite ex-
pected increase in the supercell specific volume was
obtained (curve Til2C9B3(b) in Fig. 2). The corre-
sponding value of the bulk modulus was found to
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equal 240 &+ 2 GPa. In effect, the calculated value co-
incides with its counterpart for the substoichiometric
titanium carbide TiCg g2 (as was marked above, the
latter value correlates well with the values obtained
for the bulk modulus experimentally in various liter-
ature sources). This fact allows us to suggest that the
boron impurity has an insignificant effect on the elas-
ticity parameters of titanium carbide, at least in the
examined interval of impurity atom concentrations.

2.3. Electronic structure

In this work, in order to analyze the influence of boron
impurity atoms on the electronic properties of tita-
nium carbide, we calculated the total energies and
plotted the spectra of the electron density of states
for Ti12C12 supercells with various numbers and po-
sitions of boron impurity atoms.

Firstly, let us analyze the electronic structure of
titanium carbide. The energy dependence of the elec-
tron density of states in titanium carbide is de-
picted in Fig. 3. The figure demonstrates (a) the to-
tal spectrum of titanium carbide and the spectra
of its (b) 3d Ti and (¢) 2s C and 2p C compo-
nents, which are shifted along the y-axis for con-
venience. The Fermi level is indicated by a vertical
line. According to the results of our calculations, as
one can see from Fig. 3, the electron states near the
Fermi level almost entirely consist of the 3d states of
titanium atoms and the 2p states of carbon ones.

It is known that the binding in titanium carbide si-
multaneously possesses the metallic, ionic, and cova-
lent features, which results in a very interesting com-
bination of the physical and chemical properties of
this compound. The results of our calculations con-
firmed the presence of all three contributions to the
binding. The non-zero electron density of states at
the Fermi level, which is created from approximately
identical contributions of the 3d Ti states and the
2p C states, is responsible for the metallic contribu-
tion to the binding. The ionic character of the binding
is confirmed by a substantial electron density transfer
(more than 1 electron per atom)? from Ti to C. Ho-
wever, the spectra presented in Fig. 3 testify that the
role of the dominant factor governing the behavior
of electron peaks near the Fermi level is played by a
strong covalent bond among the hybridized Ti3d-C2p

2 It was impossible to evaluate the amount of charge transfer
more accurately in the framework of our calculation method.
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Fig. 3. Electron densities of states: (a) titanium carbide,
(b) local 3d Ti spectrum, (c) local 2s C and 2p C spectra
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Fig. 4. Electron densities of states:: (a) Til2C10B2 (black)
and Ti12C12 (gray) supercells, (b) Ti12C9B3 supercell, (c) lo-

cal 2s B and 2p B spectra for Ti12C9B3 supercell

orbitals. It is this bond that is responsible for the high
stability, strength, and hardness of titanium carbide.

By introducing boron impurity atoms into the ti-
tanium carbide supercell, as well as by changing the
number and positions of adjacent impurity atoms in
the first coordination sphere of non-metallic atoms,
we calculated and analyzed the corresponding varia-
tions in the electronic structure. A detailed descrip-
tion of all possible variants of the positions of impu-
rity atoms and their coordination environment can be
found in works [7, 8].

As an example, curve a in Fig. 4 demonstrates the
energy dependence of the electron density of states
for a Ti12C9B2 supercell in which two boron impu-
rity atoms replace carbon atoms. In order to make
the analysis convenient, the same figure exhibits the
energy dependence of the electron density of states
for a Ti12C12 supercell (in gray). Owing to the pres-
ence of boron impurity atoms, there appears an im-
purity subband of the boron electron states between
the local electron spectra of the 2s and 2p car-
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bon states at approximately 0.24 Hartree below the
Fermi level. One can also observe an insignificant in-
crease in the electron density of states just below the
Fermi level.

Various coordination arrangements of boron impu-
rity atoms affect only the shape and half-width of the
subband of their electron density of states. In partic-
ular, curve b in Fig. 4 illustrates the electronic spec-
trum of a Ti12C9V3 supercell in which all three boron
atoms occupy the substitution positions of carbon
atoms in such a way that the impurity atoms should
be located as close to one another as possible. Ac-
cordingly, the aforementioned impurity subband has
the largest width and a certain internal structure. An
analysis of the local partial spectra of boron impurity
atoms (curve ¢ in Fig. 4) revealed that the impurity
subband is formed by the 2s states of boron atoms,
and the increase in the electron density of states just
below the Fermi level is induced by their 2p states. As
a whole, the local spectrum of a boron atom substitut-
ing a carbon atom is similar to the local spectrum of
a carbon atom in titanium carbide (curve ¢ in Fig. 3),
but it is shifted toward higher energies. This behav-
ior can be completely understood, because the charge
of a boron atom is smaller.

3. Conclusions

In the course of a thorough study dealing with the
influence of the boron impurity on the atomic, elas-
tic, and electronic properties of titanium carbide, it
is found that the presence of boron impurity atoms
increases the distance between the adjacent planes of
titanium atoms. The distance growth is larger, if at
least one boron impurity atom occupies an intersti-
tial position. It is also established that boron impu-
rity atoms do not tend to form clusters in titanium
carbide.

The calculations of the bulk modulus carried out
for titanium carbide with boron impurity atoms from
the first principles showed that the boron impurity
atoms in the examined concentration interval have
an insignificant effect on the elastic properties of ti-
tanium carbide.

The electronic spectra of titanium carbide cells
with various numbers and positions of boron impu-
rity atoms are analyzed. It is found that the presence
of boron impurity atoms results in the appearance
of an impurity subband of the boron electron states
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between the local electron spectra of 2s and 2p car-
bon states at approximately 0.24 Hartree below the
Fermi level. Besides that, an insignificant increase in
the density of electron states just below the Fermi
level takes place. The shape and the half-width of the
impurity subband depend on the number and the co-
ordination arrangement of boron impurity atoms.

1. The Physics and Chemistry of Carbides, Nitrides and
Borides. Edited by R. Freer (Springer, 1989).

2. C. Cui, B. Hu, L. Zhao, S. Liu. Titanium alloy production
technology, market prospects and industry development.
Mater. Design 32, 1684 (2011).

3. D. Vallauri, I.C. Adrian, A. Chrysanthou. TiC-TiB2 com-
posites: A review of phase relationships, processing and
properties. J. Eur. Ceram. Soc. 28, 1697 (2008).

4. X. Gonzea, B. Amadond, P.-M. Anglade et al. ABINIT:
First-principles approach to material and nanosystem
properties. Comput. Phys. Com. 180, 2582 (2009).

5. J.P. Perdew, K. Burke, M. Ernzerhof. Generalized gradi-
ent approximation made simple. Phys. Rev. Lett. 77, 3865
(1996).

6. ABINIT |http://www.abinit.org].

7. T.V. Gorkavenko, I.V. Plyushchay, O.I. Plyushchay. Ab
initio modeling of boron impurities influence on electronic
structure of titanium carbide. J. Nano-Electron. Phys. 10,
06018 (2018).

8. I.V. Plyushchay, T.V. Gorkavenko, O.I. Plyushchay. Ab
initio modeling of boron impurities influence on the elec-
tronic and atomic structure of titanium carbide. J. Nano-
Electron. Phys. 11, 04034 (2019).

9. H.W. Hugosson, P. Korzhavyi, U. Jansson et al. Phase
stabilities and structural relaxations in substoichiometric
TiCi—z. Phys. Rev. B 63, 165116 (2001).

10. R. Chang, L.J. Graham. Low-temperature elastic proper-
ties of ZrC and TiC. J. Appl. Phys. 37, 3778 (1966).

11. I.V. Plyushchay, T.L. Tsaregradska, O.I. Plyushchay. Ab
initio modelling of electronic structure and mechanical
properties of substoichiometric TiC,. Metallofiz. Noveish.
Tekhnol. 40, 1113 (2018) (in Russian).

12. O. Popov, V. Vishnyakov, S. Chornobuk et al. Mechanisms
of TiB2 and graphite nucleation during TiC-B4C high tem-
perature interaction. Ceram. Internat. 45, 16740 (2019).

Received 22.10.19.
Translated from Ukrainian by O.I. Voitenko

1.B. I[Tarwowadi, T.B. Iloprxasenxo, O.I. I[Tarouwati

BIIVIMB BOPY HA CTPYKTVYPHI, ITPY2KHI
TA EJIEKTPOHHI BJIACTUBOCTI KAPBIAY TUTAHY

Pezmowme

MeTtonoMm dyHKIIOHAIA I'yCTUHYA B y3araJbHEHOMY I'PAJII€HTHO-
My HabMzKeHHI 3a jonomMoro nakera nporpam ABINIT mpo-
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BEJIEHO JIOC/II?KEHHSI CTPYKTYPHUX, IIPYKHUAX Ta €JIEKTPOHHUX
BJIACTUBOCTEN Kapbily TUTaHy 3a HAsBHOCTI JIOMIIIOK GOpY.
B pesysnbrari pospaxyukis moBmol emepril magkomipku TiC 3
noMimkamMu 60py 6yJ10 mokasaHo, 110 aToMH OOpY HE BHSIBJIsI-
OTh CXMJIBHOCTI JI0 Kjacrepusarii. Bcranossieno, mo Biadysa-
eTbcsi 30iIbIIeHHs BificTaHi MiXK CyCiIHIMU IIOIIMHAMH ATO-
MiB TUTaHY 3a PaxyHOK IPUCYTHOCTI JOMIIIKOBUX aTOMiB 6ODY.
Bukonano anasiiz eIeKTPOHHEX CIEKTDPiB BHOpaHO! HaZKOMip-
KU 3 PI3HOIO KUJIBKICTIO Ta HPU PI3HUX IMOJIOYKEHHSIX JIOMIIIOK.
Bcranosiieno, 1o 3aBAsiKu HasiBHOCTI JOMIIIKOBUX aTOMIB 60-
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py dopMyeThCs JOMINKOBUIA CyOIIiK €JIEKTPOHHUX CTaHiB 6OpY
npubsmmsHo Ha 0,24 Xaprpi Hrxk4e 3a piBerb Pepmi Mix J10-
KaJbHUMH €JIEKTPOHHUMU CIEKTPaMu 2 Ta 2P CTaHiB BYTVIEIIO.
Pisne koopauHarliiiine posTalilyBaHHs JOMIIIIKOBUX aTOMIB 6o-
py BIUIHBa€ TiIbKH Ha (DOPMY Ta HAIIBIINPUHY IOMIIIKOBOI
[iJ30HM €JIEKTPOHHUX CTaHiB aroMiB 60py. Takoxk crocrepira-
€ThCsI HE3HAYHE 3POCTAHHS 'yCTUHHU €JIEKTPOHHUX CTaHIB 6e3-
nocepenubo mif piBaem Pepwmi. O6uucsieni Ta nmpoanatizoBani
3HAYEHHSI MOJLYJIsl BCEOIYHOrO CTUCHEHHSI HAaJKOMIpKU Kapbimpy
TUTaHy i3 HOMIIMIKOBUME aToMaMu 6Opy.
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